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Phylogenetic reconstruction of herpesvirus evolution is generally founded on amino acid sequence
comparisons of specific proteins. These are relevant to the evolution of the specific gene (or set of genes), but
the resulting phylogeny may vary depending on the particular sequence chosen for analysis (or comparison).
In the first part of this report, we compare 13 herpesvirus genomes by using a new multidimensional
methodology based on distance measures and partial orderings of dinucleotide relative abundances. The
sequences were analyzed with respect to (i) genomic compositional extremes; (ii) total distances within and
between genomes; (iii) partial orderings among genomes relative to a set of sequence standards; (iv)
concordance correlations of genome distances; and (v) consistency with the alpha-, beta-, gammaherpesvirus
classification. Distance assessments within individual herpesvirus genomes show each to be quite homoge-
neous relative to the comparisons between genomes. The gammaherpesviruses, Epstein-Barr virus (EBV),
herpesvirus saimiri, and bovine herpesvirus 4 are both diverse and separate from other herpesvirus classes,
whereas alpha- and betaherpesviruses overlap. The analysis revealed that the most central genome (closest to
a consensus herpesvirus genome and most individual herpesvirus sequences of different classes) is that of
human herpesvirus 6, suggesting that this genome is closest to a progenitor herpesvirus. The shorter DNA
distances among alphaherpesviruses supports the hypothesis that the alpha class is of relatively recent
ancestry. In our collection, equine herpesvirus 1 (EHV1) stands out as the most central alphaherpesvirus,
suggesting it may approximate an ancestral alphaherpesvirus. Among all herpesviruses, the EBV genome is
closest to human sequences. In the DNA partial orderings, the chicken sequence collection is invariably as close
as or closer to all herpesvirus sequences than the human sequence collection is, which may imply that the
chicken (or other avian species) is a more natural or more ancient host of herpesviruses. In the second part
of this report, evolutionary relationships among the 13 herpesvirus genomes are evaluated on the basis of
recent methods of amino acid alignment applied to four essential protein sequences. In this analysis, the
alignment of the two betaherpesviruses (human cytomegalovirus versus human herpesvirus 6) showed lower
scores compared with alignments within alphaherpesviruses (i.e., among EHV1, herpes simplex virus type 1,
varicella-zoster virus, pseudorabies virus type 1 and Marek's disease virus) and within gammaherpesviruses
(EBV versus herpesvirus saimiri). Comparisons within the alpha class generally produced the highest
alignment scores, with EHV1 and pseudorabies type 1 prominent, whereas herpes simplex virus type 1 versus
varicella-zoster virus show the least similarity among the alpha sequences. The within-alpha, beta, and gamma
class sequence similarity scores are generally 50 to 100% higher than the between-class sequence similarity
scores. These results suggest that the betaherpesviruses separated earlier than the formation of the gamma
class and that the alpha class may be of the most recent ancestry. By our methods, evolutionary relationships
derived from genomic comparisons versus protein comparisons differ to some extent. The dinucleotide relative
abundance distances appear to discriminate DNA structure specificity more than sequence specificity. The
evolutionary development of genes among viruses (and species) is more dependent on each individual gene.

The rapid accumulation of large numbers of DNA se-
quences affords challenging opportunities for studies of mo-
lecular evolution and phylogenetic relationships among organ-
isms. For large genomic sequences, alignments of the
sequences are generally not feasible and new methods are
needed. A prototype example is herpesviruses. There are
currently available seven distinct herpesvirus genomes se-
quenced in their entirety and substantial aggregate genomic
sequences from six additional herpesviruses (Table 1). On the
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basis of biological characteristics, tissue tropism, genomic
organization, and amino acid identities, the herpesviruses are
classified into alpha, beta, and gamma types. Evolutionary
relationships among herpesviruses have generally been based
on comparisons of specific protein sequences and have been
recently discussed by McGeoch (65-67), Lawrence et al. (57a),
Ross and Binns (72), Griffin (39), Bennett et al. (4), Telford et
al. (80, 81), and Bublot et al. (12), among others.
Numerous methods have been used in reconstructing phy-

logenetic relationships (trees) among groups of organisms (for
recent reviews, see references 32, 38, 58, 68, 68a, and 78). In
particular, there is a family of methods which relies on initial
alignment of homologous DNA or protein sequences followed
by tree construction based on various principles, including
parsimony (28, 76, 77), distance matrices (17), maximum
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TABLE 1. The 15 genomes analyzed'

Genome Class Length G+C (%) Segment analyzed(bp)

EBV Gamma 172,282 59.94 Complete genome
BHV4 Gamma 19,637 40.26 33 sequences
HVS Gamma 112,930 34.51 Complete genome
HCMV Beta 229,354 57.16 Complete genome
HHV6 Beta 59,005 41.75 9 sequences
EHV1 Alpha 150,223 56.67 Complete genome
HSV1 Alpha 152,260 68.28 Complete genome
HSV2 Alpha 59,382 68.63 19 sequences
VZV Alpha 124,884 46.02 Complete genome
MDV Alpha 29,259 44.54 13 sequences
PRV1 Alpha 53,496 72.66 20 sequences
BHV1 Alpha 23,030 70.67 10 sequences
IHV1 134,226 56.25 Complete genome
Chicken 1,001,390 50.27
Human 1,410,904 50.99

a Sequences from 13 herpesvirus genomes (7 complete genomes and substan-
tial nonredundant sequences from 6 other genomes) were included in the data
set. Random sequence collections exceeding 1 Mb from human and chicken
genomes were included for additional comparisons.

likelihood (31), invariants, and paralinear distances (56, 57).
For all of these methods, different sets of proteins for the same
set of organisms can produce different phylogenetic recon-
structions.

This study sets forth and applies a new methodology for
assessing sequence evolutionary relationships among herpesvi-
rus genomes based on distance measures, partial orderings,
and concordance correlations of dinucleotide relative abun-
dances (see Materials and Methods for precise definitions and
rationale). Evolutionary distances can be assessed by using di-,
tri-, or tetranucleotide relative abundance distances based on
representative DNA sequences available for each organism.
We further calculate distances between different subsets of
sequences from the same organism, e.g., between the UL

(unique long) versus Us (unique short) sequences of the
alphaherpesviruses (a-HV). A further elaboration of our anal-
ysis yields groupings of organisms or viruses; e.g., here we
construct sets of consensus a-, 1-, and -y-HV and calculate for
such groups an averaged set of dinucleotide relative abun-
dances (see Materials and Methods), which helps us in evalu-
ating the validity and consistency of the ox-, 13-, and y-HV
classifications.
The following questions are of interest with respect to

herpesvirus DNA sequence comparisons. Is there a single
alpha and gamma class? To what extent are the various human
herpesviruses similar to or different from the human host or to
other mammalian or avian hosts? Which herpesvirus genomes
have the most (least) bias in dinucleotide relative abundances?
To what extent is the UL region similar to the Us region within
and between ox-HV genomes and human cytomegalovirus
(HCMV)? Is the as yet unclassified channel catfish herpesvirus
(ictalurid herpesvirus 1 [IHV1]) closer to the consensus a-, -,
or y-HV? How far are the putatively unrelated adenovirus and
vaccinia virus from the various herpesviruses?

In the first part of this report, herpesvirus genomic relation-
ships are analyzed in four ways. (i) Relative abundances of di-,
tri-, and tetranucleotides are compiled, and compositional
extremes are compared. (ii) Dinucleotide relative abundance
distances are determined between each pair of genomes. (iii)
The relative abundances of the 16 dinucleotides are used to
construct partial orderings of the genomes in a multidimen-
sional analysis. (iv) The relatedness of each pair of genomes is
assessed via a measure of concordance with respect to ordered
distances to the other genomes. In the second part of this
report, we applied protein sequence alignment methods from
three recently developed amino acid (matching) scoring re-
gimes. The protein sequences compared are DNA polymerase,
major capsid protein, a DNA-packaging (tegument) protein,
and glycoprotein B (gB) available in the genomes indicated in
Table 7.

TABLE 2. Short oligonucleotide relative abundance extremes'

Nucleotides Human Chicken EBV BHV4 HVS HCMV HHV6 IHV1 EHV1 HSV1 HSV2 VZV MDV PRV1 BHV1 Adenovirus

0.42 0.50 0.60
0.63 0.64 0.75

1.22 1.23 1.23
1.21

0.18
0.74
0.80
1.32
1.31

0.33 (1-19)
(0.83) 0.80

1.23

1.28

0.77 0.79

(0.81)

0.71 0.67 0.77
1.22

0.60 0.78

1.31

a The high and low relative abundance values for di- and trinucleotides (see text for definition) and for tetranucleotides (14) are displayed with respect to each

genome. Guided by contingency table tests, the cutoff points were set to 0.80 and 1.20. The table contains a few values, in parentheses, which do not qualify but are
close to a cutoff point. Values for tri- and tetranucleotides that were low or high in only one genome are listed separately as follows.
Unique tri- and tetranucleotide underrepresentations: BHV4, AACG/CGTT 0.67; HVS, ACGC/GCGT 0.76; PRVI, ATAG/CTAT 0.64; CTTAITAAG 0.66,

ATAC/GTAT 0.70, CAAG/CTTG 0.73, ATTA/TAAT 0.75, GAAA/IC 0.77, GATA/TATC 0.77, CAGA/TCTG 0.79; BHV1, GTTA/TAAC 0.59; adenovirus, TCGA
0.77; vaccinia virus, CCC/GGG 0.73. Unique tri- and tetranucleotide overrepresentations: BHV4, GCG/CGC 1.21, CGCG 1.24, GACG/CGTC 1.22, CGGT/ACCG
1.21; HVS, CCC/GGG 1.29, CCGG 1.28, CGCC/GGCG 1.28, ACGT 1.25, CTCG/CGAG 1.21; PRV1, TTAG/CTAA 1.40, CAAT/AITTG 1.30, ATAT 1.30,
TGAC/GTCA 1.28, TTCC/GGAA 1.26, TCGA 1.24; BHV1, TAGC/GCTA 1.24; vaccinia virus, CCA/TTG 1.23.

