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DNA composition dynamics across genomes of diverse taxonomy is a major sub-
DNA composition changes are characteristics of both
replication and repair machineries. We investigated 3,611,007 single nucleotide
polymorphisms (SNPs) generated by comparing two sequenced rice genomes from
distant inbred lines (subspecies), including those from 242,811 introns and 45,462
protein-coding sequences (CDSs). Neighboring-nucleotide effects (NNEs) of these
SNPs are diverse, depending on structural content-based classifications (genome-
wide, intronic, and CDS) and sequence context-based categories (A/C, A/G, A/T,
C/G, C/T, and G/T substitutions) of the analyzed SNPs. Strong and evident
NNEs and nucleotide proportion biases surrounding the analyzed SNPs were ob-
served in 1-3 bp sequences on both sides of an SNP. Strong biases were observed
around neighboring nucleotides of protein-coding SNPs, which exhibit a periodicity

ject of genome analyses.

of three in nucleotide content, constrained by a combined effect of codon-related
rules and DNA repair mechanisms. Unlike a previous finding in the human genome,
we found negative correlation between GC contents of chromosomes and the mag-
nitude of corresponding bias of nucleotide C at —1 site and G at 41 site. These
results will further our understanding of the mutation mechanism in rice as well

as its evolutionary implications.
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Introduction

DNA compositional dynamics across genomes of di-
verse taxonomy is a major subject of genome analy-
ses. DNA composition changes are characteristics of
both replication and repair machineries that are of-
ten lineage- and organelle-specific, such as in cases of
chloroplast and nuclear genomes. Nucleotide compo-
sitions are also constrained by chromosomal sequence
elements that are functional and context-dependent,
such as coding sequences (CDSs) and conserved struc-
tural elements (1,2). One of the approaches to un-
derstand DNA compositional dynamics is to analyze
signatures of sequence polymorphisms and their rules.
There are several factors described to affect mutation
spectra of DNA sequences, such as specific mutagens
(3), intrinsic enzyme activities (4), and nucleotide
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contexts (5, 6). Numerous studies have shown that
the degree of transition/transversion (Ts/Tv) is neg-
atively correlated with nucleotide AT account in
the immediately adjacent nucleotides in gramineous
chloroplast genomes (6, 7). It was observed recently
that AT content favors Tv both within noncoding
(6) and silent coding sequences of the chloroplast
genome (2). An earlier study has further demon-
strated that flanking nucleotide effect extends up to
two nucleotides in each direction in the human genes
(8). Such nucleotide bias in the human genome was
later found extending as far as 200 bp on both sides
of an SNP (single nucleotide polymorphism) site (9).
However, basic rules and distinctions of such compo-
sitional biases across diverse taxonomic groups as well
as the underlying molecular mechanisms remain con-
troversial and largely unexplained.

Draft and complete genome sequences of two cul-
tivated rice subspecies (Oryza sativa L. ssp.), in-
dica (93-11) and japonica (Nipponbare), have been
published recently (10-13). Understanding these se-
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quence quality-related issues, we were able to iden-
tify nucleotide substitutions or SNPs between the two
subspecies. Despite the fact that these nucleotide
substitutions are not strictly speaking the same as
those of population-based SNPs, they are, neverthe-
less, genome-wide nucleotide changes over some evo-
lutionary time scales, and can be traced from the
present time all the way back to at least thousands
of years. We acquired 3,936,020 SNPs from this ex-
ercise and investigated the sequence context effect on
nucleotide polymorphisms, shedding lights on muta-
tion mechanisms in molecular details.

Results

Nucleotide compositions in structural
contents of the rice genome, genes, and
SNPs

