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1 Introduction

The goal of our study is to understand the heterogeneous codon usage among intra- and inter-species
speci�c codon usage in view of biological functions. In the previous study, we heve developed the pro-
cedure for estimating species-speci�c heterogeneous codon usage on the basis of principal component
analysis [1, 2, 3] and applied this procedure for estimating ORFs in the complete nucleotide sequences
of �CTX, a cytotoxin-converting phage of Pseudomonas aeruginosa [4]. In the present study, we pro-
pose a procedure to categorize genes in interspecies. Codon usage in a gene can be described by a
vector consisting of codon-usage frequencies. The categorization procedure is based on an arti�cial
self-organization algorithm of the vectors representing codon usage in genes. The self-organization
process, suggested originally by Kohonen [5, 6, 7], has the special property of e�ectively creating spa-
tially organized \internal representations" of various features of input signals and their abstractions.
We have applied the methodology to classi�cation of genes in sixteen bacteria whose genomes have
been sequenced completely.

2 Methodology

Reference vectors are placed in two-dimensional array (called Self-organization map (SOM)). Here
wuv represents the vector at the uvth position of the array. The initial reference vectors are set by
the cumulative codon usage patterns for bacteria, and placed using the �rst and second axes obtained
by a principal component analysis. The vectors are adjusted by the competitive learning as follows.
Firstly, we �nd wCuCv

i closest to xi, where xi represents the codon usage pattern for the ith gene.
Then, the vectors in the region between Cu-� and Cu+�, and between Cv-� and Cv+� are adjusted
by Eq.(1).

wuv(New) = wuv + �(xi �wuv) (1)

where 0<�<1. The two parameters � and � are decreased as the training process proceeds. The
following error function in Eq .(2) is used for assessing the e�ciency of organized "internal represen-
tations" of input vectors.

E =
X

i

D(xi;w
CuCv

i)
2 (2)
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where D(xi, w
CuCv

i ) represents Euclidean distance between the two vectors. Then, the ith gene is
classi�ed into CuCv-position of the array.

3 Results and Discussion

The data set consists of 29596 ORFs with longer than 299 nts in length (1489 for Aquifex aeolicus, 2088
for Archaeoglobus fulgidus, 3788 for Bacillus subtilis, 772 for Borrelia burgdorferi, 833 for Chlamydia

trachomatis, 3913 for Escherichia coli, 1572 for Haemophilus in
uenzae, 1392 for Helicobacter pylori,
1522 for Methanobacterium thermoautotrophicum, 1646 for Methanococcus jannaschii, 450 for My-

coplasma genitalium, 657 for Mycoplasma pneumoniae, 3675 for Mycobacterium tuberculosis, 1973
for Pyrococcus horikoshii, 2909 for Synechocystis sp., and 917 for Treponema pallidum). The training
was done at �ve cycles for the data set, that is, 29596 x 5 iterations. The two parameters are set as
follows, �=0.40, 0.35, 0.30, 0.25, 0.20, and �=10, 8, 6, 4, 2 for �ve cycles.

Fig. 1 shows the number of genes classi�ed by SOM. Vertical and horizontal axes are initially
determined by the �rst and second principal components of cumulative codon usage for the sixteen
bacteria. Dots on SOM represent 1 to 9 genes. This �gure indicates very biased distribution of genes
on SOM. More than hundred genes are clusterized at thirteen positions (which are underlined in the
SOM.) Gene for E. coli are dominant at the position 37 in vertical axis and 15 in horizontal axis
(denoted by v37-h15) and genes for H. pylori are dominant at the position of v61-h24. Genes for
B. subtilis are dominant at four positions, v100-h1, v100-h4, v100-h5, and v100-h41. Genes for A.
fulgidus are dominant at two positions, v78-h43 and v80-h44. Genes for A. aeolicus are dominant at
four positions, v81-h45 and v82-h45, v70-h59, and v71-h59. Multi-species genes are clusterized at one
position, v71-h35. In this way, SOM makes it possible to understand the biased distribution of genes
in codon usage patterns. The biological meanings of the reference vectors will be discussed in poster
at GIW98.
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1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