0.78 0.69
0.71

CG
TA
GC
CA/TG
CC/GG
GC
GA/TC
AAWf
CGA/TCG
TAG/CTA
TAAfITA
TAC/GTA
AAATT
CGAC/GTCG
CTAG
ATTC/GAAT
CCTA/TAGG
TCGA

0.78 0.80 0.58

1.27

0.79

(1.18)

(0.82)

1.26 1.26
1.23

1.25

1.31 1.21

0.68

0.74 0.79
1.20
1.24 1.34
1.33 1.22

0.79 0.79 0.51
0.55
0.79
1.24

0.72
0.77
0.74
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MATERIALS AND METHODS

Genomic comparisons. (i) Symmetrized frequencies and
relative abundances. Let fx denote the frequency of the
nucleotide X (A, C, G, or T) in the sequence at hand, fxy the
frequency of dinucleotide XY, and so on. A standard assess-
ment of dinucleotide bias is through the odds ratio: pxy =
fxyffxfy. For Pxy at least 1.20 or at most 0.80 (see Table 2,
footnote a), the doublet XY is considered to be of high or low
relative abundance, respectively, compared with a random
association of mononucleotides. The formula has to be modi-
fied to accommodate the complementary antiparallel structure
of double-stranded DNA. This can be accomplished by con-
sidering the union of the given DNA sequence S and its
inverted complement sequence ST into S + S = S*. In S*, the
frequencyfA of the mononucleotide A isf = f* = (fA + fT)12
and fC = fG = (fC + fG)/2, where fA, fT, fc and fG are the
mononucleotide frequencies in S. Similarly, fGT = (GT +
fAc)/2 is the symmetrized double stranded frequency of GT/
AC, etc. For our purposes, the dinucleotide odds ratio measure
that accounts for the complementary antiparallel structure of
double-stranded DNA is taken to be PGT = fCT/ff*T = 2(fGT
+ fAc)/(fG + fc)(fT + fA) and similarly for all other dinucle-
otides. The deviation of PGT from 1 can be construed as a
measure of dinucleotide bias of GT/AC (14). A corresponding
third-order measure of similar type is YxYz = f>zfxf'fZl
fyf-zfXY*z, where N is any nucleotide. Higher-order mea-
sures based on tetranucleotide (or longer oligonucleotide)
frequencies and criteria for extremes are also available.

(ii) Dinucleotide relative abundance distance measures. Let
p; = ftj/f7f* be the symmetrized relative abundance measure
of the dinucleotide (ij). We propose a measure of dinucleotide
distance between two sequences f and g (e.g., sequences from
different organisms or from different regions of a genomic
sequence), which controls for differing base compositions; the
dinucleotide relative abundance distance, 8(f,g), is defined as

8(f,g)=E p*(f) -p*(g) (1)

where the sum extends over all dinucleotides and wi1 = 1/16 or
some other natural weights. This distance is in essence an
absolute difference of the second-order residuals: (f/ffj-
1) and gjlgigj* - 1). The distance defined by equation 1 is to
be contrasted to the dinucleotide frequency distance,

d(fg) Efi=> gY( ig (2)

The absolute frequency metric d(fg) of equation 2, even for
related species, tends to yield poor comparative distance
assessments because of mononucleotide compositional biases.
Specifically, the dinucleotide frequency distances (equation 2)
among the human herpesviruses with weights wi = 1/16 yield

f = HSV1 versus g EBV
d (fg) 0.016

which parallel the genomic G+
virus type 1 [HSV1; 68%], Eps
HCMV [57%], varicella-zoster
[about 40%]), placing VZV farti
viruses from HSV1.

In contrast, the dinucleotide
assessments (equation 1) are qui
herpesvirus sequences with each
(for complete comparisons, see I

f = HSV1 versus g
8 (fg)

VZV HCMV EBV human
0.081 0.090 0.160 0.209

affirming VZV as the closest to HSV1 among VZV, HCMV,
and EBV despite their very different genomic G+C contents
but consistent with their classifications as neurotropic viruses
with similar genomic organizations.

(iii) Examples of dinucleotide relative abundance distances
among eukaryotic genomes. To help in the interpretations of
the relative abundance distances, we give examples for various
levels of distances. The sequences of these examples generally
range from 200 kb up to 1 or 2 Mb: closely related (5 . 0.040),
5(cow, pig) = 0.015, b(human, cow) = 0.033, and 5(Saccharo-
myces cerevisiae, Schizosaccharomyces pombe) = 0.034; moder-
ately related (5 range, 0.050 to 0.075), 5(Drosophila melano-
gaster and Bombyx mori) = 0.058 and 8(S. cerevisiae, Neurospora
crassa) = 0.048; weakly related (5 range, 0.080 to 0.110),
5(human, S. cerevisiae) = 0.107, 8(human, trout) = 0.090, and
b(N. crassa, chicken) = 0.114; distantly related (5 range, 0.120
to 0.150), 5(human, D. melanogaster) = 0.145 and 8(human,
Caenorhabditis elegans) = 0.150; distant (8 range, 0.160 to
0.190), 5(mouse, C. elegans) = 0.177 and b(pig, B. mori) =
0.186; and very distant (8 - 0.200), b(human, Escherichia coli)
= 0.210 and 5(human, Bacillus subtilis) = 0.279.

(iv) Consensus virus sequences. Consensus a-, 3-, and y-HV
sequences are generated by appropriately combining the avail-
able sequences: ox-HV includes equine herpesvirus 1 (EHV1),
HSV1, HSV2, VZV, Marek's disease virus (MDV), pseudo-
rabies virus type 1 (PRV1), and bovine herpesvirus 1 (BHV1),
P-HV includes HCMV and human herpesvirus 6 (HHV6), and
y-HV includes EBV, herpesvirus saimiri (HVS), and BHV4. A
global consensus herpesvirus sequence combines all of the
foregoing sequences. The dinucleotide relative abundances for
the consensus viruses are determined by weighting each com-
ponent genome equally. To this end, we average the symme-
trized mono- and dinucleotide frequencies over the group
members and then calculate the corresponding P* value. For
example,

fAy(Y)= - [fXy(EBV) +fy(HVS) +fAy(BHV4)];

fXy (y)
PXY(-Y)=

fX (-Y)fY (^Y)

(v) Kendall tau correlations of {-distance orderings. For each
sequence standard s, we calculate the dinucleotide relative
abundance distances 8(g,s) (equation 1) to each other se-

HCMV VZV human quence, g (Table 3). For two different standards, s and t,
0.019 0.030 0.032 we determine the corresponding B-distance orderings 8(gs)and 5(g,t), excluding g = t from the first array and g = s

-C contents (herpes simplex from the second array. The Kendall tau correlation T(s,t) (see
tein-Barr virus [EBV; 60%], below) assesses the degree of concordance between the two
virus [VZV; 46%], human orderings.
hest among the three herpes- Let 8A(s) = 8(g1,s), 82(s), ..., an(s) denote the distances

of n distinct sequences (genomes) g1, g2, gn from the
relative abundance distance standard s, and 81(t) = 5(g1,t), and let 82(t), .8..,5,(t) denote
ite compelling in relating the the corresponding distances from the standard t (excluding s
other and to the human host and t from both). For each pair of genomes i and j (1 s-4iJ
rable 3): n), we set

J. VIROL.



MOLECULAR EVOLUTION OF HERPESVIRUSES 1889

rr<gs < B < < n =3 m= = <>.
3

ON

C.C C . .C C . .CC-.CO C. C.o ooC C. 00C.

1 4S S . 00 - -~ o~ o. oC 000 o- oN ( ( OI O

3 <<
00OO OCOO OOO0 0000

C. . . C. C. . C. . . C. . . C. . C. C. . C. . C.
S
X ~~< une ssao<< 5 ee

1-- --I 4 - IC ,C ~,C 0 -_4 --4 ON O~ ( -A -, C.4
-400 4-~ ON ON -P C. ON N 4~~ ON ON, ON~-C ~C 00

C o > <

CD

4 ~ ~ - < O
C. . C. . C. . . C. . C. C. C. . . C. . C. . . C.

