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Abstract

Analysis of 22 complete sequences of double-stranded DNA viruses reveals striking compositional asymmetries
between leading and lagging, and between transcribed and non-transcribed strands. In all bi-directionally replicated
genomes analyzed, the observed leading strand GC skew (measuring relative excess of guanines versus cytosines) is
different from that in the lagging strand. In most of these genomes GC skew switches polarity close to replication
origins. GC skew changes linearly across adenovirus linear genomes, which replicate from one end. In papillomavirus,
GC skew is positive in one half of the genome where transcription and replication proceed in the same direction, and
is close to zero in the other half with divergent transcription and replication. Possible contributions of these two
processes (and associated repair mechanisms) as well as other potential sources of strand bias in the observed
asymmetries are discussed. Use of cumulative skew plots for genome comparisons is demonstrated on the example of
herpes simplex virus. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Viral genomes were among the first sequenced,
starting with simian virus 40 (Fiers et al., 1978;
Reddy et al., 1978). Recently, the focus of the

whole-genome sequencing efforts has shifted to
the larger genomes of archaea, bacteria and eu-
caryotes. Fascinating features of genome organi-
zation, such as strand compositional asymmetries,
have been found in these organisms (Lobry, 1996;
Blattner et al., 1997; Freeman et al., 1998; Grig-
oriev, 1998a). It is interesting to analyze whether
there are similar global composition patterns in
viral genomes and how such patterns may be
related to genome organization and replication
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mode of a virus. Composition changes reflect
nucleotide substitution forces acting in vivo dur-
ing the processes of DNA synthesis, transcription
and repair. Knowledge of compositional bias may
help us understand better the molecular mecha-
nisms of these processes and their impact on the
evolution of genomes.

While discontinuous replication has been re-
ported for both leading and lagging strands of
DNA in vivo (Wang and Chen, 1994), they repli-
cate asymmetrically in vitro, so there is a potential
for differential mutation. If substitution rates for
both leading and lagging strands were equal, the
complementary nucleotides would be present in
one (Watson or Crick) strand of a chromosome
with equal frequencies, i.e. one would detect
[A]= [T] and [G]= [C] in one strand, where [N] is
a number of occurrences of a nucleotide N within
a sequence segment (Lobry, 1995; Sueoka, 1995).
However, in the real genomic sequences, one of-
ten observes [N1]" [N2] in one strand for two
complementary nucleotides N1 and N2. Further-
more, if [N1]− [N2]\0 in the leading, [N1]−
[N2]B0 in the lagging strand. Such biases have
been reported for simian virus 40 (SV40) and
polyomavirus strain A-2 (Smithies et al., 1981)
and interpreted as evidence of asymmetry in mu-
tation pressure in SV40 (Filipski, 1990) because of
a polarity switch at the replication origin.

Later, it was shown (Lobry, 1996) that in long
stretches of genomic DNA of Escherichia coli,
Bacillus subtilis and Haemophilus influenzae there
is a change in polarity of [N1]− [N2] at the sites of
replication origin and terminus. For E. coli, this
has been confirmed for [G]− [C] on a whole-
genome scale (Blattner et al., 1997). These obser-
vations have been recently further extended and
generalized (Grigoriev, 1998a) to demonstrate
that the nucleotide composition of a microbial
chromosome changes at two points separated by
about a half of its length and these points coin-
cide with sites of replication origin and terminus
for all bacteria where such sites are known. The
leading strand has been found to contain more
guanines than cytosines in 12 microbial genomes.

Similar partitioning of a chromosome into seg-
ments rich in purine or keto-bases has been re-
ported for a smaller set of these genomes

(Freeman et al., 1998). Differences between esti-
mates of bias with [N1]− [N2] and aggregate mea-
sures like purine excess have been recently
discussed (Grigoriev, 1998b). The basis of long-
and short-range compositional asymmetries has
been interpreted in terms of biases in replication,
repair and transcription (Beletskii and Bhagwat,
1996; Lobry, 1996; Blattner et al., 1997; Francino
and Ochman, 1997; Freeman et al., 1998; Grig-
oriev, 1998a).

In contrast, the excess of guanine over cytosine
has been found to change gradually across differ-
entially replicated genome segments of vertebrate
mitochondria and correlate with the time DNA
spends single-stranded during synthesis (Grig-
oriev, 1998a). This paper continues the study and
concentrates exclusively on compositional asym-
metries found in the sequences of several double-
stranded DNA viruses and their relation to the
viral genome organization.

Such asymmetries are shown here to correlate
with the viral replication mechanisms, as is the
case with bacteria and mitochondria, despite clear
differences between these genomes. Thus compo-
sitional biases may reflect fundamental properties
of DNA metabolism, observed on a whole-
genome scale. Many bi-directionally replicated
viruses also exhibit guanine versus cytosine excess
in the leading strand (downstream of replication
origin). Such excess changes linearly across aden-
ovirus linear DNA replicating from one end. And
in papillomavirus genomes, with genes transcribed
from one strand, the behavior of this excess sug-
gests that transcription and replication (and asso-
ciated repair processes) may produce comparable
effects in observed biases.