1 16 . . 15 . . . .121811 . . . 16 . . . .1424 .13 . . . . . . . . . . . . . . . . . . . . . . . .10 . . . . . 11
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4 . . . . . . . .131015 . . . . .19 . . . . . . . . . . . . . .17 . . . . . . . . . . . . . . . . . . .
5 . . . .13151620 .21 . . . .11 . . . . . . . . . . .251117 . . . . . . . . . . . . . . . . . . . . .
6 . . . 10 . . . . . . . . . . . . .11 . . . . . . .161014111114 . . . . . . . . . . . . . . . . . . . .
7 . . . . 10 . . .23 .11 . . . . . . . . . . . .10131320 .11 . . . . . . . . . . . . . . . . . . . . . .
8 . . . . . . . . . . . . . . .10 . . . . . . .13 . .14 . . . . . . . . . 11 . . . . . . . . . .
9 . . . . . . . . . . . . .10 . . .13 .12 . . . . . . . . . . . . . . . . . . . . . . . . . . .

10 . . . . . . . . . .151022 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
11 10 . . . 12 . . . . . . . .12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
13 . . . . 16 . . . . . . . . . 1417 . . . . .1024 . . . .11 . . . . . . . . . . . . . . . . . . . . . .
14 . . . . 12 . . . . . .11 . . . . . . . . . . . .19 . . . . . . . . . . . . . . . . . . . . . . . . . .
15 . . . . 15 . . . . . . . . . . . . . . . . .10 . . . . . . . . . . . . . . . . . . . . . . .11 . . .
16 . . 12 28 . . . . . . . . . . . .1113 . . . . . . . . . . . . . . . . .10 . . . . . . . . . . . . . . .
17 10 . . 16 . . .11 .11 . . . . . .11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
18 . . . . . . . . . . . .13 . . .10 . . . . . . . . . . . . . . . . . . . . . . . . . . .
19 . . . . . . . . . . . . .24 1911 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
20 . . . . . . . . . . . . . . . . . . . . . .25 . . . . . . . . . . . . . . . . . . . . .11 . . . . . .
21 . . . . .16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .15 . . . .
22 . . . 13 . .2314 . . . . . . . . . . . . .2817 . . . . . . .14 . . . . . . . . . . . . . . . . .
23 . . . . . . . . . . . . . . . . . . .17 . . . . .21 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
24 . . . . . . . . . . . 1815 . .16 2215112111 . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
25 . . . .2610 . . . . . . . .13 . . . . 29 . . . . . . . . . . . . . . . . . . . . . . . . . .
26 14 . . . . .11 . . .30 . .354139 .1027 . . 12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
27 31 . . . . . . . . . . .11 . 16221513 . .11 . . .10121316 . . . . . . . . . . . . . . . . . . . . . .
28 . . . . . . . . . 2013 .13 .1215 . . . .10 .18 . . . . . . . . . . . . . . . . . . . .
29 . . . . . . .12 . . . . . .12141914 . . . .31 . . . . . . . . . . . . . . . . . . . . . . .
30 16 . . . . . . . . . . . 11 . . . .1027 . . . 29 . . . . . . . . . . . . . . . . . . . . . . . . . . .
31 . . . . . . . . . . . . . . . .35 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
32 . . . . .121112 . . . . . .21 . . . .2025 . . . . . .16 . . . . . . . . . . . . . . . . . . . . . .
33 . . . . . . . .13 . . . . . . . . .201311 . . .15 . . . . .15 . . . . . . . . . . . . . . . . . . . . . . . . .
34 . .23 21 . . . . . . 27 . . . .131220 . . . . . . . .223157 . . . . . . . . . . . . . . . . . . .
35 . . . . . . . . . .3040 . . . . . . . . 3315 . . . . . .204412 . . . . . . . . . . . . . . . . . . .
36 . . . . . . .3734 .10 . .3930 . . 1115 .11 . . .11156313 . . . . . . . . . . . . . . .
37 . . . . . . . . . . . .13010 .393395 . . 10 . .111912 .10336038 . . . . . . . . . . . . . . . . . . . . .