1~(4C. 00 ON xI 1K tC 000000-) ON N
t 1-- C.o

<w =nc SC

<C
X

< < << < < < <

--4--Z,4Z

C7. 1K) (. -4~C C.- -I4~ - ~- C14.-,0(IC
3~~~~~ C

. . C. C. C. . C. . . . C. C. C. . . . C. . . .

ON ON tIoI~ 0- t-o O~ O C. O. OC O O 0000 O
00 $I 00 O. C. ] \ O~OC C~ON c 001C 1- 00 t O

C~~~~~~~>Z =1 4 mO
11-

1 zvvct

< < <n < < B < < « 5
C. . C. C. C. . C. . . C. . C. . C. . C. . C. . C.
1K) -1 ON tZ -) 1K O C. C000 - ON ON C.C

ION XCON C,, -I -4 I O O O X O

3<C =: NC. . . C. C. . C. . C. . . C. C. . . C. C. . . C.

-I -t C. ON 00 (I *- -I ON OO C ONOoC Z 1O< <>o
'

m i 3 t < < ': ~r < <
C. . . C. . C. . C. . C. . C. . C. . C. . C. . C.

O0 C, 1 (- ) U ON C0 000ON

< 2o 2n«o _< f < _«Coo
W<C ON1D

C. . . 5 C) MB. -. --C. C. C C. C. C C

00000000000000 0C-000

C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C.

1.ONJ0 0 _~1~C_C. 0000-I0-I ON ON 1 -0~ C.

m:

N

a

O" w !<> = m w 'I < a:m z 4 w C= m n

0 C

. . . . . . . . . .

P W W " " -ON O O 00 001_I 4 1j
-_ (. 00X t P.C.Ji c - C00 tA -P- ON - -IC1

><~~ < «<5 <~, 2 <2 r :MC

W
C.C 4 C.00cC. ON (.0C_.1K) ~c00-I ON O oC0

C

. . C. . C. . . . C. . . . . . . . . . . .

_ >O = = m «< <z 2<

CD)

. . . . . C. C. C. C. C. C. C. C. C. C. C. C. C. C. C.

'CC 00 00 00_-_A ON ( -4.1K ; .1K U -4 O ON
-C 00 ) U)4c ON C. ONi C.-1 -4 C _ C.

z

CD 0

>W IDt 4X = m(" =m m C
C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C.

C. <00XI-ON ON U~ b4t4-,IUI 1- -1 -4s 1) C.

A ,OC1 00 C.- 4-I ON 00 - O N1-

un ~ ~ = r

1K)-Z-Z4Z-I)t It U) ONtZ t U) tZON - C. ON C.

CD)

a ,C 000O1 1 N- 00 a1

C.C.C C.~ C.C .C .CC . C. C.~ C.s C.~ C.~ C. .C.C

O- C "C 100000 Ut-4 c 0C 00 00O1_NU--)
000- 0C ON 00 0C) -4 -4 - _)C.00(. 0C. 0C. 00C

C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C.
1--0 ON ~ _~ _ C. ~ -_ - ON ON ON ON ON U 4 C.
00 U)_ 00I_1_1Kr) _I _ ) 000OC -I< -1 U)vC 4 C.

00 00 0000 0000 0000

C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C. C.

000.~00000000000000000-I41CON - . C. 00 C. 00 ON. C. . 00 . . C. 00 ON . C.

VOL. 68, 1994

23_
P:
3

Cm

3

I ^
_.

-C

C.

- -.

C-

C

o ro

C

~ .

= C
WC

O

C-

3 -

:1K

U)

C~

rA

C)

1K)

C.

C)

C.

_.

v:
&



1890 KARLIN ET AL.

1+ if [6j(s) - 6j(s)] [8i(t) - bj(t)] > 0

Tj== - I if [6i(s) - 80(s)] [bi(t) - bj(t)] < 0
L 0 otherwise

The Kendall tau correlation coefficient of the distance arrays
for standards s and t is defined by

T (s,t) =
Vn(n- 1) - 2a n (n - 1) - 2b

where a (b) is the number of ties among pairs of distances
V,(s) and 6j(s) (8i(t) and 6j (t)). Clearly, -1 . T(s,t) ' + 1,
with equality holding only when the distance arrays of s and t
are completely concordant [T(s,t) = 1] or completely discor-
dant [T(s,t) = - 1] (8, 42).

Score-based methods of sequence comparisons. For amino
acid sequence comparison, a wide range of scoring regimes
have been proposed (10, 25, 41). The PAM, BLOSUM, and
SISS scoring matrices implemented via the computer program
BLASTP (2) will identify high scoring segments common to
different protein sequences. The PAM similarity scores have
been developed from considerations of evolutionary amino
acid replacements in homologous genes from different species
(25, 48). The BLOSUM score matrices were constructed by
centering on blocks of functional motifs from various func-
tional and structural protein classes (41). The SISS scoring
scheme is based on screening of statistically significant long
segments among protein sequences (10). All segment pairs
with scores significant at the 1% level (i.e., those with proba-
bility less than 0.01 of attaining a score of at least as high for a
segment pair in random sequences of the same lengths and
amino acid frequencies) can be identified. One way of scoring
global similarity between two protein sequences is as follows.
For each pair of protein sequences, the significant average
similarity (SAS) score is the maximal value with respect to all
sets of consistently ordered significantly scoring segments
(overlaps are eliminated), calculated by summing these seg-
ment scores and dividing by the minimal length of the two
protein sequences.
How should one interpret SAS scores? Since the scores for

amino acid identities with the PAM120 matrix average 5.3, a
SAS score of 2.00 generally reflects about 30 to 40% identity;
a SAS score of 3.00 corresponds to about 50 to 60% identity,
and a SAS score exceeding 4.00 carries at least 75% identity.

RESULTS

Compositional biases of short oligonucleotides in herpesvi-
rus genomes. The objective of this section is to compare
compositional extremes for all di-, tri-, and tetranucleotide
relative abundances across the different herpesvirus genomes
of Table 1. The criteria for significantly high and low relative
abundances are described in Table 2, footnote a. The following
characteristics stand out.

(i) Extremes for 'y-HV. All -y-HV feature low relative
abundances of the dinucleotides CG and TA (CpG and TpA
suppression), a characteristic that this herpesvirus group
shares with human and chicken sequences. The TA dinucle-
otides also occur with borderline low relative abundance in
3-HV sequences and in several oL-HV sequences, with PTA

values consistently less than 1 in all ox-HV examined.
All y-HV are CpG suppressed (Table 2), while CpG gener-

ally shows normal relative abundance in ox- and 1-HV ge-
nomes. Reasons for these differences are unknown. MDV and
HHV6, which possess some biological features of y-HV (lym-

,'*
'BHV4,.

§Qmma' EBV,

Chick

HVS human

HV

IHV1

* HV6 * beta

MDV

~asgVI-- BHV1'

-apha

'IHSV2 H
HSVI

VzV
%

FIG. 1. Two-dimensional schematic distance representation of her-
pesviruses based on relative dinucleotide abundance distances (equa-
tion 1]). Although mapping the high-dimensional distance space for all
pairs of herpesviruses into two dimensions causes considerable reduc-
tion of information, the picture still reflects major features of the
relative distances among individual herpesviruses and herpesvirus
classes. (See also the footnote to Table 3.)

photropism), do not show any of the extreme dinucleotide
relative abundances evident in the other groups (Table 2).
CpG suppression is noted for a 5-kb stretch covering the
immediate-early gene segments in HCMV, murine cytomega-
lovirus, simian cytomegalovirus, and HHV6 (62). It is intrigu-
ing that globally, the most overrepresented dinucleotide in
HCMV is CpG (p*4G = 1.19). The large range in CpG
frequency among alpha-, beta-, and gamma-HV is surprising,
but only the gamma-HV show CpG suppression characteristic
of animal genomes.
The most overrepresented dinucleotide among the gam-

ma-HV is CA/TG. For vertebrate sequences, the methylase/
deamination/mutation scenario might produce an excess of
CA/TG doublets from CG (6, 79). Although it is unknown
whether CG dinucleotides are methylated during replication,
various degrees of methylation of the EBV genome in different
latently infected cell lines, ranging from unmethylated to an
extensively methylated state, have been observed. This meth-
ylation has been correlated with differential EBV latent gene
expression, depending on the degree of methylation (46, 59,
63).

(ii) Compositional biases in ,-HV genomes. Apart from the
marginally low dinucleotide TA, both r-HV sequences ana-
lyzed, HHV6 and HCMV, show no significantly high or low
relative abundances among di-, tri-, or tetranucleotides.

(iii) Compositional variation among ox-HV. EHVI, MDV,
and VZV possess normal relative abundances of all short
oligonucleotides. For example, the dinucleotide p*values (XY
is any dinucleotide) for EHVI range from 0.88 to 1.09. The
lowest p> value in MDV is PTA = 0.90.
The trinucleotide TAG/CTA, of low relative abundance in

many eukaryotes and prokaryotes (14), is of significantly low
abundance in several ot-HV sequences (the stop codon TAA is
not significantly low [14]). The tetranucleotide CTAG, ex-
tremely rare in all bacterial species studied to date (14, 51, 64),
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is also of low relative abundance in most ox-HV sequences.