2. Materials and methods

For the set of 22 viral genomes, the complete
sequences were obtained from GenBank (Table
1). The method of cumulative skew diagrams
(Grigoriev, 1998a) was used to study nucleotide
composition asymmetries. These diagrams present
plots of cumulative skew calculated as a sum of
([N1]− [N2])/([N1]+ [N2]), where [N1] and [N2] are
counts of two complementary nucleotides in adja-
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Table 1
Viral genomes analyzed

AccessionGenome References
number

J01917Adenovirus type 2 Roberts et al.,
1986
Chroboczek et al.,Adenovirus type 5 M73260
1992

L19443Adenovirus type Davison et al.,
40 1993

X73487Sprengel et al.,Adenovirus type
12 1994

V01116Danos et al., 1982Human papillo-
mavirus 1A
(HPV-1A)

M14119Dartmann et al.,Human papillo-
mavirus 11 1986
(HPV-11)

K02718Seedorf et al., 1985Human papillo-
mavirus 16
(HPV-16)

M12732Cole and Streeck,Human papillo-
1986mavirus 33

(HPV-33)
X02346Chen et al., 1982Bovine papillo-

mavirus 1 (BPV-
1)

M20219Groff et al.,Bovine papillo-
mavirus 2 (BPV- 1986(unpublished)
2)

Reddy et al., 1978; J02400Simian virus 40
(SV40) Fiers et al., 1978

J02288Griffin et al., 1981Polyomavirus
strain A-2

J02289Deininger et al.,Polyomavirus
1980strain A-3

M74843Schuurman et al.,Polyomavirus bo-
vis 1991

Frisque et al., 1984 J02226JC virus (JCV)
J02038Seif et al., 1979Human papo-

vavirus BK
(BKV)

X17403Bankier et al., 1991Human cy-
tomegalovirus
(HCMV)

V01555Baer et al., 1984Epstein-Barr virus
(EBV)

X14112McGeoch et al.,Herpes simplex
1988virus type 1

(HSV-1)
Z86099Dolan et al., 1998Herpes simplex

virus type 2
(HSV-2)

X83413Human herpesvirus Gompels et al.,
1995type 6 (HHV-6)
Nicholas, 1996Human herpesvirus U43400

type 7 (HHV-7)

cent non-overlapping windows, from an arbitrary
start to a given point in a sequence. Diagrams of
cumulative purine excess (adopted from Freeman
et al., 1998) represent plots of ([G]+ [A])− ([C]+
[T]) in the same sequence windows. Coding se-
quences and direction of their transcription were
taken from the CDS fields of respective GenBank
files.

3. Results

3.1. Cumulati6e skew diagrams

A skew function measures relative excess of one
nucleotide against its complementary counterpart
in a sequence window on one DNA strand. Let us
consider guanine-cytosine skew, or GC skew (AT
skew defined analogously to what follows). GC
skew is calculated as ([G]− [C])/([G]+ [C]), where
[G] and [C] stand for counts of guanines and
cytosines in the window. This skew varies in the
interval [−1; 1]; its value close to 1 corresponds
to a large excess of G versus C (so that both
[G]− [C] and [G]+ [C] approach [G]), while −1
indicates the opposite bias. Zero skew reflects
intrastrand parity of G and C within a window.
The G+C composition in a window is taken into
account in such a way that, e.g. a twofold excess
of G versus C produces a skew value of 1/3,
regardless of the G+C composition.

A plot of GC skew in 60-kb windows is given in
Fig. 1A for the SV40 genome, whose composi-
tional asymmetry is well-known: one half of the
sequence is G-rich and the other is C-rich
(Smithies et al., 1981; Filipski, 1990). One can see
that GC skew changes sign somewhere near the
50% coordinate (global polarity switch) and there
are multiple local switches throughout the plot. It
is unclear which of these switches in the middle of
the plot is actually the global one. Increasing the
window size lowers the number of switches but
hides the exact coordinate of the global switch.
Smoothing the plot by averaging GC skew in
sliding windows does not remove most of the
local switches (not shown).

Recently, I have proposed to use cumulative
skew diagrams (Grigoriev, 1998a), which simplify
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Fig. 1. (A) Non-cumulative GC skew (in 60-bp windows, smaller window sizes produce considerable fluctuations) and (B)
cumulative GC and AT diagrams (in 10-bp windows) plotted along the genome of SV40. Replication origin location is at 0/100%
(circular genome).
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the analysis by replacing global and local switches
by global and local extrema. Such diagrams plot
cumulative skew, calculated as a sum of skew
values in adjacent windows from an arbitrary
start to a given point in a sequence. To minimize
the influence of a window size W and genome
length L on cumulative plots, the skew values are
multiplied by W/L. For all genomes analyzed
here, the window size was selected to be suffi-
ciently small (W/LB0. 005; 10–300-bp windows
were used, depending on a genome size). The
plots with such small windows are practically the
same as those with a window size of one nucle-
otide (not shown). Then cumulative skew is equiv-
alent to a numerical integration of the skew
function over the genome length.