Plant genomes are organized differently from those of
animals in which most of the genome sequences are
transcribed (14). In plant genomes, genes are clus-
tered together and separated by repeat contents that
vary from nearly 50% in rice to 90% in barley. There-
fore, the discrimination of gene and repeat contents
is of essence for any compositional analysis on plant
genomes. Based on their locations in the context of
genes, we classified the SNPs into three basic cate-
gories: genome-wide, intronic, and CDS SNPs, de-
noted as gSNPs, iSNPs, and ¢SNPs, respectively. The
¢SNPs were further divided into PO-SNPs, P1-SNPs,
and P2-SNPs. The iSNPs and c¢SNPs were identi-
fied by aligning full-length cDNA sequences with rice
genome sequences (see Materials and Methods).
Statistics of the four nucleotides in different re-

gions of the rice genome (indica, 93-11) are summa-
rized in Table 1.
features in the nucleotide content of the genome and
genes. Intron sequences (38.17%) have a much lower
GC content than that of the exons (54.40%) and the
genome average (43.17%). As to the nucleotide con-
text of SNP sites, the average GC content of gSNPs
and iSNPs are 46.25% and 44.21%, respectively, which
are much lower than that of cSNPs (51.97%). There-
fore, GC contents of gSNP and iSNP sites are higher
than the genome and intron averages by some sub-
stantial margins, 3.08% and 6.04%, respectively. The

There are a couple of noticeable

results may suggest that there is a mutation drive
to increase the overall GC content, which is largely
contributed by an intronic GC content increase. The
opposite was observed in ¢cSNPs, where a slight GC
content decrease was found between GC contents of
the genome and gSNPs, by a smaller margin of 2.43%.
We suspect that this GC content drop is related to
selective pressures from codon usage that is often
lineage-specific or organism-specific (15). The overall
results agree with our earlier observations on a GC
gradient that increases from 3’ to 5’ in the rice tran-
scripts (10, 16). In addition, we are also aware of
slight purine content biases in both of the iSNPs and
¢SNPs, which are absent in the gSNPs. The purine
content biases are less pronounced (an order of magni-
tude smaller) but evident: while the averages of both
the genome and gSNPs remain constant, the iSNPs
and ¢SNPs have higher purine contents than pyrim-
idine contents. The opposite was seen in iISNPs and
c¢SNPs, where the purine contents are actually lower.
It is conceivable that selective pressures are at work
on both iSNPs and ¢SNPs, where splicing enhancer
elements and codons reside.

Table 1 The Nucleotide Contents in the Rice Genome, Genes, and SNP Sites (%)

Nucleotide  Nucleotide content in genome and genes Nucleotide content of SNP sites

Genome Intron CDS Genome Intron CDS
A 28.41 30.87 23.50 26.88 27.99 23.76
C 21.59 19.10 26.25 23.14 22.00 25.92
G 21.58 19.07 28.15 23.11 22.21 26.05
T 28.42 30.96 22.09 26.87 27.80 24.27
GC 43.17 38.17 54.40 46.25 44.21 51.97
Purine 49.99 49.94 51.65 49.99 50.20 49.81
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We then calculated SNP frequencies according to
a similar content-based classification scheme and fur-
ther partitioned the statistics of ¢SNPs into that of
three codon phases (Table 2).
ticeable sequence signatures. First, transitional SNPs
account for 57.23% of gSNPs, 50.65% of iSNPs, and
64.99% of cSNPs; these results suggested that transi-
tional changes are preferred in ¢cSNPs where Tv are
constrained both in percentage and in numbers. Sec-
ond, among transversional SNPs, A/T substitutions
are accounted for 13.22% of gSNPs, 16.42% of iSNPs,
and only 6.02% of ¢SNPs. Conversely, C/G substitu-
tions in ¢cSNPs (10.60%) are higher than that of iISNPs
(8.71%) and gSNPs (8.08%). The higher C/G substi-
tution rate in CDS regions of the rice genome is in part

There are several no-

due to a higher GC content in CDS regions accumu-
lated over evolutional time scales. Third, when cSNPs
were separated into three phases, corresponding to
codon positions 1, 2, and 3, P2-SNPs (third codon
position) showed dominant effects, possessing more
SNPs in all categories. In addition, A/C, A/G, and
G/T substitutions in P0-SNPs have relatively higher
ratios and numbers compared to P1-SNPs, whereas
A/T and C/T substitutions of P1-SNPs have higher
ratios and numbers. The heterogeneity of nucleotide
substitutions reflects codon usage and the nature of
codon arrangements. These nucleotide composition
variations are of importance for understanding biases
in the flanking sequences of SNPs.

