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Abstract. The relationship between the codon usage
bias and the sequence context surrounding the AUG
translation initiation codon was examined in 1100 Dro-
sophila melanogaster mRNA sequences. The codon
usage bias measured by the “‘codon adaptation index”
(CAlI), and the effectiveness of the AUG context for
translation initiation assessed by the “AUG contextad-
aptation index” (AygCAlI), showed a significant pos-
itive relationship (correlation coefficient: r = 0.34,
p < 0.0001), indicating that these two factors are
evolutionally under a similar natural selection con-
straint at the translational level. The importance of
each position of the AUG context in relation to codon
usage bias was examined, and the preference for the
nucleotide at the —13, —12, —-11, —10, =7, -6, -5, —4,
-3, -2, and —1 positions showed a significant positive
correlation to the codon usage bias, suggesting the
action of natural selection on these very specific po-
sitions of the Drosophila genome. The relationship
between AygCAI value and gene length was also ex-
amined, and a significant negative relationship was
found (r = -0.15, p < 0.0001), suggesting a general
tendency of higher expressivity of shorter genes, and
of lower expressivity of longer genes in D. melano-
gaster.
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Introduction

In unicellular organisms, such as Saccharomyces ce-
revisiae and Escherichia coli, efficiency of translation
is highly affected by the choice of synonymous co-
dons, causing a strong bias in codon usage (Sharp
and Li 1986; Sharp and Cowe 1991). This form of
codon usage bias is called “major codon preference”;
codons recognized by the most abundant tRNA tend
to be used preferentially, and among codons recog-
nized by the same tRNA, those that optimize the
codon-anticodon interaction energy are favored
(Ikemura 1982, 1985; Grosjean and Fiers 1982;
Percudani et al. 1997; Kanaya et al. 1999). Highly
expressed genes exhibit a greater degree of codon
usage bias than lowly expressed genes, reflecting the
stronger selection constraint on highly expressed
genes to optimize translation efficiency by the use of
major codons (Bulmer 1988). In some multicellular
organisms, such as Drosophila melanogaster (Shields
et al. 1988; Moriyama and Powell 1997) and Ca-
enorhabditis elegans (Duret 2000), the situation for
codon usage bias is quite similar to that of unicellular
organisms: relative tRNA abundance has a positive
relationship with synonymous codon preference.
Synonymous codon usage could affect two differ-
ent aspects of protein synthesis: accuracy, and amino
acid incorporation rate (Kurland 1987; Serensen
et al. 1989). The use of preferred codon enhances the
accuracy of translation by reducing the frequency of
amino acid misincorporation. Akashi (1994) found
that the frequency of preferred codons is significantly
higher at the conserved amino acid positions than at



the non-conserved amino acid positions among dif-
ferent Drosophila species, indicating that natural se-
lection favors synonymous codon usage to enhance
the accuracy of protein synthesis. Major tRNA-en-
coding codons are also translated faster than their
synonymous counterparts, because the waiting time
before the arrival of the cognate tRNA is propor-
tional to its abundance (Varenne et al. 1984). In
highly expressed genes, natural selection both for
speed and accuracy of translation acts more strongly
than in lowly expressed genes, and causes more bi-
ased codon usage.

In eukaryotic organisms, beside the biased codon
usage, there are many factors which affect the trans-
lation efficiency. Translation initiation is one of the
most important regulating steps of translation, and a
large number of proteins, eukaryotic translation ini-
tiation factors (eIF), are involved in this process
(Kozak 1991; Pain 1996). After the binding of the 40S
ribosomal subunit to the 5’ cap-site, the subunit scans
the leader until the first AUG codon is encountered,
at which point the 60S ribosomal subunit binds to the
40S ribosomal subunit, and the initiation of protein
synthesis takes place (Kozak 1984). Translation ini-
tiates generally at the most 5 proximal AUG codon
in eukaryotic mRNA, but the context of the AUG is
also recognized by the ribosomal subunit as an im-
portant signal to trigger a translation initiation event;
the potential optimal sequences surrounding AUG
initiation codons have been proposed in animals
(Kozak 1987), in Drosophila (Cavener et al. 1991), in
plants (Joshi et al. 1997; lkeda and Miyasaka
1998), and in yeast (Hamilton et al. 1987), based
on the results of compilation analysis of mRNA
sequences.