The resulting integral skew plots are named
cumulative GC (or AT) diagrams. An example of
cumulative GC and AT skew diagrams of SV40 is
given in Fig. 1B. It is clearly seen that multiple
local polarity switches on the non-cumulative GC
skew plot in Fig. 1A correspond to local minima
and maxima on the GC diagram. The global
maximum at 54% separates two genome segments
with the opposite deviations from the parity rule
[G]= [C]. Assuming normally distributed devia-
tion within these segments, the slopes of the oppo-
site linear trends on the GC diagram correspond
to respective mean GC skews of the segments.

The observed asymmetry must be placed in
context. The 5243-bp SV40 genome replicates bi-
directionally from a single origin, spanning the
region from 5191 to 83 bp (Li and Kelly, 1984).
Similarly replicated microbial genomes can be
identified by a characteristic inverted V-shape (if
the sequence start is selected at the origin site) of
their GC diagrams (Grigoriev, 1998a). The same
shape can be seen in the GC diagram of SV40
(Fig. 1B), with the global minimum located ex-
actly at the replication origin (0 or 100% in the
diagram, since the genome is circular). The global
maximum is at the opposite end of the circle (54%
in the diagram). GC skew is positive for the
leading (left half of the GC diagram) and negative
for the lagging strand, as is the case with micro-
bial genomes (Grigoriev, 1998a).

The two segments of the GC diagram also
correspond to the divergently transcribed coding

sequences of SV40. It is worth noting that the
slopes of the two halves of the GC diagram
V-shape are different (in contrast, most of the
diagrams in bacterial genomes are more symmet-
rical, hence the term, V-shape). The excess of
guanine over cytosine in the leading strand in the
late mRNA region of SV40 is nearly half of the
excess of cytosine over guanine in the lagging
strand in the early mRNA region.

No comparable clear-cut partitioning of the
genome with respect to the origin and terminus
sites occurs in the AT diagram (Fig. 1B). Irregular
behavior of AT (in contrast to GC) diagrams has
also been found in microbial genomes (Grigoriev,
1998a). GC diagrams of related genomes of JC
virus, BK virus and polyomavirus bovis show
very similar behavior to that of SV40. Their AT
diagrams feature more pronounced centrally-lo-
cated global maxima, as do those of polyomavirus
strain A-2 and A-3 (not shown). The GC dia-
grams of the latter two strains are similar to the
AT diagram of SV40 (Fig. 1B).

3.2. Analysis of different genomes

In what follows, different diagram types, found
in 22 viral genomes analyzed, are presented, to-
gether with brief interpretation to relate genome
features with diagram behavior. For all sequences,
the start was selected at ‘‘the basepair 1’’ of a
respective GenBank file (Table 1). In fact, one
feature of the diagrams is that when a starting
point of a circular sequence is changed, the rela-
tive distance between global peaks of one genome
on the x-axis does not alter and any global mini-
mum remains a global minimum, although its
position is shifted accordingly. Analogously, the
total skew (the point where a plot intersects the
right-hand vertical axis, corresponding to the sum
of skew over the whole genome) would be the
same for any starting point. To allow for plotting
graphs of several genomes on the same diagram,
the basepair coordinate is replaced by a percent-
age of the genome size on the x-axis.

3.2.1. Adeno6irus
Two strands of linear DNA of human aden-

ovirus (identical origins at each end of the
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genome) replicate in a fashion that leaves one of
them in a single-stranded state while another is
being duplicated (Horwitz, 1976; Stillman, 1981).
This means that the displaced strand may be
subject to different mutation pressure than the
template strand. Assuming a constant speed of
replication, this pressure will change along the
sequence, as the time the displaced DNA spends
single-stranded decreases linearly from one end of
the molecule to another. Integration of a linear
function results in a second-order polynomial, a
parabola.

Remarkably, the GC diagram of the 34-Kbp
genome of adenovirus type 40 (Fig. 2A) has a
shape very close to parabolic (R2=0.99). It points
upwards, reflecting a decrease in the skew value
from positive to negative along one strand, consis-
tent with the replication mode (Grigoriev, 1998a).
The parabolic trendline reaches its global maxi-
mum (meaning that the GC skew equals zero) at
about 44% of the sequence. The AT diagram is
also indicative of a linear increase (left to right) of
AT skew in about 20% of the sequence on each
end of the genome and a positive AT skew for the
most of the remaining 60%. Effects of transcrip-
tion do not seem to be clearly pronounced, except
for the late DBP and E4 mRNA regions (diagram
positions 60–70% and 92–100%, respectively),
oriented opposite to the majority of the genes.
These regions correspond to the plot segments
where the main deviations from the parabolic GC
diagram shape can be seen.