PRV1 carries the most extreme examples with respect to over-

and underabundant tetranucleotides. Relative to extremes of
short oligonucleotide relative abundances, the channel catfish
virus (IHV1) is most similar to an ot-HV.

Total distance genomic orderings. Table 3 presents all
distances 8(fg) between individual sequences and the consen-

sus groups or from the unit standard (p, = 1 for all ij). See also
the pictorial depiction of distance representations (Fig. 1).

(i) Diversity among -y-HV. The large distances among the
y-HV (EBV, HVS, and BHV4) suggests that this is a diverse
group; however, each member is invariably more distant from
the individual a- and 1-HV than from other -y-HV. The closest
herpesvirus genome to BHV4 is EBV.
BHV4 and HVS are farthest or second farthest from all non

-HV sequences. Although these are like the other -y-HV
sequences and are closest to human and chicken sequences,
the distances are high (Table 3). The greatest distance, 8 =

0.304, among all herpesviruses is observed between the two
bovine herpesviruses, BHV4 and BHV1, and the second-
farthest distance (S = 0.301) is between HVS and IHV1. IHV1
is closer to (although still quite far from) the 1-HV group than
to the -y- or ct-HV group. Among herpesviruses, y-HV se-

quences generally are closest to the chicken and human
sequences; of these, EBV is the closer by a factor of 2.

(ii) Is there a single a-HV class? On the DNA level, the
cx-HV, EHV1, HSV1, HSV2, VZV, and perhaps MDV form a

relatively close group (Fig. 1), while BHV1 and PRV1 lie
toward the edge of this grouping but still closer to ot-HV than
to -y-HV. The distance from PRV1 to BHV1 is about the same
as the distance of EBV to HVS. The subgroupings among
ot-HV are different when comparing protein sequences (see
below).
The two closest viruses are HSVI and HSV2 [8(HSV1,

HSV2) = 0.023], and the second-closest pair is HHV6 and
EHV1 (S = 0.059 of moderate distance; see Materials and
Methods). The consensus ao-HV sequence is close to the global
herpesvirus sequence (S = 0.037) at about the distance of cow
with human (S = 0.035). Interestingly, and possibly related to
its biology, of all of the ot-HV, MDV is closest to the -y-HV
sequences. The EBV genome tends to be the closest of all
-y-HV to the other herpesvirus classes.

(iii) How distinctive is the P-HV class? The ,B-HV (espe-
cially HHV6) and the ot-HV are largely interspersed (Table 3
and Fig. 1) and are about equally distant from the y-HV
sequences. Broadly, the ,-HV and the more central ot-HV
sequences (EHV1, MDV, HSV1, HSV2, and VZV) are close
to weakly distant, contrasted to the -y-HV, for which all mutual
distances are far (see Materials and Methods). Moreover,
HHV6 is closest of all individual genomes to the consensus

a-HV, consensus 1-HV, and consensus global herpesvirus
standards.

(iv) Randomness of herpesvirus sequences. The most ran-

dom herpesvirus genome, g, [in the sense of having p* values
generally close to 1, measured by the distance 8(1,g)] is EHV1
(0.049), followed by MDV (0.076) and HHV6 (0.078). Consis-
tent with these assessments, EHV1 shows no significantly high
or low relative abundances in di-, tri-, and tetranucleotide
frequencies. The ot-HV genomes in general tend to be more

random, i.e., closer to the unit standard, than do the members
of the -y-HV class (or do the human and chicken sequences).

(v) Herpesvirus distances to adenovirus and vaccinia virus
(data not shown). It is useful (in part serving as a control) to
compare the herpesviruses with other relatively large animal
virus genomes, e.g., those of vaccinia virus (191,737 bp, G+C
= 33.5%) and adenovirus (35,937 bp, G+C = 55.2%). For

TABLE 4. Within-genome UL versus Us distances in four
completely sequenced herpesviruses

Ul us Length
Virus ratio, ~~~~~~~~~~~Distance,Virus Length G+C Length G+C UsrUtio 8(US U1 )

(bp) (%1) (bp) (C/e) U/1(i

EHVI 112,870 55 11,861 52 1 1 0.061
HCMV 166,949 58 35,418 56 21 0.032
HSVI 107,943 67 12,979 64 12 0.066
VZV 104,836 44 5,232 43 5 0.036

adenovirus, we observe a single borderline underabundant
dinucleotide (P-FA = 0.79) and a single borderline overabun-
dant dinucleotide TT/AA (P*-/AA = 1.21). This virus does not
possess significant trinucleotide extremes. There are two sig-
nificantly underabundant tetranucleotides, TCTAG = 0.72 and
TTCGA = 0.77 (interestingly both 4-bp palindromes), and no
overabundant tetranucleotides. The vaccinia virus genome has
no significant extreme dinucleotide or tetranucleotide relative
abundances.

In comparing 8 distances (equation 1) of the adenovirus
genome with herpesvirus sequences, we find b(adenovirus,
EBV) = 0.147, 8(adenovirus, HVS) = 0.180, and b(adenovirus,
BHV4) = 0.221, generally distances comparable to those
among the y-HV sequences. The distances to the a- and ,-HV
reflect weak relatedness.

Vaccinia virus is not particularly close to any herpesvirus,
but in 8 distances, 6(vaccinia virus, HHV6) = 0.089 and
8(vaccinia virus, MDV) = 0.096, which correspond to weak
relatedness; the vaccinia virus-to-y-HV distances are very
distant (.0.206) with respect to protein comparisons (27) (see
Table 9).

Evolution and homogeneity assessments of US versus UL
sequences. Representatives of the o.-HV are often neurotropic
and have similar genome organizations. Their genomes are
composed of two unique sequences, UL and US, each flanked
by inverted repeats, TRL/IRL and IRs/TRs, respectively, often
with UL and US of different sizes. The r3-HV display varied
genomic architecture: HCMV strains contain UL and Us with
four isomeric forms paralleling those of HSV1, whereas HHV6
carries only terminal repeats in direct orientation. The -y-HV
types vary widely in their genomic layouts.
The Us regions among o-HV differ in numbers of open

reading frames, orientation, and order, and they show rela-
tively little amino acid sequence similarity. Davison and Mc-
Geoch (24) and McGeoch (65, 66) proposed that many US
genes of ot-HV have been generated from gene duplication,
expansion, and contraction or by independent evolution. There
are stretches of gene colinearity (in direct and/or in inverted
order) of the UL section. About 40 genes in the UL region of
HSV1 are reasonably conserved between ox-, 3-, and y-HV
genomes.
The gene layout in the S component of oQ-HV varies widely.

TABLE 5. Between-genome distances of UL versus Us
Comparison 8(UL, U1) 8(US. US) N(UI- US) 8(Us, UL)

HSV1, EHVI 0.079 0.105 0.087 0.118
HSV1, HCMV 0.079 0.107 0.076 0.112
HSV1, VZV 0.080 0.087 0.115 0.076
VZV, EHV1 0.096 0.119 0.115 0.128
VZV, HCMV 0.123 0.125 0.118 0.144
EHV1, HCMV 0.074 0.074 0.084 0.091
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FIG. 2. Partial orderings for 12 standards. The left-to-right positions of the genomes reflect on their relative closeness to the standard (see text).
An arrow from genome A to genome B indicates that A dominates B with respect to the given standard (see Materials and Methods). HUM,
human.

In particular, the Us component length excluding the inverted
repeats varies from about 5 kb in VZV to about 13 kb in HSV1,
up to 35 kb in the P-HV example, HCMV. The dinucleotide
relative abundance distances were determined for the se-
quences of UL versus Us of the four (HSV1, VZV, EHV1, and
HCMV) complete genomes. Inspection of Table 4 reveals that
the UL and Us components within HCMV and within VZV are
closer by a factor of 2 compared to the Us versus UL
components within HSV1 and EHV1, with the 8(US, UL)
distances for these four genomes ranging from very close
(0.032) to moderate (0.066). The only cases of between-
genome distances (Table 3) .0.066 are b(HSV1, HSV2) =

0.023, 8(HHV6, EHV1) = 0.059, b(HHV6, HSV1) = 0.063,
8(HHV6, HSV2) = 0.064, and B(HHV6, MDV) = 0.065.
These data suggest that HHV6 is quite central among oa- and
,B-HV sequences. The foregoing analysis shows that individual
herpesvirus genomes tend to be more homogeneous compared
with the between-herpesvirus distances.

In comparing the UL or Us sequences between viruses

(Table 5), the distances between Us regions are almost always
larger than the distances between UL regions. Moreover,
distances between a UL region and a Us region from different
viruses are relatively large. This finding reflects the conserved
core of herpesvirus common genes in the UL regions of ca-HV
sequences.

