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Abstract: Pseudogenes are dead copies of genes. Owing to the absence of functional constraint,
all nucleotide substitutions that occur in these sequences are selectively neutral, and thus represent
the spontaneous pattern of substitution within a genome. Here, we analysed the patterns of nucleotide
substitutions in Vitis vinifera processed pseudogenes. In total, 259 processed pseudogenes were used
to compile two datasets of nucleotide substitutions. The ancestral states of polymorphic sites were
determined based on either parsimony or site functional constraints. An overall tendency towards an
increase in the pseudogene A:T content was suggested by all of the datasets analysed. Low association
was seen between the patterns and rates of substitutions, and the compositional background of the
region where the pseudogene was inserted. The flanking nucleotide significantly influenced the
substitution rates. In particular, we noted that the transition of G→A was influenced by the presence
of C at the contiguous 5′ end base. This finding is in agreement with the targeting of cytosine to
methylation, and the consequent methyl-cytosine deamination. These data will be useful to interpret
the roles of selection in shaping the genetic diversity of grape cultivars.

Keywords: processed pseudogenes; nucleotide substitution; transitions and tranversions; cytosine
methylation and deamination; neutral sequence evolution

1. Introduction

Sequence diversity is generated by mutations that are transmitted across generations due to
evolutionary forces. Understanding the patterns and frequencies of spontaneous mutations is very
important, as these generate the molecular basis for gene and genome evolution [1–3]. The availability
of sequence polymorphism data for a high number of individuals of one species can provide a wealth
of information on the spectra and dynamics of nucleotide substitutions. However, most of these studies
are conducted without any assessment of the selective constraints on the sites analysed, and thus it can
be difficult to deduce how an identified substitution spectrum deviates from expectations constructed
under the assumption of neutrality.

Several reports have demonstrated that the rate of nucleotide substitutions can be significantly
influenced by the adjacent nucleotides, i.e., the probability that a nucleotide is substituted depends on
the identity of its neighbouring nucleotides [4–6]. Datasets of nucleotide polymorphisms generated
by next-generation sequencing usually do not report the identity of the neighbouring (unchanged)
nucleotides, and thus information on the nucleotide context in which a mutation has occurred is not
readily accessible.

A widely used approach to infer patterns and rates of nucleotide substitution at selectively
unconstrained sites is based on the analysis of pseudogenes [7,8]. These are inactive copies of genes,
and they are believed to experience very weak, if any, selective pressures [6,7,9]. Based on the
mechanisms leading to their formation, pseudogenes are usually classified into two types: (i)
duplicated (or non-processed), which are generated by genomic duplication and subsequent function
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disabling due to mutation; and (ii) processed (or retro-processed), which originate from genomic
integration of a cDNA copy retro-transcribed from a spliced mRNA molecule [10,11]. The identification
of either pseudogene type is generally based on their inferred intron–exon structure. Duplicated
pseudogenes usually retain introns and other regulatory non-transcribed sequences, such as promoters
and terminators, while processed pseudogenes are depleted of introns and of all untranscribed
regulatory regions. The absence of regulatory elements means that processed pseudogenes are
inactive, as at the time of their creation, and for this reason they were defined as “dead on arrival”
(DOA) elements [8,12]. An important feature of DOA elements for diversity studies is that they
represent a comprehensive catalogue of mutation events. In contrast, some mutations that occur in a
non-processed pseudogene before its inactivation might potentially have been lost due to the action of
purifying selection.

The determination of the spontaneous mutation patterns through an analysis of pseudogenes
also poses some critical issues. Several lines of evidence have recently challenged the view that all
DOA elements should evolve neutrally [9,13]. In this regard, an indication of the action of natural
selection on a sequence can be obtained by studying the ratio of synonymous to non-synonymous
substitutions. In theory, genes that evolve under purifying selection are expected to experience fewer
non-synonymous than synonymous substitutions. On the contrary, synonymous and non-synonymous
substitutions should be comparably frequent in pseudogenes, if these evolve neutrally.

As mutations are detected as changes in pairwise sequence comparisons, it is very difficult to tell
in which of the compared sequences the mutations have occurred. Several possible solutions to this
problem have been proposed [9]. The first and second base positions of codons generally determine
the coding specificity. A change at these positions will be subjected to purifying selection in the
functional locus, but not in the pseudogenes; thus, changes at these sites can be bona-fide attributed
to the pseudogene [9]. An alternative solution is to use an orthologous sequence from a closely
related species in combination with parsimony to infer the sequence that underwent the base change.
In practice, given a polymorphic site, the substitution is attributed to the pseudogene only if the
functional paralogous and orthologous sequences share the same nucleotide at that position [6,14,15].