Comparisons with the diagrams of adenovirus
types 5 and 12 (36 and 34 Kbp, respectively) show
that the main trends in the diagram behavior of
adenoviral genomes are conserved (Fig. 2B). Also,
the diagrams for adenovirus type 2 (not shown)
are almost identical to those of the closely related
adenovirus type 5.

3.2.2. Human cytomegalo6irus
The large (nearly 230 Kbp) human cy-

tomegalovirus (HCMV) genome replicates bi-di-
rectionally (Hamzeh et al., 1990), starting at the
origin site oriLyt located between 92 210 and
93 715 bp (Anders et al., 1992; Masse et al., 1992).
Its GC diagram also shows a V-shape (Fig. 3A),
although it is inverted, compared to the SV40

diagram (Fig. 1A). This reflects the fact that
HCMV replication origin is placed at about 40%
of the plot. The global minimum on the GC
diagram is located at �96 Kbp, 1.5% of the
genome length away from the middle of oriLyt.
The AT diagram has a global maximum at oriLyt
but its global minimum is at position 84%.

Gene orientation bias is detected to the right of
oriLyt (Table 2). In the 20% interval, centered
around the global minimum on the GC diagram,
most of the genes are transcribed in one direction
(Table 2). So (unlike the situation with SV40)
there is no obvious relationship between the global
switch of GC skew and gene orientation in
HCMV.

3.2.3. Epstein-Barr 6irus
Two replication origins are known in the 172-

Kbp long Epstein-Barr virus (EBV) genome. Cir-
cle-to-circle replication during the latent phase
starts from the oriP origin (Yates et al., 1984)
located between 7315 and 9312 bp. The oriLyt
origin between the divergent BHLF 1 and BHRF
1 genes at 52 Kbp functions during lytic-phase
DNA synthesis (Hammerschmidt and Sugden,
1988). The diagrams of EBV (Fig. 3B) are more
complex than those presented above. The global
minimum and maximum on the GC diagram are
some 2 Kbp upstream of oriLyt and oriP loca-
tions, respectively.

Both diagrams can be divided into three differ-
ent parts. The region between 7 and 52% on the
GC diagram is a V-shape whose arms are quite
different, especially remarkable is the ‘jagged’ left
half where short stretches of positive GC skew are
visible at regular intervals against the constant
background of negative GC skew. One likely rea-
son for these distortions is the 3072-bp repeat,
occurring 12 times only in this stretch of the EBV
genome. The same ‘jagged’ pattern is seen on the
AT diagram. In the region between positions 29
and 54% the AT and GC diagrams display oppo-
site trends. The third part, outside the GC V-shape
displays a rather irregular skew behavior.

Practically all of the EBV genes between 0 and
48% are transcribed in one direction (left to right),
traversing both origins. The genes between 86 and
100% are in the opposite orientation. For these
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Fig. 2. GC and AT diagrams for adenovirus type 40 (A), 5 and 12 (B). Replication origin location for the plotted strand is at 0%
(linear genomes).

two regions, the diagram behavior reflects the
directionality of oriLyt-driven replication and
characteristic repeat structure of EBV. In the

remaining 38% of the genome, there are frequent
changes in the direction of transcription and this
part of diagrams is harder to interpret.
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Fig. 3. GC and AT diagrams for cytomegalovirus (A) and Epstein-Barr virus (B). Locations of oriP and oriLyt origins are marked
by vertical ticks, crossing the plots.

3.2.4. Human herpes6irus
Human herpesvirus HHV-6 has a linear

genome of 159 Kbp; bi-directional replication

starts from the origin oriLyt, between 67 617 and
67 993 bp (Dewhurst et al., 1993). The global
minimum on the GC diagram (Fig. 4A) coincides
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Table 2
Distribution of coding sequences in different genome regions with respect to a diagram global extremum (GE)

0%�GE (left part) GE�100% (right part)Genome GE, %% coordinate 20% interval centered on GE

45/83 11/2438/37a42.5 (Fig. 3A)HCMV
16/36 32/36bHHV-6 7/1443 (Fig. 4)

55 (Fig. 5) 7/4c18/22HSV- 1 22/15

a Ratios nR/nL are shown, where nR is a number of coding sequences (CDS in GenBank files) transcribed from left to right, and
nL is a number of right-to-left CDS (plotted strand is their transcribed strand).

b This difference (nR−nL) of four CDS is attributable to the interval 82�100%.
c This ratio may be misleading, since one of the right-to-left CDS is the 9.5 Kbp long UL36 (very large tegument protein).

with the position of oriLyt. There is a plateau of
zero GC skew between 82 and 95%, which is also
present on the diagram of another human her-
pesvirus, HHV-7, although the V-shape of the
latter is more shallow. HHV-7 has a genome of
145 Kbp and is related to HHV-6 (Nicholas,
1996). Its origin oriLyt has been recently localized
to a position about 62.5 Kbp (van Loon et al.,
1997), close to the GC diagram minimum. The
AT diagrams for both viruses (Fig. 4B) are in the
opposite phase to the GC diagrams, displaying
inverted V-shapes. The plateau is only seen on the
AT diagram of HHV-6, it is much less pro-
nounced in HHV-7, and the global peak on AT
diagram of the latter is shifted to the left some 7%
of the genome length.