Table 2 The Proportion and Numbers of 6 Types of SNPs

Type gSNPs iSNPs c¢SNPs PO-SNPs P1-SNPs P2-SNPs

A/C 10.74% (387,971) 12.12% (29,426) 8.94% (4,064) 10.41% (1,258) 10.13% (1,037) 7.64% (1,769)
A/G 28.60% (1,032,704) 25.31% (61,451) 32.46% (1,475) 41.44% (5,007) 30.40% (3,111) 28.69% (6,640)
A/T 13.22% (477,294) 16.42% (39,870) 6.02% (2,737) 6.08% (735) 7.78% (796) 5.21% (1,206)
C/G  8.08% (291,724) 8.71% (21,145) 10.60% (4,821) 10.23% (1,236) 9.82% (1,005) 11.15% (2,580)
C/T 28.63% (1,033,686) 25.34% (61,517) 32.53% (14,787) 20.66% (2,497) 34.28% (3,509) 37.94% (8,781)
G/T 10.73% (387,628) 12.11% (29,402) 9.45% (4,295) 11.18% (1,351) 7.59% (777) 9.36% (2,167)
Total  100% (3,611,007) 100% (242,631)  100% (45,462) 100% (12,084) 100% (10,235) 100% (23,143)

Neighboring-nucleotide effects of rice
SNPs

To study neighboring-nucleotide biases of SNPs, we
examined proportions of substitution types (Table 2)
and the difference between the observed and the ex-
pected proportion (averaged in corresponding region)
of flanking nucleotides that surround SNPs (9). If
the observed proportion of one nucleotide is higher
than expected, we consider it has a positive effect,
denoted as “PLUS-bias”,
is believed to have a negative effect and labeled as
“MINUS-bias”. The interrogated range is £12 bp.
The “~” and “+” symbols denote 5’ and 3’ direc-
Numbers

whereas a negative value

tions of the analyzed SNPs, respectively.
following the and “4” symbols indicate the nu-
cleotide positions from an SNP. For example, the
value “—10” means the site that is 10 bp upstream the
SNP site. We examined the neighboring-nucleotide
effects (NNEs) based on six main categories, namely
gSNPs, iSNPs, ¢SNPs, P0-SNPs, P1-SNPs, and P2-
SNPs. Each category was subdivided into 3 groups,
including whole-genome SNPs, Ts, and Tv, and 6
types, including A/C, A/G, A/T, C/G, C/T, and

“_»
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G/T. Then, we partitioned each type into two parts,
for instance, A/G SNPs were divided into gSNPs-
A/G-A SNPs and gSNPs-A/G-G SNPs. The last A in
gSNPs-A/G-A denotes that the nucleotide at the SNP
site is A in the 93-11 genome sequence. In all, the rice
SNPs were divided into 90 SNP groups. Taking the
position as the x-axis and the neighboring-nucleotides
proportion bias as the y-axis, the corresponding fig-
ures were plotted (Figures 1 and 2).

We observed a similar PLUS-bias of —1 C/+1 G
(denoted as —1 C/4+1 G) in gSNPs and iSNPs, and
this bias extends no more than 3 bp (Figure 1A for iS-
NPs). The PLUS-bias of —1 C/+1 G was attributed
to Ts (Figure 1B) but not Tv (Figure 1C) for iSNPs.
Furthermore, we examined this phenomenon on A/G
(Figure 1D) and C/T (Figure 1E) types, which were
responsible for PLUS-bias —1 C and PLUS-bias +1
G, respectively. It is well agreeable with the CpG-
methylation and deamination theory, which shows
that the C of CpG dinucleotides is prone to methy-
lation and deamination, and then be transited to T.
Unlike the others, for C/T substitutions of PO-SNPs,
a PLUS-bias +1 T (P0-C/T-C: 17.17% and P0-C/T-T:
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Fig. 1 A.iSNPs; B. iSNPs-Ts; C. iSNPs-Tv; D. iSNPs-A/G-A; E. iSNPs-C/T-T. PLUS-bias —1 C/+1 G were ob-
served in iSNPs, which was believed to be the effects of the CpG-methylation and deamination process. NNEs extended

no more than 3 bp to both sides.
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NNEs. A. gSNPs-A/T. The expected nucleotide proportion

was averaged over the whole rice genome. The PLUS-bias of AT nucleotides extended nearly 300 bp to both sides
in gSNPs-A/T; B. gSNPs-A/T-A; C. gSNPs-A/T-T. The expected nucleotide proportion was calculated based on the

flanking sequence of the corresponding categories. The long effect range of NNEs disappeared and it was only limited

3 bp to SNP sites in gSNPs-C/T-C and gSNPs-A/T-T.