Since both codon usage bias and AUG context
affect the translation efficiency, although the action of
these two factors on translation is completely differ-
ent, one can postulate that natural selection might act
on the AUG context to optimize translation initiation
efficiency, the same way it acts on codon usage. A
previous study (Miyasaka 1999) demonstrated that
there is a significant positive relationship between
these two factors (codon usage bias and AUG con-
text) in Saccharomyces cerevisiae, indicating the ac-
tion of natural selection at the translational level on
the AUG context. A similar study showing the sig-
nificant correlation between codon usage bias and
Shine-Dalgarno (SD) sequence conservation in sev-
eral prokaryotic organisms was also reported (Sakai
et al. 2001), although the translation initiation
mechanism is quite different from that of eukaryotic
organisms.

In this study, 1100 mRNA sequences of D. mela-
nogaster were compiled, and the relationship between
codon usage bias and translation initiation AUG
context was examined.
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Materials and Methods

Indices for Codon Usage Bias and AUG Context

The degree of synonymous codon usage bias was measured by the
“codon adaptation index” (CAI) (Sharp and Li 1987), and by the
“effective number of codons” (ENC) (Wright 1990). The CAI es-
timates the extent of bias toward codons that are known to be
preferred in highly expressed genes. A CAI value is between 0 and
1.0, and a higher value means a stronger codon usage bias. An
ENC value ranges from 20, if only one codon is used for each
amino acid, to 61, if all synonymous codons are used equally.

An AUG context adaptation index (AygCAl), devised in the
previous study (Miyasaka 1999), was used for the assessment of
effective AUG context for translation initiation. An AygCAI value
is between 0 and 1.0, and a higher value means a more effective
AUG context for translation initiation.

Data Sets

The data of the AUG context (—20 through —1, +4, +5, and +6
positions; + 1 is the position of the translation starting nucleotide),
gene length (coding-sequence length), CAI (codon adaptation in-
dex), ENC (effective number of codons), and GC3 (percent G+ C
in codon third position) of 1657 D. melanogaster sequences were
downloaded through the World Wide Web from the TransTerm
database (data source; GenBank version 106) (Dalphin et al. 1998,
1999, Jacobs et al. 2000).

Based on the simulation study of sampling errors reported by
Moriyama and Powell (1998), only the genes of 300 bp or longer
(n = 1578) were used for the analysis. All the entries of these se-
quences were retrieved from the GenBank database and checked
manually. The genes with incomplete AUG context sequences were
excluded from the data, and only the AUG context sequences with
complete —20 through + 6 nucleotides were included in the anal-
ysis. The transposon sequences, the identical genes with different
accession numbers were also excluded from the data, and 917
mRNA sequences of D. melanogaster were finally selected. When a
gene had alternatively spliced gene products, the data of the gene
product with a higher CAI value was included in the analysis. In
addition to the mRNA sequences, some genomic DNA sequences
(n = 183) were also included in the analysis, when there was suf-
ficient data to identify the mRNA sequence. In some genomic
DNA sequences (n = 12), the exon/intron border is located within
20 bp upstream from the AUG codon, and the intron sequences are
included in the AUG contexts of the TransTerm database; in this
case the inadequate intron sequences were replaced manually with
the proper exon sequences.

The data on gene expression level based on the ESTs (Expres-
sion Sequence Tags) relative abundance were downloaded through
the World Wide Web from http://pbil.univ-lyonl.fr/datasets/
Duret_Mouchiroud_PNAS_1999/data.html (Duret and Mouchi-
round 1999).