Gene orientation bias is seen to the left of
oriLyt, in contrast to HCMV (Table 2). As in
HCMV, 2/3 of the human herpesvirus (HHV)
genes are transcribed in one direction in the 20%
interval, centered around the global minimum on
the GC diagram (Table 2). Near the diagram
plateau, transcription divergent with replication is
locally favored (Table 2).

3.2.5. Herpes simplex 6irus
Herpes simplex virus type 1 (HSV-1) has a

linear genome of 152 Kbp, and its origin se-
quences have been located in three places: oriL in
the middle of L region (Spaete and Frenkel, 1985)
and two copies of oriS in the inverted repeats
flanking the S region (Stow, 1982). Non-conserva-
tive homologous recombination may be involved
in circularization of the genome prior to replica-
tion (Yao et al., 1997). The GC diagrams (Fig.
5A) reflect this in that they show an inverted

V-shape, corresponding to the origin location
near the right-hand end of V and replication
termination in the middle of the genome (global
maximum at 55%). A small plateau between 30
and 46% on the diagram, corresponding to the
GC skew close to zero, contains oriL. The same
features are seen on the GC diagram (Fig. 5A) of
HSV-2 (155 Kbp). oriL and oriS are very close to
the main local minima on the AT diagram (Fig.
5B).

Gene orientation pattern is different from those
in HCMV and HHV: no comparable bias in one
arm of the V-shape is detected and direction of
transcription frequently changes across HSV
genomes (Table 2). This may be related to a
relatively high number of distortions on the dia-
grams: their V-shapes are ‘degraded’, compared to
the other herpesviruses above.

The AT diagrams of HSV-1 and HSV-2 (Fig.
5B) are almost identical. Such diagram similarity
allows one to identify some of the differences
between these genomes purely on the basis of plot
shapes. The main compositional differences be-
tween HSV-1 and HSV-2 are found in left and
right-hand terminal portions of the diagrams, cor-
responding to the TRL and US regions. These
contain the most diverged parts of the two
genomes (McGeoch et al., 1991). Potential sites of
genome rearrangements undergone by her-
pesviruses can be identified as local switches in the
slope of a diagram (where the leading and lagging
strand may have been recently swapped as a result
of an inversion, or changed length via transloca-
tions and insertions/deletions). The most promi-
nent shift on the GC diagram is that of the local
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Fig. 4. GC (A) and AT (B) diagrams for human herpesvirus type 6 and 7. Locations of oriLyt origins are marked by vertical ticks,
crossing the plots.

maxima near the 90% position. It indicates a
deletion in HSV-1, since its local maximum is
shifted to the right: indeed, there is a deletion in

the US4 gene, to which nearly all the length
difference between these genomes is attributable
(Dolan et al., 1998).
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Fig. 5. GC (A) and AT (B) diagrams for herpes simplex virus type 1 and 2. Locations of oriL and oriS origins are marked by vertical
ticks, crossing the plots. Longer vertical lines indicate points of potential genome rearrangements (see text).

Positions corresponding to the left-hand coordi-
nates of a few (by far not all) other potential
rearrangements, are shown in Fig. 5 as long verti-

cal lines. While the AT diagram local differences
at these positions are clear, they are often almost
negligible in the respective portions of the GC
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diagram. In the actual sequences, the marked
positions correspond to the regions near (from left
to right): the end of the first exon in RL2 gene;
between the LAT intron and repeat reiteration set
3; the second exon of UL15 gene; IRL upstream
of UL56 gene; and the start of IRS region. Some
of these differences are discussed in more detail in
Dolan et al. (1998).

3.2.6. Papilloma6irus
Human papillomavirus types 1A, 11, 16, 33 and

bovine papillomavirus types 1 and 2 have circular
genomes of about 7.9 Kbp. Replication starts
from the origin close to the upstream regulatory
region (Auborn et al., 1994; Flores and Lambert,
1997), corresponding to 0 or 100% on the dia-
grams (Fig. 6). While the replication is bidirec-
tional, the orientation of papillomavirus genes is
very different: they all are transcribed from one
strand. So if there are separate replication and
transcription-induced biases, they should act in
the same direction in one half of a papillomavirus
genome, and in the opposite directions in the
other half. Under this model, an explanation of
the observed diagram behavior in Fig. 6 may be
that the steeper slopes on the left reflect a sum of
the net effects of replication and transcription,
and the right-hand parts of the diagrams corre-
spond to their subtraction.