Partial orderings with respect to standards. The genomic
distance evaluations [5(fg) of equation 1] are based on a single
number, the absolute average difference of relative abun-
dances pkAt - p;4g)1 of the two sequences being com-
pared. To avoid the possibility of a few extreme dinucleotide
relative abundances exerting a large influence on the value of
8(f,g), we introduce a method of partial orderings. In this
context, each sequence is represented by the vector of its 16
dinucleotide relative abundances (pxy). The dinucleotide rel-
ative abundance vectors of two genomes are compared with a
corresponding 16-component vector of a sequence standard S.
If one of the two genomes A and B, say A, is closer to the
standard S in at least 13 of the 16 components, a dominance
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FIG. 2-Continued.

ordering between the two genomes relative to the standard is
determined, expressed as A dominates B. These evaluations
relative to the standard provide a partial ordering based on
degree of similarity in dinucleotide relative abundances among
the sequences. For a given standard, the closest sequences are
those which are undominated and dominate several other
sequences; the most distant sequences are those that are
dominated by several sequences but dominate none (53).
We use several classes of standards: (i) each individual

herpesvirus sequence; (ii) consensus sequences assembled
from different groups of herpesvirus sequences (see Materials
and Methods); (iii) two host sequence sets, human and chick-
en; and (iv) an absolute sequence (the unit sequence). With
each standard, the comparisons are made for every pair of
sequences (Fig. 2). Some observations on these figures are
highlighted below.

(i) Human standard (Fig. 2). Not surprisingly, the other
vertebrate sequence, that of chickens, is closest to the human
sequence and dominates all viral sequences. Next closest is
EBV, which dominates 10 sequences, including the BHV4
sequence and all a-HV sequences.

(ii) Chicken standard (data not shown). The undominated
human sequence is closest to the chicken sequence, and again
EBV dominates most other sequences.

(iii) y-HV consensus standard (Fig. 2). As expected, the
individual y-HV sequences are closest to this standard. EBV
and BHV4 dominate many sequences, whereas HVS domi-
nates only IHV1. Thus, EBV and BHV4 are closer to the y-HV
consensus standard and to each other than either is to HVS.

(iv) EBV standard (Fig. 2). The closest are the human and
chicken sequences. Chicken (but not human) dominates HVS.
Interestingly, MDV is undominated, suggesting that MDV has
some attributes of a -y-HV sequence. This relationship is also
consistent with its position to the -y-HV standard, where it fell
in the middle level. HHV6, EHV1, and HVS belong to the
second tier. The most dominated are the ot-HV sequences.

(v) HVS standard (data not shown). EBV is not comparable
to any other sequence, although both are classified as -y-HV
sequences, reflecting that EBV has a mixed relationship to
HVS, being relatively close in certain dinucleotide relative
abundances (e.g., CG, TA, and TG/CA) but relatively far with
respect to most others.
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TABLE 6. Kendall tau correlations (multiplied by 100) of distance orders of 20 standardsa

Kendall tau correlation (%)

Human Chicken Gamma EBV BHV4 HVS Beta HCMV HHV6 Alpha EHVI HSVI HSV2 VZV MDV PRV1 BHV1 IHV1 Virus Unit

Human 100 81 77 83 85 60 -17 -19 -14 -27 -8 -30 -22 -30 -8 -23 -25 -28 - 19 3
Chicken 81 100 77 77 75 66 - 13 - 10 -8 - 14 1 -20 - 17 - 18 -2 -20 -9 -34 - 13 7
Gamma 77 77 100 74 74 56 -17 -15 -14 -11 -1 -22 -17 -16 0 -31 -12 -43 -4 -1
EBV 83 77 74 100 84 61 -10 -8 -2 -10 -1 -17 -12 -14 3 -15 -13 -20 -2 9
BHV4 85 75 74 84 100 53 -26 -24 -14 -25 -12 -31 -23 -25 -8 -23 -28 -28 -17 -1
HVS 60 66 56 61 53 100 -17 -13 -25 -37 -17 -45 -46 -42 -29 -33 -7 -56 -34 -15
Beta - 17 -13 - 17 -10 - 26 -17 100 90 84 70 76 73 72 68 69 61 74 51 71 75
HCMV -19 -10 -15 -8 -24 -13 90 100 81 69 76 70 70 63 68 67 73 49 66 76
HHV6 -14 -8 -14 -2 -14 -25 84 81 100 73 69 77 77 73 70 72 64 62 72 81
Alpha -27 -14 -11 -10 -25 -37 70 69 73 100 73 88 87 92 76 51 63 56 86 66
EHV1 -8 1 -1 -1 -12 -17 76 76 69 73 100 70 70 68 79 60 81 49 73 79
HSVI -30 -20 -22 -17 -31 -45 73 70 77 88 70 100 93 88 81 58 66 57 77 63
HSV2 -22 -17 -17 -12 -23 -46 72 70 77 87 70 93 100 87 78 57 58 65 81 68
VZV - 30 - 18 - 16 -14 - 25 - 42 68 63 73 92 68 88 87 100 73 46 62 52 86 63
MDV -8 -2 0 3 -8 -29 69 68 70 76 79 81 78 73 100 58 68 55 75 73
PRV1 -23 -20 -31 -15 -23 -33 61 67 72 51 60 58 57 46 58 100 39 73 47 65
BHV1 -25 -9 -12 -13 -28 -7 74 73 64 63 81 66 58 62 68 39 100 24 65 64
IHV1 -28 -34 -43 -20 -28 -56 51 49 62 56 49 57 65 52 55 73 24 100 52 59
Virus - 19 -13 -4 -2 -17 -34 71 66 72 86 73 77 81 86 75 47 65 52 100 73
Unit 3 7 - 1 9 - 1 - 15 75 76 81 66 79 63 68 63 73 65 64 59 73 100

C See Materials and Methods for complete explanations.

(vi) BHV4 standard (Fig. 2). EBV dominates most other
sequences, including human and chicken sequences, and there-
fore can be regarded as closest to BHV4. HVS is not compa-
rable. This anomaly is consistent with the subdivision of the
gamma class into -y and _Y2 (80), with EBV and BHV4
representative of the yI subclass and HVS typical of the Y2
subclass. Also consistent with other data presented above, the
second level entails MDV and EHV1 (both undominated),
HHV6, and HSVI. Farthest in the partial orderings is BHV1.

(vii) Consensus ,-HV standard (Fig. 2). About equally close
are HHV6, HCMV, and EHV1, with many dominance rela-
tions, HHV6 having the most.

(viii) HHV6 standard (Fig. 2). This standard in many
respects is central among all Ix- and ,B-HV sequences. Close to
this standard with several dominance orderings are HCMV,
EHV1, HSV1, and HSV2. The most dominated sequences
include all y-HV and, in addition, IHV1 and BHV1.

(ix) HCMV standard (data not shown). About equally close
are HHV6 and EHV1.

(x) Consensus a-HV standard (Fig. 2). The closest are
EHV1 and HHV6. The most distant are the y-HV sequences,
with the human sequence being the most dominated. The
chicken sequence dominates the human sequence.

(xi) EHV1 standard (Fig. 2). The closest undominated
sequences are those of HHV6 and HCMV, with HHV6
dominating more than HCMV. The most distant sequences are
those from the gamma class.

(xii) HSV1 standard (Fig. 2). The closest sequence is HSV2.
Other undominated genomes include the alpha types VZV and
EHV1. The most dominated are all -y-HV sequences. PRV1 in
the ot-HV class is substantially dominated.

(xiii) HSV2 standard (data not shown). The closest is HSV1,
which also dominates VZV, suggesting that VZV is closer to
HSV1 than to HSV2.

(xiv) VZV standard (Fig. 2). The closest are HSV1 and
EHV1. Note that HSV1 dominates five sequences. HSV2 is
undominated but dominates only a single other sequence,
supporting the proposition that VZV is closer to HSV1 than to
HSV2.

(xv) MDV standard (data not shown). The undominated
group includes HHV6, EHV1, and HSV1. The dominated
sequences consist mostly of outlier herpesvirus sequences, the
most extreme being HVS and BHVI.

(xvi) PRV1 standard (Fig. 2). The closest to PRV1 is HHV6,
and next is MDV. The farthest are several members of the
gamma class and curiously VZV.

(xvii) BHV1 standard (Fig. 2). The closest is EHV1, which
exhibits many dominance orderings.
Concordance correlations of the distance orderings between

genomes. Table 6 reports the T(s,t) correlation values of the 8
distance orderings (see Materials and Methods) for all pairs
among the 20 different sequences.

(i) The y-HV versus non--y-HV partition. The T values
partition the distance orderings into two main groups, y-HV
versus non-y-HV. Between members of different groups, the T

values are essentially zero or slightly negative, while within the
groups, the T values range from about 0.4 up to 0.9. This
reflects the fact that among herpesviruses the y-HV form a
separate group, with each member quite distant to any cx- or
3-HV sequence.

(ii) Within the -y-HV. The high T value of 0.84 for T(BHV4,
EBV) contrasts with the values of 0.53 and 0.61 for T(HVS,
BHV4) and T(HVS, EBV), respectively. In agreement with
other means of comparing, this again argues for greater
similarity between BHV4 and EBV as opposed to BHV4 and
HVS. The very high T concordance correlation (0.85) of BHV4
with the human sequence is intriguing.