Statistical Methods

Least-squares linear regression analysis and Fisher’s r to z trans-
formation were used to examine the relationship between the
factors of codon usage bias, that of AUG context, and gene
length.

All compilation and calculation was performed using an Excel
98 program (Microsoft Corp., Redmond, WA, USA). Statistical
analysis was done using a StatView v4.5 program (Abacus Con-
cepts, Inc., Berkeley, CA, USA) on a Macintosh computer.
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Results

Relationship Between Codon Usage Bias and AUG
Context, and Between Gene Length and AUG Context
in D. melanogaster

The relationship between codon usage bias, measured
with CAI and ENC, and translation initiation AUG
context, measured with AygCAI, was examined in
1100 mRNA sequences of D. melanogaster. First, for
assessing the optimal AUG context in D. melanog-
aster, two different reference sequence sets of the
potential highly expressed genes were selected. The
sequences of the first reference set are the sequences
with high CAI values (CAI > 0.4, n = 39), and
those of the second set are the manually selected
potentially highly expressed genes, such as ribosomal
proteins, carbohydrate metabolism enzymes, amino
acid metabolism enzymes, histons, and actins
(n = 43, CAI > 0.4; 19 genes and CAI < 0.4; 24
genes). The AUG contexts (=20 through +6 posi-
tions), the CAI and ENC values, and the gene length
of the reference genes are shown in Table 1. In the
previous study with Saccharomyces cerevisiae (Mi-
yasaka 1999), only the AUG contexts —9 through + 6
positions were analyzed; the analysis was extended
down to the —20 position of AUG context in this
study, since the sequence data of AUG context down
to the —20 position was provided from the Trans-
Term database.

The AUG contexts of the two reference gene sets
were compiled, and the relative adaptiveness of the
nucleotide (wij; i = —20 through -1, +4, +5, and
+6,j = A, C, G, U) for each position was calculated
(Table 2). The relative adaptiveness of a nucleotide
(wij) is the frequency of the use of that nucleotide, at
ith position, compared to the frequency of the opti-
mal nucleotide at this position.

With these wij values, the AygCAI (AUG context
adaptation index) for the optimal AUG context was
calculated. The concept of the AygCALI is similar to
that of CAI for codon usage bias, and is calculated as
a geometric mean of the wij values as:

AycCATI =(w =20/ x w— 197 x w — 18 x w — 17}
xw—16/xw—15xw—14jx w—13j
Xw—=12jxw—11jxw—10j x w —9j
X =8xw—=Txw—6xw—75j
XW—4ijxw—=3xw—=2jxw-—1j

X w—+4j x w+ 5 X w—|—6j)l/23

Note that the frequency of the nucleotide U at the
—2 and -3 positions of the first reference set, and at
the —4 and -3 positions of the second reference set,

and C at the —3 position of the first reference set is 0,
causing a problem for the calculation of AygCAI: a

value of 0.5 is provisionally given to the frequencies of
C and U at these positions to overcome this problem.

The AygCAI values of 1100 mRNA sequences
were calculated, and were plotted against the CAI
values (Fig. 1). There is a significant (p < 0.0001)
positive relationship between codon usage bias and
AUG context (simple linear correlation coefficient:
r =035 =0.12] and r = 0.30 [* = 0.092] be-
tween CAI and AygCAI for the first and second
reference sets, respectively), suggesting that these two
factors are evolutionally under a similar natural se-
lection constraint at the translational level. The
AygCAI and ENC values also showed a significant
(p < 0.0001) negative relationship (r = —0.31
[r* = 0.098] and r = —0.28 [r* = 0.080] between
ENC and AygCAI for the first and second reference
sets, respectively; plot data not shown). Since the
results obtained from the two different reference se-
quence sets are quite similar, it seems likely that these
sets of reference sequences can be used as a repre-
sentative optimal AUG context for the present
analysis, although there is a future possibility of mi-
nor change in the optimal context in accord with the
increase of mRNA sequence data. The wij values of
the first set of reference sequences (n = 39) was used
in all subsequent works.