If this model is correct, the nearly zero slope on
the right of the HPV- 1A GC diagram (Fig. 6A,
and similar diagrams of bovine papillomavirus 1
(BPV-1) and bovine papillomavirus 2 (BPV-2),
not shown) suggests that a contribution of tran-
scription is comparable to that of replication in
these genomes. They almost cancel each other out
in the region between 50 and 100% on the HPV-
1A diagram ([G]=758, [C] =773), and their
concerted effects result in a significant guanine
excess ([G]=900, [C] =690) in the other half of
the genome.

The GC diagram of HPV-16 (Fig. 6A, and
similar diagrams for HPV-11 and HPV-33, not
shown) also behaves differently to the left and to
the right of the position 40%. The right-hand part
contains several local minima and maxima be-
tween 75 and 92% positions, occupied by the
major capsid protein gene. The AT diagrams

(Fig. 6B) of these genomes also display much
steeper slopes in the left half of the sequence, in
agreement with the model above.

3.3. Comparison with purine excess diagrams

In addition to the skew diagrams above, one
can analyze genome composition in terms of cu-
mulative excesses of purine or keto-bases (Free-
man et al., 1998). The differences between these
measures and cumulative skew have been dis-
cussed recently (Grigoriev, 1998b). Cumulative
purine excess can be presented as cumulative
purine diagrams, plotting [G]+ [A]− [C]− [T] in-
stead of skew in the same sequence windows.

For polyomavirus genomes, purine diagrams
are very similar (Fig. 7A). Except for the first 4%
on the diagram and small local distortions, the
plots are almost parallel. The differences seen on
GC and AT diagrams between SV40 (clear central
peak on the GC diagram) and polyomavirus
strains A-2 and A-3 (clear central peak on the AT
diagram) are lost on the purine diagram. This is
due to the fact that purine excess is equivalent to
a sum of GC and AT skew in numerical integra-
tion with small windows (Grigoriev, 1998b).

Effects of such summation are visible on the
purine diagrams of other genomes (Fig. 7B). In
adenovirus, linear fit (R2=0.98 in the left and
R2=0.95 in the right half of the diagram) is
better than parabolic (R2=0.93, compare with
R2=0.99 in Fig. 2A). In HCMV, the prominent
global extreme of GC and AT diagrams around
40% in Fig. 3A are replaced by a smaller mini-
mum in Fig. 7B, and additional extremes appear
near 18 and 92% coordinates, where local maxima
of the AT diagram reside. On the purine diagram
of HHV-7, the global minimum is shifted away
from oriLyt to the 49% coordinate, and the global
maximum is at 80%.

In EBV, behavior of the purine diagram is
similar to that of GC (Fig. 2B), although in the
region 30–100% the former plot is more shallow
(not shown). For papillomavirus genomes, purine
excess diagrams somewhat resemble the AT dia-
grams (Fig. 6B), with the steeper slopes corre-
sponding to the first 50% of the sequence (not
shown).
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Fig. 6. GC (A) and AT (B) diagrams for human papillomavirus type 1A and 16. Replication origin location is at 0/100% (circular
genomes).



A. Grigorie6 / Virus Research 60 (1999) 1–1914

Fig. 7. Purine diagrams for polyomavirus genomes in 60-bp windows (A), adenovirus type 40, HCMV and HHV-7 in 300-bp
windows (B). Locations of oriLyt are shown for the latter two genomes.
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4. Discussion

Strand compositional bias and changes of bias
across large genomic regions of 22 dsDNA viruses
were analyzed using the method of cumulative
skew diagrams. Asymmetries were observed be-
tween leading and lagging, and between tran-
scribed and non-transcribed strands. The diagram
behavior of these genomes suggests a link between
the direction of replication/transcription and
DNA composition.

4.1. Replication

The viral genomes analyzed vary in size (from 5
to 230 Kbp), genome organization and replication
mechanisms. However, for all bi-directionally
replicated genomes, the observed leading strand
bias is different from that in the lagging strand.
For most of these genomes, GC skew changes
sign near the origin and terminus of replication,
resulting in V-shaped diagrams (Fig. 1, Figs. 3–
5). The same effect has been detected in microbial
genomes, and has been hypothesized to result
from asymmetries of DNA synthesis and repair
(Lobry, 1996; Grigoriev, 1998a). Assuming a con-
stant speed of a replication fork, equal segments
of the leading strand should spend equal amounts
of time single-stranded (being more prone to dam-
age) during replication.

