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Chapter 3

Lateral genes in the genomic
DINA sequence

3.1 The correlation between the G+C con-
tent of the genomic DNNA sequences and
the G+C content at the third codon po-
sition (GC3 content) for all ORFs of the
genomic DNA sequences

As shown in Fig. 1, the scores of the G-+C content (GC content) of twenty-
three genomic DNA sequences show the range to be between approximately
25 and 70%. There was a strong positive correlation, however, reported
between the GC content of the genomic sequence and the GC content at
each codon position in all ORFs of each genomic DNA. sequence ( GC3-plot
named in ref 55) 58 , Nevertheless, the G+C content at the third codon po-
sition{ GC3 content) in all ORFs demonstrated the best correlation as shown
in Fig. 2, which was similar to the result described in ref 57. Consequently,
the use of the GC3 content as a gene index of the gene is suggested to lead
to better results, since the genes are thus better patterned and standardized.
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Figure 1 Plot of the G+C content between the complete genomic DNA sequences (GC
content) and the third codon position of all the ORFs {GC3 content).
Abbreviations are as listed in Table 1. A regression line is fitted to the data.



15

GC at each codon position

g %‘Eg 4 = =
s £58 & & &
HEE ‘E‘:'s‘,@ og‘;gte ggg—g o 2
Rz fES BERE S5 88 & g5
L LT T i
| i ] ! | ' | '
08 —
06 |— _
04 - -
02 - —]
0 ; | ! | 1 L L | 1
20 0 4 50 60 70

average GC content of all genes of genome DNA sequences

Figure 2 Plots of the average GC contents at each codon position for all genes against the
G+C contents of the genomic DNA sequences used in this analysis.
The regression lines were fitted to the data. Open squares ([0 ), open triangles
(A) and filled circles (@ ) indicate the average G+C content of the first, second
and third codon positions, respectively. Abbreviations are as listed in Table 1.
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3.2 The correlation between the G+C con-
tent of the genomic DNA sequences and
the G+C content at the third position of
the three types of codons found in orthol-
ogous genes

Codons compared between orthologous genes were classified into three
categories, IA, DC, and IC. IC indicates the identical codons coding the
same amino acids; DC indicates the different codons coding the different
amino acids; and IA indicates the synonymous codons coding the same amino
acids (synonymous codons). As shown in Fig. 3, DO indicates the differences
of GC content between species 1 and species 2 and D1, D2 indicate the bias
of the GC3 content between species 1 and the value calculated using the
regression line at the GC content of species 1 and that of species 2 and the
value calculated using the regression line at the GC content of species 2. And
D12 showed the difference of GC3 content between species 1 and species 2.

Fig. 4 shows the correlation between the GC3 content of IC, DC, and IA in
the orthologous genes among Ph and Pa and the GC content of the genomic
DNA sequences. The CG3 content of IC is not taken into consideration since
the GC3 content does not vary between the two species. The deviation of the
GC3 content of DC was similar to the expectation value of the GC content
of the genomic DNA sequences. The deviation of the GC3 content of TA
was the largest. Therefore, the GC3 content of the synonymous codon in the
orthologous genes was suggested to distinguish lateral gene from the stable
genes of the genomic DNA sequence.
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Figure 3 Illustration of the quantities of the differences of GC3 content
The circles represent the GC3 content for species 1 (Sp/) and species 2 (Sp2},
as labeled. DO represents the difference of the GC content between Sp/ and Sp.2.
D1 and D2 indicate the difference of GC3 content in the overall GC3 content
between Sp! and Sp2 from the GC3-plot, respectively. D12 indicates the
difference of GC3 content between Sp/ and Sp2.
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Figure 4 Separate plots of the GC3 content of IA, DC and IC, for Ph/Pa comparison
in GC3-plot.
Ph is species 1 and Pa is species 2. (a) IA category. (b) DC category -
only D0 and D12 are shown. (¢) IC category -D12 is not shown since D12
is zero by definition.
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3.3 Distribution of the G+C content at the
third codon position of synonymous codons

in the orthologous genes of Pyrococcus
horikoshii OT3

Fig. 5 plots the distribution of the GC3 content of synonymous codons in
the orthologous genes against the position of the genomic DNA sequence of
Ph. The average of the GC3 content of synonymous codon in the ortholo-
gous genes was 0.365. The genes having synonymous codons with the higher
GC3 content were located particularly in the region from approximately 300
Kbp to 420 Kbp (high GC3 content region). And the genes having synony-
mous codons with the lower GC3 content were located in the region from
approximately 1,320 Kbp to 1,400 Kbp (low GC3 content region).