14.80%) and a minor MINUS-bias of +1 G (PO-
C/T-C: —0.86% and P0O-C/T-T: —0.58%) were ob-
served. For A/G-C/T SNP pairs in intron and
genome, there were high MINUS-bias —1 A of A/G

Geno. Prot. Bioinfo.

SNPs (gSNPs-A/G-A: —6.08% and gSNPs-A/G-G:
—6.51%; iSNPs-A/G-A: —4.15% and iSNPs-A/G-G:
—5.35%) and high MINUS-bias +1 T of C/T (gSNPs-
C/T-C: —6.88% and gSNPs-C/T-T: —5.61%; iSNPs-
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C/T-C: —5.75% and iSNP-C/T-T: —3.57%). This
phenomenon demonstrated that the nucleotide A at
—1 site of A/G substitution and the nucleotide T at
+1 site of C/T substitution didn’t co-occurred with
these mutations. The NNEs extended no more than
3 bp on both sides of rice SNPs.

Immediately adjacent AT content was
correlated with transversion

AT-favored Tv in intron and whole genome was con-
firmed by previous studies in chloroplast (6). To infer
the correlation between the ratio of Ts/Tv and im-
mediately adjacent AT content, we divided SNPs into
three groups with +1 (both +1 and —1) AT scores
0, 1, and 2. Then, we calculated the Ts/Tv ratio for
each group (Table 3). For genomic and intronic mu-
tations, we observed that the Ts/Tv ratio decreased
when AT content increased from 0 to 1 and 2 (£1 AT
scores). However, we did not find the same pattern

for ¢SNPs, which endure more selection pressure due
to the non-synomouns mutation.

Nucleotide composition asymmetry be-
tween coding and noncoding strands in
rice intron sequences

In order to avoid the effects of codon usage bias as well
as selection pressure, we investigated the nucleotide
composition in intron sequences. The proportions
of four nucleotides in coding and noncoding strands
of intron sequences are listed in Table 4. In coding
strands, the proportion of nucleotide T (34.23%) is ev-
idently higher (6.62%) than that of A (27.61%), and
the proportion of nucleotide C (18.91%) is slightly
less (0.35%) than that of G (19.26%). In addition,
the proportion of pyrimidine (53.14%) is apparently
higher (6.27%) than that of purine (46.87%) in coding

strands.

Table 3 The Ts/Tv and the Numbers of AT Nucleotides in +1 Regions

A+T Genome  Intron CDS CDS Phase Ts/Tv
Number*  Ts/Tv  Ts/Tv Ts/Tv PO P1 P2
0 1.626 1.301 1.818 1.490 1.921 1.969
1 1.404 1.093 1.965 1.795 1.867 2.107
2 1.113 0.862 1.651 1.548 1.520 1.767

* The number of the two immediately neighboring nucleotides (5" and 3’) that is A or T.

Table 4 The Nucleotide Composition Asymmetry Between Coding and Noncoding Strands

in Rice Introns

Strand A C G T AG CT  (T-A)/(A+T) (C—G)/(C+G)
Coding 27.61% 18.91% 19.26% 34.23% 46.87% 53.14% 0.1071 —0.0092
Noncoding 34.23% 19.26% 18.91% 27.61% 53.14%  46.87% —0.1071 0.0092

Nucleotide usage bias in rice cSNPs

There were 12,084 P0O-SNPs, 10,235 P1-SNPs, and
23,143 P2-SNPs in ¢SNPs. More complex patterns of
NNEs in ¢SNPs were observed. These cSNPs, irrele-
vant to the phases, displayed high diverse NNE pat-
terns. Most of the flanking nucleotide proportion bias
pattern repeats in every “3” nucleotide. The regular
bias pattern is correlated with the nucleotide positions
in codon (Figure 3). Nucleotides A and G were more
often used (PLUS-bias) than T and C (MINUS-bias)
in phase 0; in phase 1, we observed PLUS-bias of AT
and MINUS-bias of CG; as for the phase 2, PLUS-bias
of CG and MINUS-bias of AT were observed.

