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Abstract Both transcription-associated and replication-
associated strand compositional asymmetries have recently
been shown in vertebrate genomes. In this paper, we
illustrate that transcription-associated strand compositional
asymmetries and replication-associated ones coexist in
most vertebrate large genes, although in most case the
former conceals the latter. Furthermore, we found that the
transcription-associated strand compositional asymmetries
of housekeeping genes are stronger than those of somatic
cell expressed genes. Together with other evidence, we
suggest that germline transcription-associated strand
asymmetric mutations may be the main cause of the tran-
scription-associated strand compositional asymmetries.

Keywords Cumulative skew diagram - Illegitimate
transcription - Replication - Transcription

Abbreviations
CSD Cumulative skew diagram
CSDD Cumulative skew difference diagram

Electronic Supplementary Material The online version of this
article (doi:10.1007/s11033-007-9066-6) contains supplementary
material, which is available to authorized users.

H.-F. Wang - W.-R. Hou - D.-K. Niu (X))

Ministry of Education Key Laboratory for Biodiversity Science
and Ecological Engineering, College of Life Sciences, Beijing
Normal University, Beijing 100875, China

e-mail: dkniu@bnu.edu.cn

Present Address:
W.-R. Hou
National Institute of Biological Sciences, Beijing 102206, China

Introduction

In prokaryotic, organelle, and viral genomes, the leading
strand was found to have more G than C and to a lesser
extent more T than A [1-9]. These compositional biases
were mainly attributed to asymmetric nucleotide substitu-
tion patterns associated with the structural asymmetries of
DNA replication processes [6, 10, 11]. Transcription in-
creases the rate of deamination on the coding strand and
favors transcription-associated repair on the template
strand [2, 12, 13], thus would also produce strand com-
positional asymmetries. It was observed that the majority
of bacterial genes (especially for essential genes) are
transcribed co-directionally with replication [14-16]. Ba-
ran and Ko [17] have presented a mathematical model to
quantify the preference of genes to be encoded on the
leading strand. Recently, Nikolaou and Almirantis [18]
found a close correlation between the strand nucleotide
asymmetry and the asymmetric orientation of coding se-
quences throughout the bacterial genomes. It seems that
transcription-associated mutational and/or selective pres-
sures, rather than the replication-associated ones, may be
the main source of strand compositional asymmetries
found in prokaryotic genomes. Whereas, using statistical
methods to compare these effects in bacterial genomes,
Baran and Ko [19] show that neither replication-coupled
processes nor transcription-coupled ones can solely explain
the strand compositional asymmetry in general.

In eukaryotes, indisputable results on strand composi-
tional asymmetries were first obtained in studying the
transcribed regions of the genomes [20, 21]. Further evi-
dence suggests that transcription-associated strand asym-
metries in eukaryotes are generally much stronger than the
replication-associated asymmetries if they exist [22].
Replication-associated strand compositional asymmetries
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in vertebrate genomes were recently revealed by analyzing
the intergenic sequences [23-25]. This paper is to illustrate -
that both transcription-associated and replication-associ- %“’5 e o e 4 o
ated strand compositional asymmetries exist in most tran- FA1l238 ®¥3 T 3
scribed regions of vertebrate genomes, although in most ~Plees s S <©
case the former conceals the latter.

Transcription-associated strand compositional asymme- E_ 2l o oo ao o -
try may result from strand asymmetric mutational pressure 221588 I8 ¢ ¢
(e.g. transcription-coupled repair [20] and transcription- ~Y|eee == = =
coupled mutagenesis [26]) and/or strand asymmetric
selective pressures (e.g. codon bias or maintenance of E_ N
functional elements for splicing or regulating gene i:j % § %‘ § § § § g
expression) [6, 27-30]. Obviously, if mutational pressures
are the main cause of transcription-associated strand <
compositional asymmetry, one would expect a difference _%
in strand compositional asymmetry between genes ex- ‘gé a g § s€ =8 8
pressed in germline cells and those expressed only in so- AUl s S S S
matic cells. Such evidence will be reported in this paper.