The pattern of spontaneous mutation can vary across genomic regions, and therefore the
genomic distribution of pseudogenes should be adequately scattered to represent the various genomic
backgrounds. Analysis of spontaneous mutation patterns based on pseudogene–functional loci
comparisons has been carried out for several mammalian systems [6,8,14], while there is little
information available relating to plant genomes. Benovoy et al. [9] analysed 411 processed pseudogenes
in Arabidopsis thaliana and reported that the spontaneous pattern of mutation in A. thaliana is different
from that of mammals, but similar to that of Drosophila. Transitions were more abundant than expected
by chance, but in contrast to other systems, they were less frequent than transversions. A study
conducted by Ossowsky et al. [16] in resequenced Arabidopsis progenies, however, indicated that
transitions were 2.5-fold more frequent than transversions. Two independent studies examined the
variation dynamics of substitution rates in relation to regional and flanking nucleotides using datasets
of single nucleotide polymorphisms that were constructed by resequencing of genomic portions of
several individuals of A. thaliana and Zea mays (maize) [4,5]. Both of these studies reported significant
correlation between mutation frequency and regional A + T content. However, the relationships
pointed in different directions in these two species. There was a direct correlation between mutation
frequency and A+T content in A. thaliana, whereas the opposite trend was reported in maize. These
data demonstrated that some of the factors that influence the substitution rates can have different
weights across different species.

The so-called methylation/deamination cycle that defines an increased rate of transition from
cytosine to thymine due to rapid deamination of the methylated cytosine at CpG sites is one of the
most prominent effects of nucleotide context on substitution rates in plant genomes [4,5,9]. Other
context dependencies of the substitution rates have been reported in both Arabidopsis and maize, and
in some cases, these effects have proved to be species-specific [4,5].
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In the present study, we analysed the patterns of spontaneous base substitutions in V. vinifera,
as detected through the analysis of 259 processed grape pseudogenes. These data demonstrate that
the grape genome is almost at compositional equilibrium, and that transitions are more frequent than
transversions. Some of the neighbouring nucleotide effects seen for other species are also confirmed,
although very low regional effects on nucleotide substitutions emerged from this analysis of V. vinifera.
Although our results are limited to a single grapevine line, and thus may need to be confirmed on
other cultivars, we believe the findings reported here will be useful for comparisons with spectra of
mutations deduced from re-sequencing studies with grape cultivars. These studies are expected to
shed light on how natural selection impacts on sequence diversity.

2. Materials and Methods

2.1. Genomic Sequence

The V. vinifera genomic sequence, and the gene models and annotations, were downloaded from
http://genomes.cribi.unipd.it/DATA/. As the reference genome sequence was determined from
genomic DNA of cultivar Pinot 40024, all of the sequences used in this study should be referred to
this cultivar [17]. Coding sequences, and intron and intergenic sequences were obtained using the
gff2sequence software [18].

2.2. Pseudogene Identification

Processed pseudogenes were identified as described by Camiolo and Porceddu [19]. In brief,
the sequences of the V. vinifera exons were extended (at both ends) with additional nucleotides (exon
tails) from the neighbouring genomic regions [20]. As in Zheng and Gerstein (2006) [20], the length of
these exon tails were 51, 52 or 53 nucleotides, which depended upon whether the exon started/ended
with the first, second or third position of a codon. The tailed exon sequences were converted into
amino-acid sequences and used as queries for tblastn searches against the V. vinifera reference genome
sequence, which was previously masked in repetitive regions (Figure 1, Step A). The extra nucleotides
are important for the separation of duplicated from processed pseudogenes, as they allow the queries
to align to the pseudo-intron–exon boundaries of duplicated pseudogenes.

All of the tblastn hits with identity >40% and e-value <10−10 were kept for further analysis [20].
Adjacent hits that were identified by query sequences derived from adjacent exons of a functional
locus were assembled in a pseudogene model (Figure 1, Steps B, C). We controlled for the distance
between the assembled hits before incorporation into the model, by imposing their genomic distance
as shorter by 500 nucleotides (base pairs; bp) than the distance between the matching exons added.
This tolerance was set to take into account possible insertions within the identified pseudogenes [20],
and the 500 bp was derived by a trial and error process, to reduce the risk of predicting pseudogene
mosaics derived from independent pseudogenisation events. If present, the genomic region between
the two hits was considered as a putative pseudo-intron, and the hits were assembled in a model with
(eventually) an intervening (pseudo-)intron between the two (pseudo-)exons [21].