As shown in Fig. 6 (a), the distribution of GC3 content of orthologous
genes in Ph was regarded as a Gaussian distribution having an average and
standard deviation of 0.365 and 0.0709, respectively. It was reported that
780 genes in the DNA sequence of Escherichia coli, which was corresponded
to approximately 30% of the whole genomic sequence, were analyzed by
Fractional Correspondence Analysis and the Dynamic Clustering Method and
the genes were classified into three classes *¥ . The 111 genes constituting
the horizontally inherited transfer genes comprised the class with the smallest
codon bias among the three classes 3 . Therefore, the score of 0.142 with
respect to the total genes analyzed suggests these genes to be transferred in
this DNA sequence. When this value is applied to the distribution of GC3
content of the orthologous genes, the coefficient of the standard deviation
is approximately 1.5. Thus, the values of the GC3 content were 0.471 and
0.233. For the distribution of the GC3 content of putative lateral genes, it
might be likely that the curve would increase and decrease near both edges of
the distribution. In addition, patterns of the GC3 content of the synonymous
codons in both regions, as shown in Fig. 6 (b), were different from that of
all orthologous genes in the genomic DNA sequence. Therefore, by exploring
such values that the distribution curve would increase and decrease near
both edges of the distribution curve for GC3 content of orthologous genes,
we chose the two values, both 0.475 and 0.245 to distinguish the genes of high
GC3 content and low GC3 content, respectively, from the orthologous genes.
These values were then applied as thresholds for distinguishing lateral genes
from the stable genes of Ph. In the genomic DNA sequence of Ph, there are
78 orthologous genes, whose GC3 content of the synonymous codons is more
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Figure 5 Plot of the GC3 content of synonymous codons of orthologous genes
against the genomic DNA sequence of Ph.
A and B indicate the high GC3 and the low GC3 content region,
respectively. The overall average of the GC3 content of synonymous
codons is 0.365.
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Figure 6 Distribution of the GC3 content of synonymous codons of all erthologous genes in Ph.

(a) The histogram of GC3 content of synonymous codons of all orthologous genes.

(b) The distribution of GC3 content of synonymous codons of all exthologous genes, the
orthologous genes in the region from 300 to 402 Kbp, and those in the region from 1,320 to 1,340
Kbp, as represented by a gray dashed line, a black bold line and a gray bold line, respectively.
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than or equal to 0.475. Sixteen genes were located in the high GC3 content
region in Fig. 5, region A. In 48 of the orthologous genes, however, the GC3
content of synonymous codons is less than or equal to 0.245. Thirteen genes
were located in the low GC3 content region in Fig. b, region B.

3.4 Characteristics of the high and low GC3
content regions

By analysis of 126 orthologous genes, 40 orthologous genes were homolo-
gous to genes from Bacteria and Archaea, 24 genes from Eukarya and Archaea
and 54 from Archaea. Bight orthologous genes had homologous genes from
all three domains, Archaea, Bacteria and Eukarya as shown in Fig. 7.

In the high GC3 content region shown in Fig. 5, region A, 63 genes were
orthologous genes, 49% and 8% of which showed homology to the genes from
Bacteria and Archaea and to those of Eukarya and Archaea, respectively.
Twelve of 16 orthologous genes, whose GC3 content of synonymous codons
is greater than or equal to 0.475, were homologous o the genes from Bacte-
ria and Archaea. In the low GC3 content region shown in Fig, 5, region B,
69 genes were orthologous genes, 41% and 25% of which were homologues to
the genes from Eukarya and Archaea and from Bacteria and Archaea, respec-
tively. Twelve of 13 orthologous genes, whose GC3 content of synonymous
codens is less than or equal to 0.245, were homologous to the genes from
Archaea and Eukarya.