162 Geno. Prot. Bioinfo.

The intensity of NNEs among different
rice chromosomes

For the 12 chromosomes of the rice genome, the neigh-
boring nucleotide proportion bias (deviation from the
chromosome-specific average) was not uniform. For
example, the PLUS-bias of —1 C nucleotide at sub-
stitution in Chromosome 1 was the least in all the 12
chromosomes (+1.47%), even its GC content (43.37%)
ranked as the fourth highest. In contrast, Chromo-
some 12 (GC content is 42.47%, calculated in 93-11
reference sequences) has the biggest PLUS-bias of —1
C (4+2.40%) in all these chromosomes. It is reported

Vol. 3 No. 3 2005
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Fig. 3 The nucleotide usage bias in rice codon. The magnitude of the letter of nucleotides was used to denote their

proportion biases.

The nucleotide usage biases were cycled with the nucleotide position in codon. Mostly, it was

PLUS-bias of AG and MINUS-bias of TC nucleotides in phase 0; PLUS-bias of AT and MINUS-bias of CG nucleotide
in phase 1; PLUS-bias of CG and MINUS-bias of AT nucleotide in phase 2.

that the —1 C/41 G nucleotide proportion bias is pos-
itively correlated with the chromosome’s GC-content
in the human genome (9). Whereas in the rice
genome, we found that the —1 C/4+1 G nucleotide
proportion bias is negatively correlated with the GC
content (Figure 4A). A statistical significant negative
correlation was therefore found; the correlation coef-
ficient was —0.657 (p-value = 0.020) for —1 C and
—0.697 (p-value = 0.012) for +1 G. We further stud-
ied the correlation between the CG dinucleotide con-
tent and the PLUS-bias of —1 C/+1 G nucleotide bias
(deviation from the chromosome-specific average) in
rice chromosomes (Figure 4B). Similar negative cor-
relation was also found. The correlation coefficient
was —0.590 (p-value = 0.0453) for —1 C and —0.596
(p-value = 0.041) for +1 G.

Geno. Prot. Bioinfo.

Discussion

Minimization of ascertainment biases in
SNP analyses

Detailed investigations on nucleotide substitutions
and their NNEs are of importance in understand-
ing mutation mechanisms, which are major forces of
genome diversity and evolution. The sequences of rice
genomes and SNPs discovered therein provide an op-
portunity for such an analysis. For sequence-based
data analyses, especially those focused on variations
of nucleotide sequences, it is essential to discuss se-
quence quality-related issues and ascertainment bi-
ases, which are often project-specific (or organism-
specific). In this study, we have devised several pro-
cedures to minimize ascertainment biases.
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Fig. 4 The intensity of PLUS-bias of —1 C/+1 G of rice chromosome is negative correlated with the GC content of
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G nucleotide proportion bias to CpG dinucleotides in rice chromosome sequences.

First, we employed a community-accepted SNP
discovery method (see Materials and Methods) that
has been applied in the polymorphism discovery of
human (17) and chicken genomes (18). Their val-
idation rates were reported as 95% for human and
94% for chicken. In addition, two independent groups
have published SNP finding results on the rice genome
utilizing an early published data set. Their SNP vali-
dation rates were 98.2% SNPs (19) and 79.8%+7.5%
(20), despite the fact that sequence quality informa-
tion from the raw sequencing traces was ignored in
the studies.
positive or negative SNP calls were believed not in-
terfering with our results since both a large number of
SNPs and relative ratios were exploited in this study.
Second, to reduce possible compositional biases due to
extreme AT and GC, SNPs associated with AT con-
tent exceeding 70% and GC content above 65% were
Third, to avoid side-
effects due to gene structures and functional contents,
we categorized SNPs and their neighboring sequences

Furthermore, a small fraction of false

excluded from our data sets.

according to their locations in a context of genes as
well as ¢SNPs into codon phases (codon positions).
We did not use gene-prediction tools for this study;
instead, we identified genes and their structures based
on alignments to a full-length cDNA collection (21).
Finally, the only drawback of this study was that we
were unable to obtain the allele frequency for all SNPs

164 Geno. Prot. Bioinfo.

and to infer which allele is the wild type, so that the
direction of these mutations was not factored in our
analyses.