As paralogous loci identify (homologous) pseudogenes in overlapping chromosomal regions,
pseudogene models that overlapped by ≥20% of their length were clustered together. Pseudogene
models that overlapped by <20% of their length were assigned to different clusters, as these might
represent either pseudogenes generated by nested insertions of homologous sequences, or pseudogene
models generated by loci containing repetitive regions. The clusters identified at this step were
defined as ‘pseudogenic regions’ (Figure 1, Steps C, D). For each pseudogenic region, the pseudogene
model-functional locus pairs with the highest scores and the lowest e-values were selected for further
analysis. The functional loci selected at this stage were referred to as the pater locus of the pseudogene,
although they should be considered as a pseudogene sibling (i.e., functional paralogues).

http://genomes.cribi.unipd.it/DATA/
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Figure 1. The pipeline outline. The pseudogenes were identified by sequence homology to functional 
exons using tblastn. Step A: Query preparation and tblastn homology search. Step B: Hit filtering. 
Step C: Hit merging to generate pseudogenic models. Step D: Pater locus assignment. Step E: 
Pseudogene classification. 

Figure 1. The pipeline outline. The pseudogenes were identified by sequence homology to functional
exons using tblastn. Step A: Query preparation and tblastn homology search. Step B: Hit filtering.
Step C: Hit merging to generate pseudogenic models. Step D: Pater locus assignment. Step E:
Pseudogene classification.
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The pseudogene models were classified as processed, non-processed and fragmented, based on the
deduced exon–intron structure, e.g., the pseudogene sequences were aligned to the protein sequence
of their pater locus and the deduced intron–exon structure was determined using the Genewise
algorithm [22]. Here, blastn was run between each pseudogene model sequence and the introns of the
pater locus, as reported by Khelifi et al. [23] (i.e., length > 50, no similarity threshold, e-value > 10−5).
This step is not shown in Figure 1. Pseudogene models with introns inferred at analogous positions of
the exon–intron structure of the pater locus were classified as non-processed. Pseudogenes formed
by at least two hits, that matched two exons without predicted pseudo-introns, and that showed no
homology to the intron sequence of the pater locus in blastn searches were classified as processed and
were kept for further sequence analyses (Figure 1, Step E).

Finally, as a pseudogene sequence can be generated by genomic duplication of a pre-existing
pseudogene, we studied the phylogeny of pseudogenes in relation to the correspondent functional
loci. The pseudogenes and functional loci were grouped into clusters using the CD-Hit software [24],
with a sequence similarity threshold of 60% [24]. For each cluster of sequences, a neighbour-joining
tree was constructed using ClustalW [25]. Only the processed pseudogenes that showed the highest
homologies to the functional locus were inferred to be derived directly from retropositions of functional
loci (i.e., primary pseudogenes), and these were kept for further analysis.

2.3. Ka/Ks Rate Determination

The number of synonymous substitutions per synonymous site (Ks) and of non-synonymous
substitutions per non-synonymous site (Ka) were deduced using the method of Li et al. [26,27].
The Ka and Ks rates were calculated for pairwise alignments of collinear functional paralogues. The
collinear paralogues were identified using the MCScanX software, with the default settings [28].
The Ka and Ks values were also calculated for alignments that involved the pseudogenes and their
pater loci. The estimates obtained for the alignment involving the pseudogenes were slightly biased
(e.g., underestimated) because the functional gene sequence is expected to evolve at a lower rate than
the pseudogenes.

2.4. Analysis of Nucleotide Substitutions

The pseudogene-predicted amino-acid sequences were obtained by aligning the functional protein
encoded by the pater locus and the pseudogene sequence using Genewise [22]. The pseudo-proteins
were aligned to protein sequences that were encoded by functional proteins, using MUSCLE with the
default settings [29]. The aligned (pseudo-)protein was then converted to a sequence of codons using a
perl script. The substitutions between complimentary nucleotide pairs were joined and represented
with a unique code. For example, the two complimentary events of A substituted for G (A→G),
and hence T substituted for C (T→C), or vice versa, were joined and represented as A:T→G:C.

The directions of the nucleotide substitutions were inferred using the following two approaches.