(iii) Within the non--y-HV. An almost perfect T correlation
occurs between HSV1 and HSV2, closely followed by the high
T correlation of VZV with each of them. The core cx-HV
sequence, EHV1, carries a moderate T value of about 0.70 to
these three. MDV also shows moderate T values, 0.7 to 0.8,
with the four central ct-HV members. The two peripheral
ox-HV BHV1 and PRVI (having the least overall DNA simi-
larity to other ox- and ,B-HV sequences of our collection) show
the lowest v values with each other in the ot-HV group, T only
0.39. The two P3-HV HCMV and HHV6 are highly correlated
to one another and moderately correlated (0.6 to 0.8) to the
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TABLE 7. Protein sequences analyzed by amino acid scoring alignments

Homologous gene, corresponding protein length (amino acids)'
Virus

DPOL VCAP VTER VGLB

EBV BALF5, 1,015 BCLF1, 1,381 BGRF1 + BDRF1, 690 BALF4, 857
HVS 9b/KCRF2, 1,009 25, 1,371 29, 683 8/KCRF1, 808
HCMV UL54, 1,242 UL86, 1,370 UL89, 674 UL55, 906
HHV6 1,012 ORF4L, 1,345 ORF 12L, 667 Fragment, 259
EHV1 30, 1,220 42, 1,376 44, 734 GB/GP14/33, 980
HSV1 UL30, 1,235 UL19, 1,374 UL15, 735 UL27, 904
VZV 28, 1,194 40, 1,396 45 + 42, 747 31, 868
BHVI GI, 928
MDV GB, 865
PRV1 MCP142, 1,330 GII, 913
IHV1 57, 985 62 + 69 + 71, 852

a DPOL, DNA polymerase; VCAP, major capsid protein; VTER, probable DNA-packaging (tegument) protein; VGLB, gB precursor; +, spliced. All sequences are
in the SwissProt data bank (version 25).

b Gene number.

cx-HV sequences, including BHV1 and PRV1. The unclassified
IHV1 is weakly or not correlated to any of the others, having
its highest T value with PRV1.

Protein sequence comparisons. We applied the PAM120,
BLOSUM 56, and SISS scoring protocols (see Materials and
Methods), comparing four protein sequences common to the
genomes of herpesviruses (Table 7). The resulting SAS scores
are given in Table 8. The conclusions were qualitatively the

same for the three programs; therefore, only the SAS scores of
the PAM120 output are reported.

(i) DNA polymerase. The length of the protein is about 1,010
residues in the -y-HV, compared with about 1,200 residues in
the average oa-HV. The length in HHV6 is like that of a -y-HV,
and the length in HCMV like that of an ot-HV. The within-
oa-HV class, SAS scores (see Materials and Methods) range
from 2.37 to 2.90, of the same magnitude as that of the

TABLE 8. Protein sequence comparisons among herpesviruses

PAM 120 SAS score'
Protein Virus Length

(bp) EBV HVS HCMV HHV6 EHV1 HSV1 VZV PRV1 MDV

DNA polymerase EBV 1,015
HVS 1,009 2.85
HCMV 1,242 1.71 1.65
HHV6 1,012 1.30 1.58 2.28
EHV1 1,220 1.60 1.79 1.14 1.23
HSV1 1,235 1.62 1.62 1.04 1.20 2.90
VZV 1,194 1.53 1.63 1.15 1.38 2.68 2.37

Major capsid EBV 1,381
HVS 1,371 3.09
HCMV 1,370 1.00 1.19
HHV6 1,345 1.05 0.84 2.47
EHV1 1,376 0.93 0.90 0.54 0.78
HSV1 1,374 0.85 0.83 0.54 0.68 2.90
VZV 1,396 0.84 0.86 0.55 0.74 3.31 2.78
PRV1 1,330 0.90 0.86 0.62 0.69 3.98 3.08 3.22

Tegument EBV 690
HVS 683 2.89
HCMV 674 1.66 1.51
HHV6 667 1.55 1.28 2.95
EHV1 734 1.53 1.58 1.65 1.52
HSV1 735 1.55 1.47 1.74 1.75 3.44
VZV 747 1.32 1.31 1.57 1.60 3.29 3.25

gB EBV 857
HVS 808 2.00
HCMV 906 1.13 1.09
HHV6 259 1.22 1.06 1.48
EHV1 980 0.81 0.89 0.77 0.86
HSV1 904 0.93 0.82 0.87 0.70 2.52
VZV 868 0.88 0.80 0.85 0.65 2.76 2.53
PRV1 913 0.88 0.68 0.78 0.79 2.83 2.62 2.89
MDV 865 0.80 0.88 0.90 0.69 2.28 2.54 2.54 2.20
BHV1 928 0.69 0.72 0.68 0.80 2.77 2.39 2.78 2.84 2.36

aSee Materials and Methods for details of the scoring protocol.
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TABLE 9. Comparisons of herpesviruses with adenovirus and
vaccinia virus for the DNA polymerase gene

SAS scorea
Virus Length

(bp) Adenovirus Vaccinia virus
(1,056 bp) (1,006 bp)

EBV 1,015 0.06 0.19
HVS 1,009 0.05 0.23
HCMV 1,242 0.00 0.25
HHV6 1,012 0.00 0.28
EHV1 1,220 0.00 0.23
HSV1 1,235 0.05 0.21
VZV 1,240 0.00 0.31
Vaccinia virus 1,006 0.00

a See Materials and Methods for details.

within-,y-HV class (EBV versus HVS; SAS score = 2.85). The
DNA polymerase SAS score is highest between EHV1 com-

pared with HSV1, about the same as the EBV-versus-HVS
SAS score. For the within-fi-HV class (HCMV versus HHV6),
the SAS score is unambiguously the smallest (2.28) compared
with the within- y-HV class and within-ot-HV class SAS scores.
The SAS scores for DNA polymerase between a -y-HV se-
quence and each corresponding a- or ,B-HV sequence are
mostly in the range 1.30 to 1.79, at a level about 50% reduced
from the within-ot-HV class or within-,y-HV class SAS scores.
The SAS scores for each 3-HV sequence compared with an
x-HV sequence are smaller, about 1.11 for HCMV and 1.27
for HHV6. Thus, the DNA polymerase protein within-class
comparisons entail SAS scores 50 to 100% higher than the
between-class comparisons.

Earl et al. (27) used the FASTA alignment program to assess
amino acid similarity of the DNA polymerase sequences
among HSV1, adenovirus, and vaccinia virus and claim some

significant similarity (see also reference 86). The SAS score of
the DNA polymerase gene of herpesviruses versus adenovirus
are not significant (Table 9). The comparisons of the DNA
polymerase sequence between herpesvirus and vaccinia virus
achieve a SAS score less than one-third of the smallest SAS
score among the herpesvirus sequences. These comparisons
with vaccinia virus obviously do not discriminate among a-, -,

or y-HV classes, indicating pronounced deviation of vaccinia
virus from all herpesviruses.

(ii) Major capsid protein. The major capsid gene is also
available for PRV1. The length is approximately constant
(1,370 residues) for all viruses. The within-y-HV class SAS
score (3.09) was in reasonable agreement with the correspond-
ing SAS scores (2.78 to 3.98) among ot-HV sequences. The
smallest SAS score was for HSV1 versus VZV (2.78). Surpris-
ingly high was the SAS score of 3.98 attained for the major
capsid proteins of EHV1 versus PRV1.
The within-13-HV class SAS score (2.47) was significantly

less than that of the within-y- and a-HV class SAS scores. The
SAS scores of y-HV sequences against P- or ot-HV sequences
were in the range of 0.83 to 1.05. The SAS score for a ,-HV
versus a-HV sequence was smaller, in the range of 0.54 to 0.78.
Thus, the between-class SAS scores were about 30 to 50%
smaller than the within-class SAS scores.

(iii) Tegument protein. The length of the tegument protein
is almost the same for the ,B- and y-HV sequences (about 680
residues) and about 50 residues longer in the a-HV class
(Table 7). The within-class SAS scores of ,B- and -y-HV
sequences are essentially the same (about 2.9), and the within-
x-HV class analysis yields the higher score range, 3.25 to 3.44.

The between-class SAS scores of -y-HV versus ao- and r-HV
sequences and 1-HV versus ot-HV sequences are about 50% of
the within-class SAS scores.

(iv) Glycoprotein gB. The gB sequence was available from 10
herpesvirus genomes. The length of the gene averages about
900 residues, slightly less in HVS, and only a fragment of
length 259 residues was available from HHV6. Among the
ot-HV sequences, the SAS scores were in good agreement (2.20
to 2.89). The within--y-HV class SAS score was 2.00, while the
between--y- and a-HV sequence comparisons yielded scores in
the range of 0.68 to 0.93. The comparison of y-HV sequences
with the HCMV and HHV6 representatives gave higher SAS
scores, around 1.10. The SAS score for the ,B-HV sequences
versus each ot-HV sequence yielded SAS scores in the range of
0.65 to 0.90, about the same as for a y-HV sequence compared
with an a-HV sequence.