The mechanism of NNEs

In the rice genome, the evident NNEs have been ob-
served, while the exact mechanism of NNEs is still
unclear. It can be affected by polymerase fidelity and
proofreading (22), mismatch repair efficiency (23), or
mismatch stability (24).

For the rice genome, the proportion of T's and Tv
were 57.23% and 42.77%, respectively. The excess of
Ts is largely attributed to the CpG-methylation and
deamination process. CpG is a signal for methyla-
tion by a specific cytosine DNA methyltransferase. It
adds a methyl group to the 5 carbon of the cyto-
sine. The resulted 5'-methylated cytosine is unstable
and is prone for deamination, resulting in thymine.
Over time, the number of CpG has gradually dimin-
ished because the slow but steady conversion of CpG
to TpG (and to CpA on the opposite strand). In
higher plants, DNA methylation occurs at up to 25%
of all cytosine, primarily in the sequences CpG and
CpNpG, both of which are more than 80% methy-
lated in wheat and tobacco (25). That is why we
witnessed the PLUS-bias of nucleotides C at the —1
site (—1 C) in iSNPs-A/G SNPs, and PLUS-bias of
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nucleotides G at the +1 site (+1 G) in iSNPs-C/T
SNPs (Figure 1, D and E).

MINUS-bias —1 C and PLUS-bias —1 T in iSNPs-
C/G-C (—3.45% and 3.28%, respectively) and iSNPs-
C/G-G (—6.12% and 4.82%, respectively) were also
observed. This bias could be attributed to the CpG-
methylation and deamination process. For example,
when there is a C at the —1 site of C/G substitution
and the two allele frequencies of C/G substitution are
similar, the chance that forming a CpG and CpC din-
ucleotide is nearly 50%. While for CpG dinucleotides,
C is prone to be transited to T, thus, the MINUS-bias
—1 C and PLUS-bias —1 T is produced.

It has been showed that AT nucleotides in imme-
diately adjacent regions favorite Tv (2,6, 26). We
also witnessed this phenomenon in rice gSNPs as well
as iSNPs. One possible reason is that the mismatch
repair efficiency is influenced by the neighboring nu-
cleotide composition. In Escherichia coli, the Tv mis-
match repair efficiency increases along with the GC
content increasing in the neighboring nucleotide sub-
sequence (23, 27). Morton (6) pointed that the mis-
incorporation and/or proofreading by the DNA poly-
merase is influenced by the nucleotides upstream the
site of incorporation. In Ts of gSNPs, we observed the
obvious PLUS-bias of —1 C (4.05%) and PLUS-bias
of +1 G (4.06%). Since the PLUS-bias of —1 C/+1
G is due to the CpG-methylation and deamination
process, we cannot say that it is G or C that influ-
ences the polymorphism activity. Here, we favor the
first explanation, which is that the mismatch repair
efficiency is influenced by the nearby nucleotide.

The NNEs of codon SNPs

From the genetic code, at each of the three codon
positions, there are 64x3=192 possible base substi-
tutions. The numbers of substitutions lead to syn-
onymous changes in terms of the codon position are
8, 2, and 128, respectively (16). That is why the
amount of rice SNPs at CDS position ranked as P2
(23,143) > PO (12,084) > P1 (10,235). Since SNPs at
different codon phases endure different selection pres-
sure, we should not expect that one category of SNPs
will show similar proportion bias pattern at different
CDS positions, such as A/G and C/T.

Under the CpG-methylation and deamination pro-
cess, there should be a profound PLUS-bias of +1
G content bias of C/T substitutions. However,
for PO-C/T SNPs, we observed PLUS-bias of +1
T and MINUS-bias +1 G. Since PO C/T SNPs is

Geno. Prot. Bioinfo.

a synonymous mutation that codes for leucine, it
will endure less selection pressure compared with
these non-synonymous mutations. Because the sec-
ond nucleotide of leucine is T, so +1 T of PO-
C/T SNPs will be observed more frequently than ex-
pected. Hereby, we can say that the selective con-
straint against non-synonymous mutations overtake
the CpG-methylation and deamination effects. In to-
tal, it is natural selection combined with CpG as well
as context nucleotide effect that determine the com-
plex mutation patterns of CDSs.