2.4.1. The Non-Synonymous Dataset

Following Benovoy et al. [9], the substitutions at the first and second codon positions were
assumed to have occurred in the pseudogene. This assumption is supported by the consideration that
most mutations at these positions will change the codon coding specificity and hence will be filtered
by purifying selection in the functional locus.

2.4.2. The Parsimony-Based Dataset

The substitutions were inferred as those that occurred in the pseudogene by applying parsimony
to multiple alignments between the pseudogene, the pater locus, and an orthologous sequence from
A. thaliana. In brief, the alignment positions that featured the same nucleotide in the pater locus and
in its orthologues but showed a different nucleotide in the pseudogene were considered for further
analysis [6].
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3. Results

3.1. Identification of Primary Processed Pseudogenes

Processed pseudogenes were identified in V. vinifera through the homology search approach outlined
in Figure 1 [19]. As processed pseudogenes are generated by genomic integration of a cDNA copy
that is retro-transcribed from a spliced transcript, they are believed to be intronless. The pseudogene
structure was inferred through the study of the pseudogene–pater locus alignments at intron–exon
junctions, and by analysis of the sequence homology between the pseudogenes and the pater locus
intron sequences.

In practice, a pseudogene was classified as processed (or retro-processed) if (i) it was identified
by at least two matches to two consecutive exons of an intron-containing locus; (ii) the alignment
spanned the exon–intron position; and (iii) no sequence homology to paralogous intron sequences
was detected. Other diagnostic features showed low predictive power, such as for the presence of
adenine-rich regions at the 3′ end, or target site duplication, and thus these were not considered. For an
example of a pseudogene–pater locus alignment, see Supplementary Figure S1.

In theory, an intronless pseudogene might originate from genomic duplication of a pre-existing
processed pseudogene sequence. These duplicated pseudogene sequences will share the nucleotide
changes that occurred in the common ancestor of these pseudogenes (i.e., from its generation
by retroposition until genomic duplication) and thus provide (partially) redundant information
for mutation analysis. To avoid such redundancy, the pseudogenes and functional paralogues
were grouped into clusters based on sequence similarities. For each cluster, a phylogenetic tree
was constructed, and only the pseudogene sequences with functional paralogues as their closest
homologues (i.e., primary pseudogenes) were retained for further analysis resulting in 259 primary
processed pseudogenes (Supplementary Table S1).

3.2. Compositional Features of Functional Genes and Pseudogenes

The distributions of the G + C content of the coding sequences (Figure 2) or at the synonymous
codon positions (Supplementary Figure S2, G3 + C3) were unimodal, with means of 44% and 50%
(see Figure 2). The introns (Supplementary Figure S2) and intergenic sequences (Figure 2) showed
lower G + C content, with means of 33% and 32%, respectively. The V. vinifera pseudogenes showed a
mean G + C content of 42% (Figure 2), and a mean G + C content at the third codon position of 48%
(Supplementary Figure S2). These data were extrapolated from the reference genome sequence [17].

Diversity 2017, 9, 45  6 of 14 

 

pater locus and in its orthologues but showed a different nucleotide in the pseudogene were 
considered for further analysis [6]. 

3. Results 

3.1. Identification of Primary Processed Pseudogenes 

Processed pseudogenes were identified in V. vinifera through the homology search approach 
outlined in Figure 1 [19]. As processed pseudogenes are generated by genomic integration of a 
cDNA copy that is retro-transcribed from a spliced transcript, they are believed to be intronless. The 
pseudogene structure was inferred through the study of the pseudogene–pater locus alignments at 
intron–exon junctions, and by analysis of the sequence homology between the pseudogenes and the 
pater locus intron sequences.  

In practice, a pseudogene was classified as processed (or retro-processed) if (i) it was identified 
by at least two matches to two consecutive exons of an intron-containing locus; (ii) the alignment 
spanned the exon–intron position; and (iii) no sequence homology to paralogous intron sequences 
was detected. Other diagnostic features showed low predictive power, such as for the presence of 
adenine-rich regions at the 3′ end, or target site duplication, and thus these were not considered. For 
an example of a pseudogene–pater locus alignment, see Supplementary Figure S1.  