The very different GC diagrams of adenovirus
demonstrate a linear increase of the GC skew
towards the genome end, which remains single-
stranded until the end of a replication round (left
5% end of the sequence plotted in Fig. 2A). This
also suggests that the bias may depend on the
time DNA spends single-stranded as a replication
template. Skew reaches zero near the middle of
the sequence, so both origins located at opposite
ends contribute to this linear change (each in its
respective strand). This behavior is conserved in
other adenoviruses (Fig. 2B). A similar linear
skew change has been also reported for diagrams
of vertebrate mitochondria where the heavy
strand replication origin spends considerably
longer time single-stranded during replication
(Grigoriev, 1998a).

4.2. Replication and transcription

In papillomavirus genomes, replication pro-
ceeds in the direction of transcription in one half
of a sequence, and opposite to transcription in
another half. This is reflected in the diagrams of
HPV-1A (Fig. 5), BPV-1 and BPV-2, where the
latter orientation seems to decrease AT skew and
almost annihilate GC skew. Analogous effects,
albeit more local, are seen in HPV-16 (Fig. 5),
HPV-11 and HPV-33. Since transcription also
leaves a portion of non-transcribed strand single-
stranded, the resulting mutational damage may
either add to (when transcription is collinear with
replication) or compensate (opposite orientation)
the replication-induced effects.

Such interplay between transcription and repli-
cation may be involved in the observed differences
between two arms of V-shaped diagrams of SV40,
JC virus, BK virus and polyomavirus bovis, where
GC skew in the late mRNA region is about a half
of that in the late mRNA region (Fig. 1). Tran-
scription-induced effects may be also responsible
for the slight deviations from a perfect parabolic
shape of the adenovirus GC diagram (Fig. 2A).

4.3. Transcription 6ersus replication

The direction of transcription often coincides
with that of replication in bacteria (Brewer, 1990)
and viruses. This complicates the analysis, making
it harder to distinguish between relative contribu-
tions of these two (and related repair) processes to
the observed mutational changes. Skew changes
sign near origins and termini of replication in
many genomes, supporting a hypothesis of repli-
cation-induced bias (Lobry, 1996; Blattner et al.,
1997; Grigoriev, 1998a). Studies at the level of
individual bacterial genes (Beletskii and Bhagwat,
1996; Francino et al., 1996) and detected correla-
tions (strongest in archaea) between gene orienta-
tion and purine excess (Freeman et al., 1998)
favor transcription-based models (Francino and
Ochman, 1997). While biases in the polyomavirus
genomes can be explained purely on the basis of
gene orientation, this does not seem to apply to
the larger viral genomes (e.g. HCMV, HHV;
Table 2), where the majority of the genes on both



A. Grigorie6 / Virus Research 60 (1999) 1–1916

sides of oriLyt are encoded in one orientation.
Moreover, the diagrams of adenovirus (Fig. 2),
HCMV (Fig. 3A), HHV (Fig. 4) and papillo-
mavirus (Fig. 6) strongly support the view that
transcription alone cannot account for the ob-
served bias. The example of HPV-1A (Fig. 6A)
actually suggests that the net contribution of tran-
scription-related effects in this genome is probably
close to that of replication, in terms of GC skew.

4.4. Potential sources of bias

For single-stranded DNA, rates of spontaneous
deamination of C or 5-methylcytosine are more
than 100-fold compared to a double-stranded
molecule (Frederico et al., 1990). If a deaminated
base in a single-stranded replication template is
paired subsequently with A, that would lead to a
relative abundance of G and T on the template
strand. Also, it has been shown that transcription
causes some fourfold increase in spontaneous
deamination in the non-transcribed strand (Belet-
skii and Bhagwat, 1996).

Mismatch repair may also be involved in the
observed bias. For instance, C-C mispair is a very
poor substrate for the methyl-directed repair
pathway (Su et al., 1988). If this mispair occurs
during synthesis of the lagging strand and is not
repaired, the next round of replication will result
in a C�G transversion in the leading strand,
contributing to its positive GC skew. Transcrip-
tion-coupled repair may be involved in the ob-
served strand asymmetries via unequal exposure
of the two strands to damage and differential
opportunity for repair during mRNA synthesis
(for a review, see Francino and Ochman, 1997).
Such repair is more efficient on the non-tran-
scribed strand in the removal of pyrimidine
dimers (Oller et al., 1992).

Fluctuations in dNTP precursor pools occur
throughout the cell cycle (see Meuth, 1989, for
review) and have been implicated in formation of
isochores (Wolfe, 1991). It is unclear whether such
fluctuations may affect strand composition differ-
entially (especially in short viral sequences) but
asymmetric replication in the presence of variable
levels of competing substrates may favor point
mutations on one strand. Regularly spaced re-

peats can also affect strand composition, intro-
ducing biases. Such repeats, together with the
combined effects of co-existing origins may give
rise to the more complex diagrams of HSV and
EBV.