DISCUSSION

Herpesviruses are widespread in vertebrate species, sharing
several moderately to well conserved genes, as determined
from amino acid identity comparisons (e.g., DNA polymerase
and gB) even though they exhibit a dramatic variation in mean
G+C genomic frequency ranging from 35 to 75% (43). The
herpesviruses are believed to be of ancient origin, at least 300
million years old (23). They have coevolved with their hosts,
mainly mammals, birds, and fish, with possible multiphyletic
origins and lateral transfers.
Most studies of evolutionary development and of phyloge-

netic (tree) reconstructions among groups of organisms are
based on protein sequence comparisons. The caveat has been
that different trees may result for the same set of organisms
based on analysis of different proteins and dependent on the
alignment algorithm (58, 68). The practice of phylogenetic
reconstruction recounts many examples where different sets of
proteins produce different phylogenies. This is the case for
phylogenies constructed around structural proteins, immuno-
logical typings, and comparisons of local genomic regions or
rRNA genes. Phylogenies constructed from individual genes
are interesting insofar as the evolution of these specific genes
is concerned, but their extrapolation to the evolutionary rela-
tionship between, say, viruses probably requires analysis of
complete genomes, not just individual proteins. In viruses, a
further caveat applies: the gene in question may have under-
gone direct transfer between genomes during its evolution.
Moreover, the genome in question may be a genetic mosaic,
having acquired genes from different sources and undergone
lateral transfer, transposition, and recombination events in the
course of evolution. Phylogenies determined by a single type of
gene have to be evaluated with cognizance of all other
available data.
We have introduced novel distance measures and methods

(for rationale, see below) based on dinucleotide relative abun-
dances of genomic sequences from which to derive evolu-
tionary relationships among herpesvirus genomes. For cor-
responding studies comparing simultaneously di-, tri-, and
tetranucleotide relative abundance distances, see reference 52.
These methods of oligonucleotide relative abundance dis-
tances have been applied in comparing complete genomes of
coliphage (9) and in extensive analyses of sequences from
more than 40 diverse prokaryotic and eukaryotic species (52,
55). In the second part of this study, recent methods of protein
sequence alignments are implemented in comparing four
protein sequences among herpesviruses (Table 8).
Genomic sequences were compared in several ways: (i) with

respect to similarities and differences of genomic composi-
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tional extremes (Table 2); (ii) with respect to distance order-
ings within and between herpesvirus genomes (Tables 3 to 5;
Fig. 1); (iii) with respect to partial orderings for the vector of
dinucleotide relative abundances of two herpesvirus genomes
to appropriate sequence standards (Fig. 2); (iv) with respect to
similarity of an individual herpesvirus sequence to a consensus
ot-, P-, or -y-HV sequence; and (v) with respect to concordances
and discordances of correlations of the distance orderings for
pairs of HV sequences (Kendall tau correlations; Table 6).
We highlight below some of the main results emanating

from our genomic comparisons and from our protein sequence
comparisons. There are invariants and contrasts for which we
will venture some interpretations.

Centrality of the HHV6 and EHV1 genomes. The sequence
with the most dominances in the partial orderings (Fig. 2)
cumulated over all standards is HHV6, with the next in this
dominance hierarchy being EHV1. These viruses lie closest to
the cx-HV consensus standard and about equally close to the
r-HV consensus sequence. The global consensus herpesvirus
standard also has HHV6 and EHV1 significantly close. HHV6
is also close to EBV with respect to many standards (e.g.,
human, HSV2, EHV1, and consensus ox-HV). These results
argue for the centrality of the HHV6 genome. Along these
lines, it is known that HHV6 is lymphotropic and can infect T
cells but it is also associated with monocytes, epithelial cells,
and the central nervous system (36, 54a, 54b, 78a). On the basis
of the protein comparisons, we propose that essentially all
ot-HV are of more recent origin than the ,B- and y-HV and that
HHV6 might be akin to a progenitor herpesvirus.

Relative CpG deficiencies in herpesvirus genomes. All y-HV
have the dinucleotide CpG significantly underabundant and
concomitantly carry a relative excess of CpA/TpG (Table 2)
both to the same extent as in vertebrate genomes. This
characteristic is not exhibited by cx- or ,B-HV. Honess et al. (45)
proposed that the standard methylase/deamination/mutation
hypothesis should apply to viruses found in highly dividing
cells. However, MDV and HHV6, which present some biolog-
ical features of y-HV (lymphotropism), do not show CpG
suppression nor any biased dinucleotide relative abundance
(Table 2). Paradoxically, CpG is high only in HCMV dinucle-
otide relative abundance over its whole genome (Table 2).
Apropos, all vertebrate and invertebrate mitochondrial ge-
nomes of metazoan species are strongly CpG suppressed (data
not shown). In the latter, it seems unlikely that methylation
would be involved in this suppression, since invertebrates (e.g.,
D. melanogaster, C. elegans, and sea urchins) apparently do not
possess any known relevant methylase. There appear to be
other mechanisms or factors which lead to CpG depletion (52).

Closeness between EBV and human sequences. With respect
to the human sequence standard in the partial orderings, EBV
dominates almost all other herpesviruses, including all ot-HV
sequences, HHV6, and BHV4. Moreover, distance ordering
arrays relative to the human and EBV standards are highly
concordant according to the Kendall T correlation coefficient
(Table 6). These observations are consistent with the possible
acquisition of about one-third of the EBV genome, including
all of the latent genes from a host cell (in this connection, see
the detailed analysis of codon preferences in EBV genes in
reference 50; see also reference 30).

Similarities of herpesvirus sequences to avian versus mam-
malian host sequences. For every herpesvirus standard, the
chicken sequence dominates all sequences that the human
sequence dominates. Moreover, there are many standards for
which the chicken sequence dominates the human sequence,
e.g., the EHV1, HCMV, consensus herpesvirus, and consensus
ac-HV standards. In addition, the chicken (but never the

human) sequence dominates HVS for several of the herpesvi-
rus standards. Human never dominates any herpesvirus se-
quence for an cx- or (-HV sequence standard. From these
relationships, it is tempting to speculate that many herpesvirus
antecedents inhabited avian species and later underwent trans-
fer from birds into mammals. There is precedent for such an
evolutionary scenario in the case of the influenza A virus
transmutations (33, 35).

Classification of BHV4. Originally, BHV4 was assigned to
the ,B-HV class, but a closer association with the y-HV class
was shown when sequence data became available (12, 13, 83).
From their analysis in comparing a number of specific genes,
Ehlers et al. (29) and Bublot et al. (12, 13) suggest that BHV4
is evolutionarily closer to HVS than to EBV. Our DNA
comparisons based on the distance orderings in Table 3 and
especially the partial orderings (Fig. 2) and also the Kendall
tau correlations (Table 6) all point to the opposite relationship,
indicating that BHV4 is much closer to EBV than to HVS.
Very distant herpesvirus genomes. Although the two bovine

herpesviruses infect the same host, BHVI and BHV4 are
separated by the greatest distance among the examples of
Table 3. One possible explanation involves the molecular
resource partitioning principle (see below). Aside from IHVI,
HVS and BHV1 tend to be more dominated than any other
herpesvirus sequence in the partial orderings.

Is VZV closer to HSV1 or to HSV2? The partial orderings
persistently attest to greater similarity of VZV to HSV1 than
to HSV2. Thus, closest to the VZV standard are HSV1 (which
dominates HSV2) and EHV1. Also, the partial ordering based
on the HSV2 standard has VZV dominated by HSVI. VZV
tends to be dominated with respect to all (-HV sequence
standards. Telford et al. (81) argue that EHV1 genes are in
general more closely related in amino acid sequence to VZV
than to their HSV1 counterparts. Our results using DNA
sequence distances and partial orderings do not agree with this
conclusion.
How is MDV to be classified? The partial orderings for the

MDV standard entail the fewest dominance relationships.
Technically, this signifies that the dinucleotide relative abun-
dance array of MDV is close to most other HV genomes in
several components (at least four) and far in several compo-
nents (at least four). This may reflect on MDV's unusual
combination of a lymphotropic virus with o-HV-like genomic
organization. Interestingly, MDV is undominated from the
EBV standard, further suggesting that MDV has some at-
tributes of a y-HV. On the basis of analysis of the protein
sequence gD, Ross and Binns (72) argue that MDV is reason-
ably related to both cx- and y-HV sequences. The phylogenetic
tree derived from comparisons of the gD homolog of HSVI
supports the hypothesis that MDV is more closely related to
the ot-HV family than to the -y-HV family (4). This conclusion
may be influenced by the fact that gD is encoded in the Us
region. However, our general DNA partial ordering analysis
places MDV closest to HHV6 rather than to any o-HV
sequence.

Herpesvirus sequences with the fewest dinucleotide compo-
sitional extremes. The most random herpesvirus genome [the
sequence of smallest (1l,g) distance for all individual and
consensus herpesvirus sequences] is EHV1; the second most
random herpesvirus genomes are about equally those for
MDV and HHV6. In general, the a-HV tend to be more
random, i.e., closer to the unit standard, than the members of
the y-HV class. The distance of a herpesvirus genome with a
randomly shuffled version of itself would be essentially the
same as the distance to the unit standard.