Since Drosophila is a multicellular organism, the
expressivity of the genes differs from cell to cell. To
see how the AUG context and codon usage bias are
related to the expressivity of the genes, the AygCAI
value was plotted against the CAI value in the po-
tential highly expressed genes (Fig. 2a) and in the
potential lowly expressed genes (Fig. 2b, c). As highly
expressed genes, non-tissue-specific highly expressed
genes (the 43 sequences of the second reference set,
closed circles in Fig. 2a) and the tissue specific highly
expressed genes, such as yolk proteins, cuticle pro-
teins, tubulins, muscle myosins, and larval serum
proteins (n = 9, open circles in Fig. 2a) were selected
(total 52 genes). As the lowly expressed genes, the
regulatory proteins, such as protein kinases and
phosphatase (n = 67, Fig. 2b), and transcription
factors (n = 78, Fig. 2c), were selected: these regu-
latory genes were chosen as the potential lowly ex-
pressed genes because these genes are known to be
lowly expressed even in unicellular organisms. As
expected the potential highly expressed genes (both
tissue-nonspecific and tissue specific genes) showed
much higher AygCAI and CAI values (Fig. 2a) than
the lowly expressed genes (Fig. 2b, ¢). In the lowly
expressed genes (protein kinase/phosphatase and
transcription factor genes), the CAI values are mostly
much lower than those of highly expressed genes, but
the AygCAI values were not always low: many lowly
expressed genes have relatively high AygCAI values
(Fig. 2b, c¢), and as a result the relationship between
AygCAI and CAI values becomes very weak in these



55

9z SI 1If 0L O 0 9% € 8 (L 12 ST ST O € L. SU % 1z 12 9 92 oI %=

82 82 T 8 15 0T &t O €1 OT 12 SI IZ ST SI ST 8L ST 8 B[ €T OT 8I 9h=0)

€€ 9 I'S €€ ST 0 9 9v L4 ¥F 9 SO 81 SL 92 IZ 12 € T+ SI ST [€ € 9%B=0)