|
2l a

Materials and methods Ol»0|csss s S S
All the annotated eukaryotic genomes were retrieved from
the NCBI GenBank database (ftp://ftp.ncbi.nih.gov). As - E_“’S
discussed previously [25], only large genes that are ex- 2 % 2 5 2 g % § % §
pected to span at least one replicon are appropriate to re- % U]l s 83 S S
veal replication-associated asymmetries by common = é
methods, like cumulative skew diagram (CSD) [3], DNA g" E_ A S o - o _ ‘go
walk [31], and Z curve [32]. Eukaryotic replicons are ; % a2 A8 3K 8 8 'i
generally believed to be 40—100 kb in length [25, 33], so Z ~Yleee =S = < £
only genes larger than 50 kb were parsed out. We found E g
sufficient number of genes larger than 50 kb only in ver- § E_ ol e o - - = S
tebrate genomes, Danio rerio (NCBI build 1 version 1), £ ";:,:c% 288 =8 8 3 E
Gallus gallus (NCBI build 1 version 1), Mus musculus u;-) ~Ylee=s == = < ;
(NCBI build 32), Rattus norvegicus (NCBI build 2), Canis é - B
familiaris (NCBI build 1 version 1), Pan troglodytes = 5 g
(NCBI build 1 version 1), and Homo sapiens (NCBI build § E Alea g 85 © o2
34 version 3). Genes with alternative splicing sites, with % d8l3Ss 338 3 3 8
obvious annotation errors, or that overlapped other genes ; 8
were excluded from our analysis. E Ak g

In large genes, transcription-associated strand compo- £ f 2Llwtsgs 22 I 2 g
sitional asymmetries are expected to be constant along the f Sl=gl122g Zz8 ¢ o o
gene while replication-associated ones should switch signs g =
at replication origins and termini. The combined strand % 3 é
compositional asymmetries were shown by CSD [3] with S8 %
small modifications as described in our previous paper § “E =3
[25]. Previously, we estimated replicon sizes by the posi- 3 f-é B e o e a o« f
tions of distinct global extrema in the cumulative AT skew oy 3 g 88Y 23 & 8=z
diagrams of large intergenic sequences [25]. There are two :§ . . E
reasons for us to use IGSs” CSD to predict the size of 5 s 2 2 = § § S|8
replicons. First, intergenic sequences are not expected to be | S5 = z PR 5 2
transcribed, and thus their asymmetries would not be = § 2 § 2 § § é § < g g g
associated with transcription. Second, CSD is the most Sls S8S s £ =21
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simple and intuitive method to explore the DNA strand
compositional asymmetries. The skew values [(C — G)/
(C + G) and (A — T)/(A + T)] of adjacent 100 bp windows
(1 kb windows give similar results) along the DNA se-
quence were consecutively added together and plotted. If a
gene happens to cover complete replicon units, the sum of
replication-associated compositional asymmetries is ex-
pected to be zero, and then the average skew value (S) just
reflects the strand compositional asymmetry contributed by
transcription-associated processes. The strength of the
transcription-associated strand compositional asymmetry
can thus be roughly measured by the average value of the
skews of each gene. Meanwhile, the strand compositional
asymmetry contributed by replication-associated processes
should be the skew difference value (AS = S —S). To
illustrate the replication-associated strand compositional
asymmetries in gene sequences, we designed a new
method, the cumulative skew difference diagram (CSDD),
to filter out the potential effects of transcription. In a
CSDD, skew difference values (AS) were consecutively
added and plotted. In most cases, genes are smaller or
larger than complete replicon units, so replication-associ-
ated asymmetry also contributes some extent to the aver-
aged skew value. Although that could make the CSDD

Fig. 1 Cumulative skew
diagrams of some examples of
vertebrate large genes. The X
axis represents the sequence
length in 100 bp units, and the Y

profile’s extrema deviated from the replication origins and
termini, it will not change its global shape. Given that we
just intuitively compare the effects of transcription and
replication, rather than estimate the replicon sizes [25],
these small deviation will have no effect on our conclusion.
Only genes that have positively correlated (P < 0.05) AT
skew and CG skew in both CSD and CSDD are used for
study. As declared in our previous report [25], we identi-
fied the shaped of CSDs and CSDDs by eye. Whilst there
may be some inaccuracy or error, we do not believe that
these would weaken the general conclusion.