Relatedness of a- and P-HV genomic sequences. In terms of
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global DNA sequence distances, the P- and cx-HV sequences
are relatively close and seem to overlap in some analyses (Fig.
1). The closest distance to the PRV1 genome are the ,B-HV.
The Kendall T coefficients (Table 6) give further indication that
the core ox- and ,-HV sequences correlate significantly. This
conclusion based on genomic comparisons differs from that
from our protein sequence comparisons (see below).

-y-HV subclass types 1 and 2. The prototype of type 1 is
EBV, and the prototype of type 2 is HVS (80). Members of the
,y-HV group (EBV, HVS, and BHV4) are substantially diverse
but in aggregate are very distant from the ax- and 1-HV classes
(Fig. 1). Genes involved in important biological properties
such as latency, immortalization, gene regulation, and other
virus-host interactions are not conserved between HVS and
EBV (22), and EBV and HVS have been shown to be more
distant than HSV1 is to VZV (1). This is in agreement with our
genomic DNA distance assessments 8(EBV, HVS) = 0.155
versus S(HSV1, VZV) = 0.081. In comparing similarities
between specific genes, e.g., the tegument protein and gB
genes, the differences persist, while for other key genes, e.g.,
the DNA polymerase and major capsid protein genes, the
similarity scores are about the same (Table 8). The most
distant on the amino acid level are the ,3-HV sequences,
although this is not the case when DNA distances are com-
pared.

Similarity among Us regions of herpesviruses. There is
much gene colinearity in direct and/or in inverted order among
the UL sections of the a-HV but less among the Us sections.
Previous reports have concluded that "the close colinear
relationship between a-herpesvirus genomes applies strictly
only to the L segment" (22). Us appears to be the more
divergent component of a*-HV (Table 5). On the basis of
comparisons of amino acid sequences in open reading frames,
McGeoch (65) suggested that each of the seven distinct genes
of the Us region of VZV has a homolog in HSV1, whereas
other genes in the Us segment of HSV1 do not. However, the
similarity of the putative homologs (except for ICP4 and US3)
are very weak (74). The most homogeneous genome is HCMV,
i(HCMV UL, HCMV US) = 0.032 (Table 4), substantially

smaller than the UL-versus-Us distances of EHV1 and of
HSV1, 8 - 0.062. Could this be a consequence of the
generation of gene families in HCMV (not present in EHV1
and HSV1) that intermingle the UL and Us regions (19, 37)?

Evolution of Us regions. By what processes did the Us
sequences of ot-HV originate and develop? That Us regions
evolved more recently was suggested by Telford et al. (81)
since, except for HCMV, similar counterparts are not found in
P- or y-HV sequences. Even with the oa-HV, the Us segments
of different viruses, excluding the internal and terminal re-
peats, bear little significant similarity to each other and no
similarity to the UL sections (except for the gene families of
HCMV). We propose that the Us sections evolved as or
resulted from a transposon or retrotransposon insertion or
some form of nonhomologous recombination into the herpes-
virus genome at or near the terminal repeats during (or
perhaps following) circularization in conjunction with viral
replication. The terminal repeats and nearby regions tend to be
active, often displaying a complex of local sequence iterations
and inversions, and might naturally accept transpositions of all
kinds. Mobile elements often carry genes between their termi-
nal repeats. Because of the central position of EHV1 (evident
from DNA comparisons), we might envision this genome or a
close relative as among the progenitor ot-HV in which a
primordial Us was acquired and transmitted to other ot-HV.
What evidence is there to support the hypothesis that the Us

section arose as a series of rare transposon-like insertions?

Genes from transposons (as with genes in plasmids of bacteria)
are basically not essential for growth but could encode func-
tions needed on occasion, and some of these genes could affect
viral or cellular phenotype (16). There are many cases of genes
recently acquired from external sources in herpesvirus ge-
nomes, e.g., DHFR in HVS (85), the BcRF1 (= interleukin-10
[IL-10]) gene in EBV (45a), gene 13-TS in VZV (83a) and
HVS (44), and chemokine receptor, major histocompatibility
complex class I-like, and T-cell receptor-like genes in HCMV,
putatively captured via mobile transposition aided by recom-
bination events. Recent analysis has revealed several reading
frames of HVS with strong sequence similarities to known
cellular genes, including Gl-cyclin and IL-8 receptor genes, a
T-lymphocyte-activating gene, complement inhibitory factor
genes, and a number of cellular U-RNA genes (34). Moreover,
there is some evidence that HHV6 may have acquired genes by
the same process used by host cell chromosomes to add their
termini (60). Also, there is evidence for a transposable inser-
tion in MDV (47). Retrovirus (reticuloendotheliosis virus)
insertions into MDV appear to be common and could occur
shortly following coinfection of reticuloendotheliosis virus and
MDV. These insertions cluster at the IRS/US junction, an
active region of the MDV genome, which shows substantial
size heterogeneity over several strains (47).

Within- versus between-dinucleotide relative abundance
distances. In view of the distances between UL and Us
generally being smaller than those between herpesvirus ge-
nomes (see Results), it is conceivable that by some train of
historical events (e.g., homologous and nonhomologous re-
combination at the terminal repeats or some kind of fusion
mechanism), two UL segments might be combined into two
isomeric forms subject to subsequent expansions, contractions,
and homogenizations (concerted evolution). This may have
occurred several times and most recently over the time frame
of herpesvirus evolution in HCMV and VZV, which may
account for greater DNA structural (dinucleotide relative
abundance) similarity of UL with Us in these genomes (Tables
4 and 5). HCMV seems especially vulnerable to complex
genomic rearrangements and amplifications. Along these lines,
the DNA of HSV1 in infected cells undergoes high levels of
homologous recombination linked to DNA synthesis (18). The
idea that the HSV1 genome arose by fusion of two genomes
(precursors of the L and S components) and that the S
component evolved quite differently in each virus family is
implicit in the study of Hayward et al. (40) and discussed
further by Roizman (70, 71).
Gene acquisitions, losses, and lateral transfer. To various

degrees, herpesviruses are replete with complex direct and
inverted repeat structures putatively responding to immune
system challenges of the host and engaging in transfer ofDNA
between different hosts and other viruses. It has been proposed
(85) that the DHFR gene of the lymphotropic herpesvirus HVS
is a recent acquisition into the HVS genome not likely to be
essential for viral productive growth. The DHFR gene of HVS
is about 90% identical to the primate version, strongly suggest-
ing that a host gene copy of DHFR was recently acquired by
HVS. The BcRF1 gene of EBV is significantly similar to the
human IL-10 gene. Both the viral IL-10 gene of EBV and the
TS gene of VZV are about 70% similar to their human
versions. A strong homolog of the TS genes has recently been
identified in EHV2 (55% G+C) and EHV5 (53% G+C) of the
y-HV class (80). Since these genomes are somewhat G+C rich,
the putative role (44) of TS in VZV and HVS in enhancing
A+T-directed substitutions seems doubtful. From this per-
spective, TS is likely a nonessential acquired gene. For other
putative examples of lateral transfer ofDNA between different
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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 ot-HV, HSVI 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 BHVI 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), (II, III) or (III, I)], methylation and other nucleotide
modifications of various kinds, including methylase of restric-
tion systems in prokaryotes, the standard methylase in verte-

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 a-, 1-, and

y-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-
P-HV class SAS scores. However, for the larger essential
proteins, i.e., DNA polymerase and the major capsid protein,
the within-ox-HV class and within -y-HV class SAS scores have
similar magnitudes. The comparisons between ox-, P-, and
y-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 (x-, P-, and y-HV classes and the clear demarcation
between classes. The 3-HV class (HCMV and HHV6) appears
on the protein level to be the least conserved.
Reduced within-,-HV class scores. For all protein types, the

within-f3-HV class (HCMV versus HHV6) comparisons yield
SAS scores significantly lower than those for the within-oa-HV
class comparisons. The within-i-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 (- and 1-HV genomes are quite close;
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FIG. 3. Protein similarities depicted by tree topology.

especially, the HHV6 and EHV1 genomes are significantly
closer than the c- versus y-HV genomes. This is in contrast to
the results of the four protein similarity evaluations which
mostly place the 3- and -y-HV sequences equally far from the
oL-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 HSVI 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 -y- and oL-HV
sequences.
The arrangement of genes flanking the DNA polymerase

gene discriminate the (x-, 3- 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
cx-HV sequences (EHV1, HSV1, and VZV) but significantly
greater than the score within the f-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 HSVl (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 EHV1, 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-1-HV group (HHV6 versus HCMV) gene

similarity is significantly greater than the average similarity
scores between f-HV and corresponding cx- or y-HV se-

quences.
Some speculations and hypotheses. The diminished SAS

scores for the within-r-HV class protein comparisons relative
to the within-(x- or within-y-HV class scores and the pervasive
lower similarity scores between cx-, ,B-, 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 cx-HV supports the
hypotheses that cx-HV are of more recent ancestry. EHV1

stands out as the most central ot-HV, with stronger similarities
on both the DNA and protein levels to the other oL-HV.

It is interesting to observe that for protein gB all the mutual
SAS scores among EHV1, PRV1, BHV1, 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 ot-HV genomes
into two subgroups (67a). The SAS score for the MDV
sequence with all other ot-HV sequences is generally the
lowest.
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