13 S v/ 14 8 6L D6 S2 O1 I¥ BE €2 ¥5 SF 65 95 95 9F €€ I 9 Sr €€ ¢ %H=V
[3 g1E W0 N N o ¥ ¥V V. nnv vy 2>V 2>V NV v no22 2 a9 {edv) mimoxd 11edar VN CLLSTW
£921 TEE PO 9 NV vV ¥ ¥V 20 V¥V 29 100V 95 9020210V YyY (gd &) spndadLod yjod PSLYOX
vzl OFE 90 O B V¥ vV V V O D V ¥V 201V V V V. O annian o o0 11 m=toid {Etosoqy Z88E1X
86¥ g¥Ye 600 N O ¥ 0 ¥V ¥V ¥ 2 N1 9 2 9 V¥V ¥V ¥V S 2N AV AV V¥ matoxd [-d10 B6CTIN
€581 LEE fIFD D DD N vV ¥y 20V ¥V VY ¥V N1 N0V 22D 2 V V¥V V¥ (£-eqdre) mnam-eqde SYSPIIN
0ZET €€ K0 2 ¥V OV 2 0 ¥V ¥V D D D2 NV ¥V V. DD DNV V V. DD (umadoreana) 1 oroxd yiod 8¥Z00A
89 LST 90D D DV 2V ¥V D D V D00 VY NS V¥V V ¥V ¥V D D2 D VY on o-uwedon T09LX
03 6T L0 YV ¥V ¥ 2 V.V 320N 2 9%V D>ONV NOANanod o0 9407 w=oxd 2o 95LE8N
£yl FEE 8T¥F0 D VOV 9V V¥V 22 N0V nN2n09o VvV VvV V¥ ¥V 9 ¥V 2D Jmngns f SEJLY Jefonoea 6E8LSX
1267 oPE 6ZY0 D V ¥ n v v 2n0a0 20V 9 VvV OV D 010122 000 (e2sH) w2101 Jooys 1Y B6TOT
615 60C IEPD D NV ¥V 9 V. 2N 2 D2 9 Y 2NN o3V VDO DOVY ¥V ono 1-81s 2usf uouon LEVZOX
gst €IE W0 0 5 9 9V V D2 N0 VvV Q2 V H VOOV V Y ¥V V.2 208 yzg(g)amay £5816X
6891 80 6bPD 1V N 2 9 ¥V 25 V. nnNv 9 2S5 V¥V ¥V D3O AY Vo9 aseuaforpAgap Memein(d FIELIA
Ste SOE €S¥0 O O W 9V V 202 9 D D2 9H VvV VNV V VOV oonv 1£S u=loid [ewosoqu LPTPTX
€1 0ZE 090 11 9 N 9V ¥V 22 9V N 9V 2D H VYV IV YV YV VD o /80 TSHTIX
666 TOE 290 o2 O O YV OV V V V¥ D ¥V 0V V D 0DV V V V D3 V VY aseuadorpAyap atere] 8E089N
(244 L8 W0 ¥V D D AV 5 2N V V¥V VYV DV V V ¥ ¥ 0D 9 v nyv uree I msed 150520
€11 LIE Y0 N1 D N OV V D2 D2 9 N0 2V VYV DV VY VOV 9DV VoV ULoE J88 016£009V
666 TEE 690 H D N 2 0 ¥V ¥V O N 9 V VYV ¥V ¥V DV ¥V ¥V QN Vv D vy g-osecaforplgp aeqdsoqd-g-apAyapesnodsd SETUIN
] TEE HMY0 9 D2 © ¥V V V 2 V.01 D2 D2V 95 V.nQ Vv D5 a2 9 VvV vV VY 7§ urond [Emosoqu rECEON