We used Affymetrix microarray data (GNF GeneAtlas
version 2) [34]) to determine whether a gene is germline-
cell-expressed or somatic-cell-expressed in human and
mouse. As recommended [35], a gene was classified as being
expressed in a tissue if its average difference value was
greater than the threshold of 200 in that tissue. Housekeeping
genes (that have average difference values greater than 200
in all normal tissue) were used to represent the genes that are
transcribed in the germline cell. Somatic-cell-expressed
genes are those expressed in less than 20% normal tissue/
organ samples, but not expressed in germ line cells (oocytes
or fertilized egg), reproductive organs (testis or ovary), or
early developmental stages (blastocysts or embryo).
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Results and discussion
Strand compositional asymmetries of large genes

We first surveyed the proportion of genes with different
types of CSDs (Table 1). Unlike the intergenic sequences
previously described [25], large vertebrate genes do not
have predominantly disordered CSDs. V-shaped CSDs
(Fig. 1; Supplementary figure 1) are not the most com-
mon type except the CG skew diagrams of D. rerio and
R. norvegicus (Table 1). Together with other evidence
that cumulative CG skew diagrams are not as canonical
as cumulative AT skew diagrams [25], it can be con-
cluded that, in only a small proportion of genes, repli-
cation-associated strand-asymmetric substitutions are the
sole or dominant sequence change. A large number of
genes’ CSDs are clear sloping lines, with a few being/-
shaped, but most being\-shaped (Fig. 1; Supplementary
figure 2).

Fig. 2 Comparisons between A I HHHHHD

cumulative skew diagrams 30
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difference diagrams (CSDD) of
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A sloping CSD means that the strand asymmetry is
constant along the gene. A \-shaped CSD means that
there is a preference for T over A and G over C in the
coding strand, which is equivalent to the transcription-
associated strand compositional asymmetries previously
reported [20-22, 26, 27]. Since the replicon sizes vary
more than tenfold within each animal genome from less
than 50 kb to more than 1 Mb [25, 33], a gene larger
than 50 kb we selected may happen to reside within a
single leading or lagging strand and so replication-asso-
ciated strand-asymmetric substitutions should also be
constant within the gene. Then, such a gene will have a
\-shaped or a /-shaped CSD. We suggest that this may
account for the /-shaped CSDs found and an equal
number of the \-shaped CSDs. As shown in Table I,
even if the expected number of replication-associated \-
shaped CSDs are subtracted from the total \-shaped
CSDs, the transcription-associated \-shaped CSD is still
the most common type.
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:;Lﬂgaicst?iegtrzfn;hﬁl the Species Number of genes studied Intron length/exon length ~ Gene length/intron number

large genes we studied Mean £ SEM  Median Mean + SEM  Median
Danio rerio 1227 46.8 £ 1.2 353 9710 = 306 6631
Gallus gallus 1205 447 £ 1.6 28.3 8982 + 350 5340
Canis familiaris 1422 574 1.7 37.7 11662 + 468 6637
Mus musculus 1543 653 +£22 40.5 18566 + 684 10433
Rattus norvegicus 1598 67.7+25 41.9 16271 + 684 8305
Pan troglodytes 1982 920+ 24 60.4 19610 + 644 10864
Homo sapiens 1684 663 +24 40.6 20109 + 855 10712

Table 3 Housekeeping genes have higher proportions of \-shaped cumulative skew diagrams (CSDs) than somatic-cell-expressed genes

Species AT skew CG skew
Number of \-shaped Number of other P Number of \-shaped Number of other 3> P
CSDs CSDs CSDs CSDs
Homo sapiens
Housekeeping genes 138 45 5.95 0.015 140 43 213 40x 107
Somatic-cell expressed 93 56 77 72
genes
Mus musculus
Housekeeping genes 48 17 3.30 0.069 41 24 13.0 3.1 x 107
Somatic-cell expressed 153 99 94 158

genes

Table 4 Housekeeping genes have stronger transcription-associated strand compositional asymmetry than somatic-cell expressed genes