In theory, an intronless pseudogene might originate from genomic duplication of a pre-existing 
processed pseudogene sequence. These duplicated pseudogene sequences will share the nucleotide 
changes that occurred in the common ancestor of these pseudogenes (i.e., from its generation by 
retroposition until genomic duplication) and thus provide (partially) redundant information for 
mutation analysis. To avoid such redundancy, the pseudogenes and functional paralogues were 
grouped into clusters based on sequence similarities. For each cluster, a phylogenetic tree was 
constructed, and only the pseudogene sequences with functional paralogues as their closest 
homologues (i.e., primary pseudogenes) were retained for further analysis resulting in 259 primary 
processed pseudogenes (Supplementary Table S1). 

3.2. Compositional Features of Functional Genes and Pseudogenes  

The distributions of the G + C content of the coding sequences (Figure 2) or at the synonymous 
codon positions (Supplementary Figure S2, G3 + C3) were unimodal, with means of 44% and 50% 
(see Figure 2). The introns (Supplementary Figure S2) and intergenic sequences (Figure 2) showed 
lower G + C content, with means of 33% and 32%, respectively. The V. vinifera pseudogenes showed 
a mean G + C content of 42% (Figure 2), and a mean G + C content at the third codon position of 48% 
(Supplementary Figure S2). These data were extrapolated from the reference genome sequence [17]. 

 
Figure 2. Relative G + C content distribution of the pseudogenes (red), the coding sequences of the 
functional genes (blue), and the intergenic sequences (yellow).  

3.3. Pseudogene Evolutionary Rates 

As pseudogenes are non-functional, they are expected to be under very weak selective 
constraints. Under this assumption, the non-synonymous (Ka) and synonymous (Ks) substitution 

Figure 2. Relative G + C content distribution of the pseudogenes (red), the coding sequences of the
functional genes (blue), and the intergenic sequences (yellow).

3.3. Pseudogene Evolutionary Rates

As pseudogenes are non-functional, they are expected to be under very weak selective constraints.
Under this assumption, the non-synonymous (Ka) and synonymous (Ks) substitution rates should be
equal, and hence the Ka/Ks ratio should approach unity [1,7]. Although all of the pseudogenes used in
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this study appeared to be disabled, their sequence evolutionary rates were analysed, as several studies
have demonstrated that pseudogenes can undergo exaptation for other functions [9,13].

As most amino-acid changes (i.e., non-synonymous substitutions) are selected against in coding
sequences, functional genes are expected to have significantly lower Ka/Ks ratio than pseudogenes.
As illustrated in Figure 3, the Ka/Ks ratio of the pseudogenes was shifted significantly towards higher
values compared to that for the functional genes (p < 0.01). However, the pseudogene Ka/Ks ratio
did not peak at the expected value of 1.0. Note that the pseudogene sequences were compared to
their ‘sibling’ functional sequences, and not to their true ancestral pater locus. This unavoidable
approximation may have inflated the rate estimations [30].
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3.4. Transitions Are More Freequent Than Transversions

Two datasets of substitutions were analysed. The non-synonymous dataset (see Methods) comprised
nucleotide substitutions at the first and second codon base positions. Generally, substitutions at these
positions change the coding specificity of the codon, and are thus counter-selected in the functional locus.
On the other hand, the parsimony-based dataset (see Methods) comprised the substitutions identified
as single nucleotide variations with respect to the consensus nucleotide between the pater locus and
orthologous locus at the corresponding position.

For each nucleotide type (i.e., adenine, guanine, cytosine, thymine), Table 1 provides information on
the number of positions inferred to be unchanged in the pseudogene, the positions featuring substitutions
in the pseudogene, and those missing in the aligned pseudogene sequence. The substitutions were
classified as transversions if a purine was changed for a pyrimidine (or vice versa), or as transitions
if they involved only purines or pyrimidines. Cytosine and guanine in CpG dinucleotides were
treated separately.

Cytosine and guanine showed the highest frequencies of transitions (Table 1). In particular,
cytosine and guanine that were part of the CpG dinucleotides were very frequently substituted
by transitions. The CpG dinucleotide is a common target for cytosine methylation, and methylated
cytosine is frequently converted to thymine by deamination. These data confirmed the high frequencies
of transitions at CpG sites. However, high frequencies of transitions were also seen for non-CpG
dinucleotides, which suggested that the methylation/deamination cycle alone cannot explain the high
prevalence of transitional substitutions in these grape pseudogenes. The overall patterns detected in
the two datasets were highly similar (see Supplementary Table S2 for an analogous summary of the
non-synonymous dataset).
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Table 1. Summary of nucleotide substitutions in the grape processed pseudogenes from the parsimony-based dataset.