SY8L Tge 840 2 O 0 ¥V V V 2 D V ¥V VN V¥V V D ¥V 2V V ¥V V V V¥ ¥ 1UnqnS 3SeJ LY JRonoea 91650
£Ls TSE 6440 ND D OV ¥V 2NV 2095 n 2 H VYV H H IV V.AQD 6T oioad Eruosoqu £I5P6X
PrL PRT E5F0 D DV 2V ¥V 2V V DDV 2V ¥V D H YV 3V 9 DD sserawost Aegdsordason 9LELSX
125 E0E SOSO V¥V H ¥ 2V V D2 2N 9% DOV YV o9 n 9o 35 2320000 egTT tiatexd fecosoqu 6EE5LX
156 062 LISD D D N 9 ¥V ¥V 2N 2V ¥ ¥ NV nvVv Y 1V V¥V ¥V 2 9 DV 16v9601
Lol 06 1250 O V V¥ N v v 2V 9 2 02V 9V 2V V¥V VY 25D 1095 D 95 urmoxd [ewosoqu PLOZOT
Z601 £1E €250 O O ¥ ¥V ¥V ¥V ¥V 21015 101V ¥ 9 302V D2V Qo vV SE[OPE SrE01a
666 TIE 1650 9 2 0N 20 0 ¥V 23N D VYV VO 9DV DOV DV D VYV I-estusdoplyap negdsogd-g-apigapreinid YSZIIW
65€ 612 £E50 D O N 2 ¥V D D2 AN D V¥V DO ¥ DY D2 D2OHO V. NNy D17 ko fewosogu FISO0A
819 80E FES0 O N1 O 9 ¥V VvV ¥V 2 Q1 V 9 2 V¥V 922101092V 0oV T IRINGNS NI ¥251601
1520 TIE PO N D N 2V D ¥V 2V ¥V H ¥V D ¥V ¥V 9 a4 209D DV D €T w2ioad [ewosoqy SER9L0IY
794 6 PO O 0 0 OV V D2 D2V 20NV DV 9 2V 9D 9V o0V (p130) 301de0a1 oyomoEy EEILLN
918 9lE $550 0 N 9 Y ¥V V 9 0192 9 D202V ¥V V¥V V¥V Qdanodvyw BT wiejoid jewosoqi ZBLTRX
Z6¢cT I 650 2 O 9 2 VYV D D2 OV DNV VNS9O Qo9 Vv aov oD eydie-1 1eto¥f uoleduops 69800X
86L 662 950 V V ¥V 2 2V0ON YV V D320V 9 10V 9 D2V DD +YAS aseatond aupes 6559004V
(414 LT LSe D D9 VYV O ¥V 9 0 5D 9 3N 2NV ¥Yon 9 N2 nnn (a81p Buim etiionge ) pme LOTETX
9ZF g€ WS V V¥V 0V V 2D V V 32V V. 30OV 302V VYV 0noa 1-V9Z T1102d SURIGAW SuT[[oIA 082781
$5% g 8850 0O 2 N 2V ¥V ¥V D0 Y ¥V H V¥V ¥V DDV VYV VYV 2D wmod oyoads-spsnut 10y auad fzdu $6400A
659E LT S0 9 D N vV VV V. an VvV 25DV VY ¥V V¥V nnovoyv etd(e UNgAs SRINAS J] ¥ FEUpUOLDolH FERLOA
(dypieaganeg ONT VD 9 ¢ ¥ OOV I- Z- £ ¥- S 9= [~ § 6- 0I- I1- TI- £1- ¥I- $1- 91— L1- BI- 61- OZ- vondiosag  "ON LomssI00Y