38 . . . . . . . 90 . . . . .10 . . . .1126148038 . . . . .12 . . . . . . . . . . .14 . . . . . .
39 . . . . . . . . . . . . . . . . . . . . . .13 . . . . .22 . . . . . . . . . . . 12 . .13 .10 . . . . . .
40 . . . . . . . . . . . . . . . . .28 . . . . . . .10 . . . . . . . . . . . .2117 . . . . . . . . .
41 . . . . . . . . . . . . . . . . .24 . . . . . . . . . .11 . . . . . . . . . . . .11 . . . . . .10 . . . .
42 . . . . . . . . . . . . 1932 . . . . .15 . . . . . . . . . . . . . . . . . . . . . . . .
43 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18 . . . . . . . . . . . . . . . .
44 . . . . . . . . .13 . . . . . . . . . . . .17 . . .10 . . . . . .1750 . 12 . . . . . . . . . . . . . .22 24
45 . . . . . .15 . . . 1213 . . . . . . . . .2014 . . . .9721 56 .1110 . . . . . . . . . . .19 . .12 12
46 . . . . . . . .54 . .1412 . . . . . . . . . . . . .50 . 14 . . . . . .10 . . . . .21614849 . . . .2743 39
47 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2419131111 .13 . . . . 61
48 . . . . . . .122332 .12 .1523 . . . . . . . . .13 . .14 . . . . . . . . 13141413 .10 . . . . . . .
49 10 . . . . . . .113316 . . .14 . . . . . . . . . . . . . . . . . . . . . . .19 . .17211132 . . .
50 551023 21 . . .132327 .12 . . . . . . . . . . . . . .17 . . . . . . . . . .1012 .10 . .12 . . . .
51 463213 . . . . .1017 . .21 . .184618 . .1616 . 19 . . . . . .322341 . . . . . . . . . . .1211 . .10 . .262913 . . .
52 . . . . . . 33293012 . . . .14222636 . . . .25 . . . . .14191010 . . . . . . . . . . .253710 .18 . . .3612 . . .
53 . . . . . . .253410 . . . . . .10 . . . .1011 . .16 .223514 . .10 . . . . . . . . . . . . . . .11 . . . . . .
54 . . . . .171413 . . . . . .11 . . . . . . . .11 . . . . .11 . . . . . . . . . . . . . . . . . . . . . . .
55 . . . . . . .123017 . . . . . . .11 . . .1110 .60 .691610 . . . . . . . . . . . . . 16 . .12 . . . . . . .
56 . . . . .201326 . . . . . . . . . . . . . .3021 . . . . . . . . . . . . . .16 . 10 . . . . . .
57 . . . . . . . . . . . . . . . . . . .18293040 . . . . . . . . . . . . 1423361613 .10 . . . .
58 . . . . . . . . . . . . . . . 10 . . . . . . . . . . . . . .182835 . .10 . .26 . .
59 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11 .161115 .12 . . .
60 . . . . . . . . . . . . . . . 10 . . . . . . . . . . . . . .47 .141416 .
61 . . . . . . . . . . . . . . . . .14214 . . . . . . . . . . . . . . . .4023381331 . . 29

62 . . . . . . . . . . .15 .1627 . . . . . . . . . . . . . . . . . . . . .11522510 .12 13
63 . . . . . . .22 . . . . . . . . .21335016 . .329966725168 . . . . . . . . . . . . . .50 . . .11 .
64 . . . . . . . . . . . . . . . . . .14241524 . .1113 . .10 .27 . . . . . . . . . . . . . . . . . . .2026 . . . .
65 . . . . . . . . . . . . .1024 . . . .17 . . . .1020 . . . . . . . . . . . . . .10 .1312 .10 . . 12
66 . . . . . . . . . . . . .36 . . . .23 . . . . .13 . . . . . . . . . . . .12 . . . .12 15
67 . . . . . . . . . . . . . . . . . . . . .20 . . . . . . .18 . . . . . . . . . . . . . . . . . . 34
68 . . . . . . . . . . . .13 . . .12 2036 . . . . . . . .22 . . . . . . . . . . . . . . . . .1512 85
69 . . . . . . . . . . . . .18 . . . .24 . . . . .18 . . .25 11 . . . . . . . . . . . . .1221 . 77
70 . . . .14 . . . . . . . .13 . . . .1311 . . . . .11 . .224744 6313 . . . . . . . . . . . . . . . . . .123529103