Nucleotide Total Unchanged Deletions Substitutions a

Type Group (n) (n (%Total)) (n (%Total)) Total Transitions (n (%Substitutions)) Transversions (n (%Substitutions)) Transitions: Transversions Ratio

A All 13,546 12,655 (93.42) 198 (1.46) 693 (5.12) 421 (60.75) 272 (39.25) 1.55
G All 11,928 10,476 (87.83) 172 (1.44) 1280 (10.73) 994 (77.65) 286 (22.34) 3.48

CpG 429 343 (79.95) 6 (1.39) 80 (18.65) 63 (78.75) 17 (21.25) 3.71
Non-CpG 11,499 10,133 (88.12) 166 (1.44) 1200 (10.44) 931 (77.58) 269 (22.42) 3.46

C All 8618 7516 (87.21) 102 (1.18) 1000 (11.60) 786 (78.60) 214 (21.40) 3.67
CpG 429 336 (78.32) 6 (1.39) 87 (20.28) 81 (93.10) 6 (6.90) 13.50

Non-CpG 8189 7180 (87.68) 96 (1.34) 913 (11.15) 705 (77.21) 208 (22.78) 3.39
T All 13,835 12,955 (93.64) 158 (1.14) 722 (5.22) 446 (61.77) 276 (38.23) 1.62

a Transversion, purine changed for pyrimidine (or vice versa); transitions and substitutions that involve only purines or pyrimidines.
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3.5. Effects of Compositional Background on Nucleotide Substitution

It has been reported that nucleotide substitution rates can vary among compositionally different
genomic regions. To gain insight into this phenomenon (i.e., regional effects), the pseudogenes were
divided into four groups based on the G + C content of the flanking genomic regions (30,000 bp at
both sides of each pseudogene). In all of these pseudogene groups, most of the substitutions occurred
by transitions with an overall balance towards a decrease in G:C content (see Figure 4a).

The substitution rates between the nucleotides were also investigated. Following the approach
of Zhang and Gerstein [6], the substitution rate was considered to comprise two rates: one that
measures the frequency of the change of one nucleotide to another (i.e., substitution rate); and the
other that reports the relative proportions of the changes normalised to the identified substitutions
(i.e., substitution preferentiality). For example, if we are studying the substitution of nucleotide j for i,
we calculate the substitution rate as the ratio between the changes from j to i divided by the total
number of nucleotides j in the pseudogene at the time of its integration. This index describes how often
the j→i substitution occurs in a sequence. The index of substitution can be preferentiality obtained by
normalising the substitutions j→i for the total number of nucleotides j that have been substituted; in
other words, the number of j→i changes can be divided by the total number of substitutions that have
involved the j nucleotide in the pseudogene. Substitutions between complementary nucleotide pairs
were added together. For example, to study the A:T→G:C substitutions, we added up the adenines
that were substituted by guanines, and the thymines that were substituted by cytosines. Figure 4a
reports the substitution rates (for the parsimony-based dataset) between the nucleotides, and Figure 4b
reports the substitution preferentialities (for the parsimony-based dataset). The analogous data for
the substitution rates and preferentiality calculated for the non-synonymous dataset are reported in
Supplementary Figure S3a,b.
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The transitions of G:C→A:T were more frequent than the reverse, of A:T→G:C, which is in 
agreement with the higher rates of substitutions of G:C for A:T (Figure 4a). Such a bias towards an 
A:T increase was also observed for the transversions, as the G:C→T:A transversions were more 
frequent than the reverse, A:T→C:G. The rates of the G:C→A:T transitions were associated with the 
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Figure 4. Substitution patterns between the nucleotide pairs. (a) Substitution rates as normalised by
the numbers of nucleotides of each type. Confidence intervals (95%) are given. (b) Substitutions rate
(preferentiality) as normalised by the proportions of nucleotides that have mutated to another type.
Reported values are intended as percentages. Each bar represents the sum of the substitution rates
for complementary nucleotide pairs. As a way of example, A:T→G:C derives from the analysis of
substitutions A→G and T→C.

The transitions of G:C→A:T were more frequent than the reverse, of A:T→G:C, which is in
agreement with the higher rates of substitutions of G:C for A:T (Figure 4a). Such a bias towards an A:T
increase was also observed for the transversions, as the G:C→T:A transversions were more frequent
than the reverse, A:T→C:G. The rates of the G:C→A:T transitions were associated with the regional
G:C content, with higher rates of these transitions in the groups with lower regional G:C content. Such
an effect was, however, less evident for the non-synonymous dataset (see Supplementary Figure S3a).