AT skew

CG skew

n Mean + SEM

Median P*? n Mean + SEM  Median P?*

Homo sapiens

Housekeeping genes with \-shaped CSDs 138 -0.071 = 0.002 -0.069 3.5x 107 140 -0.036 = 0.001 -0.034 6.1 x107*
Somatic-cell expressed genes with \-shaped CSDs 93 -0.059 + 0.003 -0.056 77 -0.029 = 0.001 -0.028

Mus musculus

Housekeeping genes with \-shaped CSDs 48 —0.075 +0.004 -0.068 1.8x10° 41 -0.042+0.003 -0.045 7.2x107°
Somatic-cell expressed genes with \-shaped CSDs 153 -0.061 = 0.002 -0.056 94 -0.028 + 0.002 -0.023

? The data are normally distributed, so we used ¢ test to calculated the P values

Coexistence of replication-associated and transcription-
associated strand compositional asymmetries

To show whether replication-associated strand composi-
tional asymmetries coexist with transcription-associated
strand compositional asymmetries in the majority of genes,
we used the CSDD to filter out the potential effects of
transcription. V- (or multi-connected V-) shaped CSDDs
were observed for most of the genes having \-shaped CSDs
(Table 1). Figure 2 illustrates a comparison between CSDs
and CSDDs for six vertebrate genes. The diagrams for
more genes are deposited in Supplementary figure 3. These
diagrams clearly show that transcription-associated strand

compositional asymmetries are generally much stronger
than, and thus can conceal the replication-associated strand
compositional asymmetries. This may be the reason why
traditional chromosomal-wide approaches failed to reveal
replication-associated strand compositional asymmetries in
eukaryotes [3, 4, 36, 37].

Transcription-associated strand asymmetries: mutation
versus selection

Transcription-associated strand compositional asymmetries

have been observed in a high percentage of genes (Table 1
and [21]), which are intuitively much more than that
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required to be expressed in germline cells. Because only
mutations occurring in the germ line can be transmitted to
next generation and accumulate in evolution, it seems to
support that selective pressures are the main cause of
transcription-associated strand compositional asymmetries.
But the gene length/intron number ratios are very large in
all the species we studied (Table 2), splicing-associated
selective pressures [27] unlikely contribute much. Mean-
while the introns are generally much longer than the exons
in the large genes we studied (Table 2), which is also
marked out in each diagram. The exons unlikely contribute
much to the global shape of the diagrams (Figs. 1, 2 and
Supplementary figures 1, 2, and 3). So selective pressures
operating on exons (like codon bias and the existence of
exonic splicing enhancers [28-30]) unlikely contribute
much to the global strand compositional asymmetries of
vertebrate large genes.

One the other hand, there is evidence that many (or even
most) tissue-specific genes are ectopically transcribed in
various cell types [38—40]. Niu proposed that this widely
low-level ectopical transcriptions of tissue-specific genes
may be to silence the genes by small RNA-mediated
transcriptional repression [41]. The tissue-specific genes
may be expressed at low-level in germline cells, so tran-
scription-associated strand asymmetric mutations may ac-
count for the transcription-associated strand compositional
asymmetries observed in most genes [21 and above results
in present paper]. Nonetheless, ectopical germline tran-
scription levels of somatic tissue-specific genes would be
much lower than the transcription levels of housekeeping
genes in germline cells. If mutational pressures are the
main cause of transcription-associated strand composi-
tional asymmetries, we would expect a clear difference in
the asymmetries between somatic-cell-expressed genes and
housekeeping genes. Actually, we found a higher per-
centage of housekeeping genes having \-shaped CSDs
(Table 3). Further, the strand compositional asymmetries
of the housekeeping genes having \-shaped CSDs are sig-
nificantly stronger than those of somatic-cell-expressed
genes with \-shaped CSDs (Table 4).

In summary, we found that the replication-associated
strand compositional asymmetries are much weaker than
transcription-associated ones in most genes, and provided
evidence that the main cause of transcription-associated
strand compositional asymmetry is transcription-associated
strand asymmetric mutations (e.g. transcription-coupled
repair [20] and transcription-coupled mutagenesis [26]),
rather than transcription-associated strand asymmetric
selection pressures.
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