71 . . . .17 .14 . . . . . . . .29 . . . . . . . . . . . .434610712 . . .11 13 . . . . . . . . . . . . . . .25139

72 . . . . .13 . . . . . . .231011 . . . . . . . 1637 25 . .15 . . .12 . . . . . . . . . . . . . .
73 . . . . . . . . . . .1912 103028 . . . . . . . . . . . . . . .1352 15 . .18 . . 13 . . . . . . . . . . . . . . .
74 10 . . . . . . . . . . . . .32 .12 . . . . . . . . . . . .16 . . .3114 . . . . . . . . . . . . . . . . . . .
75 12 . . .10132015 .22 . . 24 . . . . . . . . . . . . . . . 2025 . . . . . . . . . . . . . . . . .
76 .24 . . . 1524 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
77 . . . . . . . . . . .13 . . . . . . . . . . . . . 19 22 . . . . . . . . . . 21
78 . . . . . . .11 . . . . . . . . . . . . . . . . . 25108 . . . . . . . . . . . 12

79 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 . . . . . . . . . 33
80 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36114 883111 . . . . . . . . . . .

81 . . . . . . .13 .13 . . . . . . . . . . . . . . . . . . . . . . . . 14 4412929 . . . .12 . . . . . . 28

82 . . . . . . . .16 . . . . . . . . . . . . . . . . . . . . . . . . . 11 3114673 . . . . . . . . . . 10

83 . . . . . . .16 .15 .132225 22 . . . . . . . . . . . . . . . . . 39 18 2842 . . . . . . . .
84 . . . . . . . .1513 . . .14 15 . . . . . . . . . . . . . . . 19 4114 . . . . . . . . . 19
85 . . . . . . .1817 . . . . . 12 . . . . . . . . . . . . . . . . 15 . . . . 16 . . . . . . . . . . .
86 . . . . . .1914 . . . . . .11 . . . . . . . . . . . . . . . . . . . . . . . . . .14 . .
87 . . . . .2013 . . . . . .13 . . . . . . . . . . . . . . . . . . . . .19 .10 . . . . . . .
88 14 . . 35 2211 . .15 . . . . . . . . . . . . . . . . . . . . . 17 . . . . . . . . . . . . .
89 28 .13 16 . . . . . . .1310 . 10 . . . . . . . . . . . . . . . . . . . . . . . . . . .221316 . . . .
90 25 . . . . . . . . . .15 . . .11 . . . . . . . . . . . . . . . . . . . . . . . . . . .10 . . . . . . .
91 11 . . . . . . . . . . .16 2711 . . . . . . 10 . . . . . . . . .18 . . . . . . .11 . . . . . . .
92 . . 13 . . . .1410 . . . . . . . . . . . . . . . . . . . . . . . . . 10 . 11 . . . . . .13 . . . . . . . . .
93 . . .17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
94 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 . 18 22 .15 . . . . . . . . . . .
95 . . . . . . . . . . . . . . . . . . . . . . . . . .10 . . . . . 14 . . . . . . . .17 . . . . . . . . .
96 . . . . . . . . . . . . . . . . . . . . . . . . .14 . .16 12 . .28 . . 11 . . . . . . .41 . . . . . . .
97 . . . . . . .14 . . . .21 . . . . . . . .11 . .123419 851412 . .12 . . . . . . . . . .13 . .
98 1916 . . . . . . . . . . . .22 . . . . . . . . . 2030 . . . .11 10 . . . . . . . . . . .
99 24 . . 22 3426 . . . . .13 . . . . . . . . . . . . . . . . . . . . 3224 . . . 1212 . . . . . . . . . . . . . . .

10011224 .158284534914 . .23 . . . .16261112 . . . . . .1210 . . . . . . 41731040116530369 26 . . . . . . . . . . . . . . .

Figure 1: Classi�cation by SOM (Details are described in the text).
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