A different picture emerged in the analysis of the substitution preferentiality (Figure 4b). The
differences in the preferentiality rates among the two transitional types were less imbalanced in favour
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of the substitutions, indicating an A:T increase. Also, the effects of the regional G:C composition on
the substitution preferentiality were less pronounced.

3.6. Neigbouring Effects on Nucleotide Substitutions

It has been proposed that nucleotide substitution rates are not only under regional effects,
but also local effects, e.g., the effects of the nucleotides adjacent to the site that is mutated [4–6].
This factor is referred to as a neighbouring effect on substitutions. In analogy with the analysis on
mononucleotides, the dinucleotide substitution rate was comprised of two factors: the substitution
rate, and the preferentiality rate [6]. The dinucleotide substitution rate was calculated by dividing the
number of a given dinucleotide substitution by the total number of occurrences of the dinucleotide in
question in the pseudogene sequence at the time of its formation [6]. The dinucleotide preferentiality
rate was obtained by normalising the dinucleotide substitutions for the total number of dinucleotides
that had mutated in the pseudogene since its formation. To study the effects of adjacent nucleotides,
it is essential that the change in question did not involve the nucleotide at the 5′ of the substituted
position. This corresponds to an analysis of the alignment in units of two positions and considering
only the units that differ in terms of the 3′ position [6]. The direction of the substitution was established
following the parsimony approach. Due to the complementarity nature of DNA here, we needed
to only consider the effects of the 5′ nucleotide. In other words, the effects of cytosine on thymine
for the dinucleotide TpC are assumed to be equivalent to the effects of guanine on adenine for the
complementary strand [20].

The neighbouring effects on the substitution rates are illustrated in the heatmap of Figure 5.
The rows represent the 12 possible substitutions, while the colour intensities of the cells define the
substitution rates. For example, if we consider the transition of A→G, it is evident that this occurs
more frequently when the adenine is flanked at the 5′ by a thymine. The transition of G→A showed
the highest neighbouring effect, with the highest substitution rates when the guanine was flanked
by a cytosine in a CpG dinucleotide (Figure 5a). However, no neighbouring effect was seen on the
substitution preferentially for these transitions (Figure 5b). We also noted a high rate of transition of
C→T, especially when the cytosine was preceded by a guanine.
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Porceddu et al. [31] compared the abundances of the dinucleotides in plant genes with the expectations
based on the DNA (mono)nucleotide compositions. The TA dinucleotide was under-represented in
both coding and non-coding genomic regions. For both A→G and A→T substitutions, TpA showed
a higher substitution rate than the other nucleotides. However, this conclusion did not hold for the
A→C substitutions.

4. Discussion

We have used processed pseudogene sequences here to infer the patterns of spontaneous
mutations in the V. vinifera genome. As pseudogenes appear not to be subjected to functional
constraints, all of their mutations (i.e., nucleotide substitutions) would be selectively neutral and
become fixed with equal probability [7,8]. The rate of substitutions from G:C→A:T were higher than
the reverse of A:T→G:C. This tendency towards A:T enrichment of pseudogenes was seen for both
transitions and transversions. Taking into account the A:T→G:C substitution and the reverse rate,
we calculated the equilibrium frequency as about 70 to 72% for A + T, which is a little higher than the
average of 67 to 68% for introns and intergenic sequence.

Ossowsky et al. [32] calculated that the expected A+T equilibrium frequency for the A. thaliana
genome would be 85%, which is higher than the 68% of the whole A. thaliana genome sequence. Based
on the analysis of single nucleotide polymorphisms in maize transcript sequences from a panel of
varieties, Morton et al. [5] calculated an expected A + T frequency of 62% for the maize genome.
The average A + T relative content of the maize genome is 55% (for non-coding regions), which
suggests that maize is far from reaching its compositional equilibrium [5].

The present data indicate that the grape genome is closer to compositional equilibrium than maize
and A. thaliana. Whether this difference is due to any ascertainment bias of our pseudogene datasets or
to other forces acting in the opposite direction (i.e., lower incidence of the G:C biased gene conversion
in V. vinifera, as compared to other plant species) deserves further studies.