4.5. GC skew, AT skew and purine excess

Compared to GC diagrams, plots of cumulative
AT skew have a variable behavior. For some
organisms, they are in the opposite phase to the
respective GC diagrams (e.g. HCMV, HHV-6 and
HHV-7, Fig. 3A and Fig. 4), for others, in the
same phase (e.g. HSV-1 and HSV-2, Fig. 5), while
a mixture of these can be seen for adenoviruses
and EBV (Fig. 2, Fig. 3B). Similar variability was
reported for microbial AT diagrams, in contrast
to a consistent behavior of GC diagrams (Grig-
oriev, 1998a). It remains unclear what causes this
irregularity. Also, for closely related genomes,
local distortions in AT diagrams are more pro-
nounced than those in GC diagrams (Fig. 4).

Another method of compositional analysis,
plotting cumulative excesses of purine ([G]+ [A]
versus [C]+ [T]) or keto-bases ([G]+ [T] versus
[C]+ [A]), has been described recently (Freeman
et al., 1998). However, their approach does not
distinguish between the important different con-
tributions of the GC and AT skews, presented in
this paper. Purine excess is equivalent to a sum of
GC and AT skews, when integrating over small
windows (or is exactly the same over windows of
size 1); analogously, keto excess is equivalent to
GC skew minus AT skew (Grigoriev, 1998b). As a
consequence, plots of such aggregate measures as
purine or keto excess may be affected by phase
and amplitude differences of cumulative GC and
AT skews. For example, the purine diagram of
adenovirus neither favors a replication-related
parabolic fit (Fig. 7B), in contrast to the GC
diagram (Fig. 2A), nor can it be explained in
terms of gene orientation. The purine diagram
minimum is shifted away from oriLyt in HHV-7
but not in HCMV (Fig. 7B), although patterns of
gene orientation around oriLyt are similar in these
genomes. The GC diagram resemblance between
HCMV and HHV (Fig. 2A, Fig. 4A) is practically
lost on their purine diagrams.



A. Grigorie6 / Virus Research 60 (1999) 1–19 17

One puzzling observation is that the global
maximum on the AT diagrams of polyomavirus
strains A-2 and A-3 coincides with the replication
terminus, but the global maximum on the GC
diagrams does not. In fact, polyomavirus strains
A-2 and A-3 are the only exceptions out of nearly
a hundred eucaryotic, microbial, viral, mitochon-
drial and chloroplast sequences analyzed (Grig-
oriev, 1998a and unpublished data), where a
V-shaped AT diagram is not accompanied by a
similar trend in a GC diagram. This is surprising,
since other polyomaviruses (SV40, JC virus, BK
virus and bovine polyomavirus) have clear V-
shapes on their GC diagrams. Purine diagrams for
polyomavirus genomes are very close (Fig. 7A)
and it is tempting to explain this similarity by
accumulation of pyrimidines on the transcribed
strand via transcription-coupled repair (Francino
and Ochman, 1997; Freeman et al., 1998). How-
ever, given the variety of presented diagrams and
implied connections with replication models, such
single-mechanism explanation does not seem to be
adequate.

4.6. Genome comparisons

Large-scale genome comparisons can be facili-
tated using cumulative diagrams, even in cases of
complex skew patterns, as shown for HSV-1 and
HSV-2 genomes (Fig. 5). Relative distortions in
the diagrams of closely related genomes reflect
local variations in nucleotide substitutions and
rearrangements that took place since the organ-
isms or strains had diverged. It is, in fact, much
simpler to create a cumulative skew diagram with
a clear and compact representation of the
genome-wide differences than to align sequences
of two or more related viral genomes of \150
Kbp in length (alignment of diagrams can be
easily done manually). See Grigoriev (1998a) for
an example of graphical comparison of two E. coli
strains (4.6 Mbp long).

While this paper was undergoing a review, I
learned about work by Mrazek and Karlin (1998),
who analyzed several bacterial and viral genomes,
plotting non-cumulative GC skew in 10- and 50-
Kbp sliding windows. They detected strong strand
bias only in b-herpesviruses, not in a- or g-her-

pesviruses. This is likely to be a result of the
observed differences in the behavior of the her-
pesvirus diagrams (Figs. 3–5), given the lower
sensitivity of the non-cumulative skew plots (Fig.
1). In agreement with the results reported here,
they observed positive GC skews in the leading
strand and inconsistent behavior of AT skew.
They also listed a number of additional possible
sources of compositional asymmetry (e.g. helicase
primase bias, differences in signal or binding sites
in the two strands, biases in gene density and
selective amino acid/codon constrains).

Even more recently, Fijalkowska et al. (1998)
have presented results on differential fidelity of
leading and lagging strand replication in E. coli. If
similar effects take place during viral replication,
they may also contribute to the observed strand
biases. Overall, it is likely that multiple indepen-
dent and organism-specific factors related to gene
expression and relative asymmetries and fidelities
of DNA synthesis and repair are combined with
natural selection to produce mutational sequence
biases. The described approach may be a useful
tool for finding relationships between sequence
composition and global features of genome orga-
nization and for evolutionary studies of driving
forces of genome-wide sequence change.
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