The NNEs extending range

Krawczak and colleagues studied 7,271 substitutions
in the coding regions of 547 genes, and found the
NNEs extended no more than 2 bp to the substitu-
tion site (8). Zhao and Boerwinkle’s study showed
that the NNEs extended as far as £200 bp for SNPs
in the human genome (9). Mutations that locate in
different regions in the rice genome may endure differ-
ent mutation mechanisms. Through studying gSNPs,
¢SNPs (further divided into three phases), and iSNPs
separately, we found that the NNEs in gSNPs or iS-
NPs extended no more than 3 bp to both sides.

The correct determinant of “expected nucleotide
proportion” is very important because it can elimi-
nate artificial NNEs. At the beginning, we set the ex-
pected nucleotide proportion by averaging the whole
rice genome sequences, and the PLUS-bias of nu-
cleotides AT for A/T substitution extended as far as
300 bp (Figure 2A). When the expected nucleotide
proportion was calculated only in the flanking subse-
quences (12 bp to the SNP site), the PLUS-bias of
nucleotides AT extended no more than 3 bp of both
sides in A/T SNPs (Figure 2, B and C).

The DNA double-strand nucleotide
composition asymmetry in intron

In bacteria, the nucleotide composition is asymmet-
ric between coding and noncoding strands (28-30).
The unequal mutation rate between C—T and G—A
mutations may account for this phenomenon (29),
One mechanism
is transcription-coupled repair (TCR; ref. 31), which
could efficiently repair the C—T mutation in the non-
coding strand (template strand), while leave alone the
coding strand. Another mechanism is cytosine deam-
ination (32). Cytosine residues involved in a mis-
pairing in DNA are 1-2 orders of magnitude that are

where there are two mechanisms.
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more prone to deaminate to uracil than to cytosine in
double-strand DNA (33). Because the coding strand
will be single when the noncoding strand was tran-
scribed (paired with mRNA), more C—T mutations
will occur in the coding strand (28). The difference
between these two mechanisms is that TCR reduces
the G—A mutation rate in coding strands while cyto-
sine deamination improves the C—T mutation rate in
coding strands (34). If TCR is the dominant mech-
anism, the G—A mutation rate will be reduced, and
more nucleotide G will be preserved. The proportion
of nucleotide G is higher than that of C in coding
strands of rice intron sequences. Even this propor-
tion difference is in a small margin, it still suggests
that the TCR may be the fundamental mechanism
that caused the DNA double-strand nucleotide com-
position asymmetry.

In conclusion, for the rice genome, we found ap-
parent evidence to the flanking nucleotide effect on
SNPs. The effect is governed by the category and ge-
nomic location of SNPs from different chromosomes,
which exhibit different flanking nucleotide effect pat-
terns. Generally, the flanking nucleotide effect can
extend no more than £3 bp. The high proportion
of Ts and its immediately adjacent proportion bias
could be explained largely by the CpG-methylation
and deamination theory. The complexity patterns,
displayed by different phases of SNPs, are believed
to be caused by a combination of selective forces, the
CpG-methylation and deamination process, as well as
the flanking GC (or AT) content effect. We also found
that the Ts/Tv is negatively correlated with the im-
mediately AT nucleotide counts. The proportion dis-
crepancy between nucleotide pairs of A/T and C/G
demonstrates that TCR may account for the double-
strand nucleotide composition asymmetry in rice in-
tron sequences. Overall, our results provide a full
spectrum of rice SNP context effects and their sub-
stitution patterns, giving us further knowledge to un-
derstand the rice mutation mechanism and evolution
history.

Materials and Methods

SNP Data Sets

We used assembled sequences of 93-11 (Oryza sativa
L. ssp. indica; ref. 10) and Nipponbare (Oryza sativa
L. ssp. japonica; ref. 11) as reference sequences to
discover SNPs (BGI-RIS, http://rise.genomics.org.cn/
index.jsp). SNPs were identified according to a well-
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accepted community consensus (17) by using a basic
threshold in which the sequence quality must exceed
values of Q >23 for an SNP site and @ >15 for its
5-bp flanking sequences (35).