These data indicate that transitions are 3.5-fold more frequent than transversions in grape
pseudogenes. Benovoy et al. [9] reported that in A. thaliana processed pseudogenes, although the
transitions were more abundant than expected by chance, they were less frequent than transversions.
In contrast, Ossowsky et al. [32] reported a transitions/transversions ratio of about 2.5 in 10 fully
resequenced A. thaliana progenies. Studies conducted by Morton et al. [4] on 90 fully resequenced
A. thaliana lines confirmed this preponderance of transition over transversion in introns and intergenic
regions of this species. Similar findings have also been reported for several vertebrate genomes [6],
and these have converged on the indication that the deamination of methylcytosine is the main
determinant of the high transition rate. However, it was recently reported in the grasshopper
Podisma psedestris that the transition and transversion rates were similar if the mutations that involved
CpG sites were excluded from the computations [33]. To determine whether this conclusion holds
for V. vinifera, we separately analysed the cytosines and guanines that were part of the CpG
dinucleotides. Indeed, the CpG sites were subjected to very high rates of transitions, although there
was also an excess of transitions over transversions even for cytosine and guanine in the non-CpG
dinucleotides. Such a finding indicates that the methylation/deamination cycle alone cannot explain
the high transition/transversion ratio in these grape pseudogenes. A similar finding was reported in
Homo sapiens processed pseudogenes [6], and also by Ossowsky et al. [32] in a study that compared
the patterns of methylated cytosines in an A. thaliana individual and the substitutions of 10 fully
resequenced progenies.

Zhang et al. [6,34] suggested that the rates of spontaneous mutations can vary among regions.
This finding implies that the A:T equilibrium frequency might vary between genomic regions, and it
raises questions about the relationships between the genomic distribution of pseudogenes and the
sampling errors for the rate estimates. To address these questions, we analysed the substitution
rates in compositionally different genomic backgrounds. The differences between these ‘regional’
substitution rates were very small, and they defined a clear trend only in the parsimony-based dataset.
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This finding is in sharp contrast with the data of Zhang and coworkers [6] in H. sapiens, where their
rates of substitutions were clearly associated to compositional differences of the genomic regions. It is
worth recalling that in contrast to V. vinifera, the H. sapiens genome is organised compositionally in
highly differentiated regions, termed isochores [35]. Studies conducted in both Arabidopsis and maize
have, instead, demonstrated significant regional context effects on substitution rates, with an evident
association of the regional A:T content and substitutions replacing cytosine or guanine for adenine
or thymine [4,5]. It is important to mention that these studies analysed the substitution patterns of
non-coding sites, and the regional compositional context was determined based on the sequence of
the locus scored for the mutations. The processed pseudogenes originated from retropositions of loci
that mapped elsewhere in the genome. We speculate that the compositional differences between the
sites and their pater locus genomic positions influenced our detection of substitution regional effects
in V. vinifera. We acknowledge also that due to the limited size of the dataset used here, it might have
lower power for studies on (weak) regional effects. For these reasons, we urge caution in drawing
conclusions based solely on the findings presented in the present study.

Through this study, we investigated the substitution rates as determined by two main factors.
The nucleotide substitution rate is a measure of the nucleotide stability, i.e., the probability of a
given nucleotide to be changed for another nucleotide. The substitution preferentiality (or the
proportion of substitutions) measured the probability of a given type of change over the other possible
changes. Neither of these measures of the substitution rates showed strong dependence on regional
genomic background. On the contrary, there were evident neighbouring effects of some substitutions.
For example, the presence of cytosine at the 5′ end of guanine had evident effects on the probability of
guanine to be substituted by a transitional event. However, we did not find any strong neighbouring
effects on the preferentiality rates, which indicated that, in this case, the neighbouring nucleotide
influenced the vulnerability to mutation, but did not influence the direction of the substitution. Another
interesting case was for nucleotides ending with adenine. The presence of thymine at the 5′ targeted
the adenine for mutation, which is in agreement with the under-representation of TA in plant genomes.

The advent of next-generation sequencing and the availability of a reference genome will soon
allow the generation of sequence data from the wide grape germplasm [36,37]. The spontaneous
mutation patterns of nucleotide substitutions presented here can be used as a reference for studies that
are aimed at understanding how selection and other evolutionary forces shape the sequence diversity
of grape cultivars.

Supplementary Materials: The following are available online at www.mdpi.com/1424-2818/9/4/45/s1,
Figure S1: Pseudogene–pater locus alignment, Figure S2: GC3 content of pseudogenes and functional genes,
Figure S3: Substitution patterns between nucleotide pairs (non-synonymous dataset), Table S1: List of the analysed
processed pseudogenes.
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