Four orthologous genes in the high GC3 content region, region A as shown
in Table 3 (a), were classified into the category of cell structure, because they
were homologous to genes related to cell wall or lipopolysaccharides. They
also showed high homology to genes related to the cell envelope or biosyn-
thesis of surface polysaccharides and lipopolysaccharides from Streptococcus.
On the other hand, the organization of the operon related to this function
is known to differ among Streptococcus thermophilus species °®) . The 13.6
Kbp epsL-I5981S5C region of Streptococcus thermophilus CNRZ386 is closely
related to the functionally similar sequence of Lactococcus lactis NIZB40.
The IS elements (ISS1 and IS981) shared more than 98% identity to the ho-
mologous 1SS! and IS981 from L. lactis. In addition, probes isolated from
this region hybridized with various DNA fragments of L. lactis and the GC
content in this region showed variability. This suggests that the entire epsL-
159815C region was transferred from L. lactis % . The four orthologous
genes had a bias of GC3 content of synonymous codons and were homolo-
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Figure 7 Distribution of the three domains of genes homologous to the
orthologous genes in Pyrococcus horikoshii OT3.
Characters E, A and B indicate Eukarya, Archaea and Bacteria,
respectively.
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Table 3 Number of the GC3 content of synonymous codons of orthologous
genes in Ph

(a) GC3 content of synonymous codons of the orthologous genes is 0.475 or greater.

. number of the orthologous numbgr of the orthologous
category of function genes in the 300-420 Kbp
genes (region A)
transcription 3 0
transiation 5 0
replication 5 1
cell process 5 1
cell structure 8 4
metabolism 7 2
others 0 0
hypothetical protein 45 8

{b) GC3 content of synonymous codons of the orthologous genes is 0.245 or less.

. number of the orthologous num}:)er of the orthologous
category of function genes in the 1,320-1,400 Kbp
genes (region B)
transcription 2 0
translation 11 6
replication 0 0
cell process 3 1
cell structure 1 0
metabolism 5 1
others 1 0
hypothetical protein 25 5
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gous to the genes from Bacteria and Archaea in Fig. 8 (b), vegion 1. I suggest
that they are likely to be lateral genes,

In the low GC3 content region in Fig. 8 (c), region B, six orthologous
genes were classified into the category of translation as shown in Table 2
(b). Among these six, five were homologous to genes coding for ribosomal
proteins. Asshown in Fig. 8 {c}, all of the orthologous genes except PH_1529,
whose GC3 content of synonymous codons is less than or equal to 0.245,
were homologous to genes from Archaea and Eukarya. It is conceivable that
mutations had been occurring in the nucleotide bases, and as the result of
mutation, amino acids were either changed or not. In spite of the selection
pressure in evolution, changes have been taking effect not on amino acids
or proteins but rather on nucleotide bases or the chromosomes. Thus, the
smallest deviation from the GC3 content of the genomic DNA sequence, in
comparison with that of other regions, demonstrates that the genes were
mostly unaffected in evolution.

Taken together, it is suggested that a region from another species would
have transferred into the 300-420 Kbp region of the genomic DNA sequence
of Pyrococcus horikoshii OT3, since eight putative lateral genes were located

in this region. Additionally, fifteen putative lateral genes were identified in
the high GC3 content region.
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Figure 8 Gene maps of the high and low GC3 content region.

(a) and (b) show the high content region and (c¢) and (d) show the low
content region. Red blocks indicate the homologues from Archaea. Blue
ones indicate those from Bacteria and Archaea. Green ones indicate those
trom Eukarya and Archaea. Gray ones indicate those from Eukarya,
Bacteria and Archaea. Violet ones indicate that from Eukarya and Bacteria.
Yellow squares represent the genes having the higher GC3 content of
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synonymous codons, greater than or equal to 0.475, in region A of the high
GC3 content region and those having the lower GC3 content, lower than or
equal to 0.245, in region B of the low GC3 content region. Gray squares
represent the orthologous genes. In the region 1, the orthologous genes were
related to cell-wall or lipopolysaccharides and in region B, the orthologous
genes were related to translation.