For comparison, an independent analysis (19) re-
ported mean rates of 7.1 SNP/Kb and 2.0 indel/Kb
with 98% of these SNPs that were experimentally con-
firmed. Our SNP rates were two times higher be-
cause we aligned more of the intergenic sequence. To
eliminate this factor, we restricted our rates to the
introns defined by full-length ¢cDNA sequences (21).
The rates are 6.1 SNP/Kb and 1.3 indel/Kb, which
are actually lower than those from that independent
analysis.

To identify iISNPs and gSNPs, we used the follow-
ing steps. First, we aligned 20,259 full-length cDNA
sequences (21) with the two rice genome assemblies
(13), using a software tool BLAT (386). A total of
16,412 alignments were selected to determine CDS
and intronic sequences from the genome assemblies.
SIMA4 (37) was used to examine the aligned sequences,
and 16,395 alignments were chosen for our analyses.
SNPs were then divided into three basic categories
according to their positions in the genome regions:
(1) gSNPs denote total SNPs regardless their chro-
mosomal locations and positions relative to genes, (2)
iSNPs are those located exclusively between two ex-
ons, and (3) ¢SNPs were found from CDSs, excluding
3" and 5 untranslated sequences. The ¢SNPs were
further divided into three groups based on their posi-
tions in codons, often regarded as phases, as PO-SNPs,
P1-SNPs, and P2-SNPs.

To carry out analyses of the neighboring effect of
SNPs, we extracted our data sets as follows. The first
data set was the flanking sequences of gSNPs, which
are 300 bp in length from both up- and down-streams
of an SNP. To reduce background compositional bi-
ases due to extreme AT or GC contents, we excluded
SNPs that have GC or AT contents in the flanking
sequences (collectively 600 bp from both sides) ex-
ceeding 65% for GC content and 70% for AT content.
As a result, 189,904 and 135,040 SNPs correspond-
ing to extreme AT and GC contents were eliminated
from the data set, which is about 8% of the total
SNPs. From this data set, 45,462 ¢cSNPs and 242,811
iSNPs were subdivided. Since the intron and exon
sizes were also vary broadly, with mean sizes of 323
bp (median 161 bp) and 456 bp (median 286 bp), we
used a threshold of 15 bp flanking sequences extend-
ing toward both directions, so that most of iISNPs and
¢SNPs became legit, removing 10,836 iSNPs (4.27%)
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and 3,658 ¢SNPs (7%) from the unprocessed data.
Finally, 3,611,007 gSNPs, 242,811 iSNPs, and 45,462
c¢SNPs were included in this study.

Data analysis

We took the nucleotide composition at SNP sites of
93-11 reference sequences as the composition of nu-
cleotides at SNP sites.

To calculate the NNEs, we assigned positions and
values of the flanking sequences starting from an SNP:
negative, or “—”, refers to the 5" sequence and corre-
sponding values, whereas positive, or “+”, describes
the 3’. To infer effects of sequences flanking an SNP,
we calculated the expected proportion of each SNP

“

and its surrounding sequences to the observed pro-
portion. The proportion of each nucleotide was cal-
culated by the following formula:

Fy; = Z‘V—J x 100%

F}; is the proportion of nucleotide j at the i*h po-
sition of a nucleotide substitution, n;; is the number
of nucleotide j at the " position, and Nj is the sum
of the four nucleotides at site . The expected nu-
cleotide proportions were averaged over 24 bp around
SNPs (12 bp up- and down-stream the SNP site) of
each SNP type.

To demonstrate the NNEs on the rice genome, we
calculated the expected proportion of four nucleotides
for each SNP group. The nucleotide proportion bi-
ases in each group were obtained by subtracting the
observed value from the expected proportions (exclu-
sively for this group). A simple script, written in
C++, was used to calculate proportions and biases.
Then, the proportion biases were plotted as a function
of positions around SNPs.

To correlate the Ts/Tv ratio and the neighboring
AT content, only two sites immediately flanking an
SNP were examined and scored as 0, 1, and 2, corre-
sponding to none, one A/T (only one found from two
sites), and two A/T (A or T at both sides), which
were tabulated according to different SNP categories.
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