(6 = U P < VD) SenJeA VD YSTIY [ITM S0UINDIS S0UIQJAI 9] JO S1XdJU0d HNV (V) °T dIqeL



56

o £6 o€ €6 €2 0 0 € S€ € 6L £2 ¥l L+ 12 61 91 OE 6L € €2 if L %=1
9z &2t 92 0L 1T €6 €6 61 9L ¥I 60 €2 91 20 €l I 61 9L 92 9 ZI &l %=1}
61 85 T 0E 61 €T IS OF L+ €8 S€ T 61 €€ 60 € 91 97 0t 9T 1€ 1T €2 %=
91 €6 6L SE TL L Ob 8T TF BT EE Lv tr 95 6¢ Ly €5 9T S€ SE OF OFf b U=V
S19 69F €00 9 D O 0 ¥V O V O D 00N Vv vV ¥V O nvnonona o ST atazead fetosoqu LSTOE04Y
L08 #8 €00 VvV O D DV Y o010 H VvV NN v annno 930300 egg uatoxd emosoqu LL6FE0IY
00z1 O6F 8600 V O D 09 V 22 ¥V ¥V 95 232V DOV H VDI OV H DV (1S} =seyquAs aumend 094Z5X
9zy §TF 90 N D O ¥V V O ¥V O ¥V V¥V 5 0NV 5 21NV ¥V ¥V V ¥V D W AU0ISTY S8PLOX
¥o£T €FF 0910 NV WV ¥V ¥ ¥V V. S5 01 nV DV VV VD 90195V nyv aseunjolnfogdsond £59LTT
£0Z1 €Ir L6I0 O O D A ¥V vV ¥V V¥V 0 V ¥V 1 VV 3V ¥ 2V D D n Vv asenaforpAyse Neqdsoyd-¢-jo10413-us 059L9X
AL SBT YEZ0 N D W ¥V ¥V 5 V 9 101 2 V V3 H V¥V ¥V D 2V nann o IFH suoisTy LEFLEX
11y 81 S0 V O D O 0 ¥V ¥V ¥V N D B Y DOV nnvvannoy £'EH 2uoIsTy L5728X
8601 ¥RE €0 2 D N n 9 v 2 n VvV VvV D2V ¥V VYV ¥V D Q1nv o9 o (zs0) ssepuds amwaeingd 6SLZSX
£0€ It S0 N 9 n ¥V ¥V ¥V 32V .ND 2100V V V¥ N0V VvV VvV DD Uroe Vi 8repSY
oroT or 5920 o3 O O D20 V D20V O D OV DV NV DN o v ASTNPA PG SWOIRMA> HIAVN 060E6X
L1817 I've 920 vV N O 2 0 D 232DV 2V NlD2 H V DIV QDO HOH V DOD 05td Smaenoio £5LPPN
£6€ €PC L9Z0 D N O D20 D ¥V D D NV VYV DV ¥V VD9 NN aon egT trjord ernosoq £19127
95k 866 TLO N O D O ¥V ¥V O2n v a3 VY 9 Y Qo2 V VY 2DV Do LTS ui01d (Etosoqu ZS061Z
61 LBE S0 1D D ¥V V.V D2 V V V 2V 2V ¥V 3V N v Vv VvV v 1 sseuryAxogres aeanzddiousoydsoqd Z0PD0A
14 I 0880 0N D O 2V V ¥V ¥V O V.V QD2 9 V¥V VV VYV YV V YV V¥ DEEH suolsg ZLRESX
969 8Z¢ S0ED D V D ¥V V.V D) 20NV ¥V 1V V 9 ¥ 2 9 23 3 02 VvV 9 upbign BZHETN
006 €€ k0 1 O B O ¥V ¥V D2V O N0 2 Y 95 201N n0n 9 909D ZZT woad [emesoqu L85TPN
£9¢ £2¢ SZE0 N D O VN1V V V QD209 1010V VvV V D H H V¥V 3 2V 0zs trejoad [ewosequ 6IETTA
$56 OYE 2E0 9 O B ¥V O ¥V 2 02 ¥V O Y DY NI D2 DO2N D2V 200 A 111Q waoxd [ewasequ £r95TN
v gPC 89E0 V. O D OV V¥V D ¥ D DV YV Niadilo e o300y 618 waoad [ewesoqu ESLELX
ar Tor vED 01 D W 2 9 ¥V 2 ¥V H 20 9 H VY DH IV D DV DD D 60T m=0d [ewosoqu SLLVLX
L89 08 S8E0C D D O 2V V V2V D OnN 9 Nod a2 a0 nn vy sooo S majexd [ewesoqu PHESPN
¥68 867 T6EOD O N N ¥V ¥V V 9 32V V D2 90 D2 D2V YV V 3V D O V D NuRqDs-CoIl 29EKIF0IPAYIP ARKI0ONS S0LLTT
vzl 0FC 90FD D D ¥ VvV V V D 2 V V 20N VvV ¥V V¥ vy oannanos oo 17 uajord terosoqu TREELX
95t €IE W0 N 9 B OV ¥V ON VvV 42V H ¥V o122V VY ¥V YV Do €15 urerord {etuosoqu £5816X
6391 80¢ 6¥PD N OV N 20 VD B V. ANV 9 DO Y V3OOV VD asenaBorpAysp aewelnd YIELIA
SFE S €¥0 O O W OV ¥V D2 D2 9 D 03 9% ¥V ¥V NV VYV VNV D Qv 1£8 utaiead [Ewosoqu LYTPTX
€11 ¢ZE 090 N D N 9 V V D D2 D V. A D VY DO DV DV VYV V V D Lot 48 2SPZIX
666 0E 290 O O O ¥V O ¥V ¥V ¥V ¥V 2 ¥V N V¥ V 2 2 V ¥V V V¥V D ¥V ¥ 2seuRToIP AL MNEDE] 8E0890
Pt LR 0 OV D D NV 9 2 n V V V 2DV V V¥ ¥V VY Q23 DV n Vv (oruserdoldd a[osnnuos) Uieyd JYST WsOLm L80SEN
€71 LTE ZFD N9 o 9 ¥V ¥V 2 2 5 N 2 VY ¥V D2V VV Q1 V 9DV V ¥ U108 A9 o16£009Y
666 TG 690 D D N 202 VYV NN D VYV YV YV YV DV YV ¥V v 0 v esensdopigspaeqdsoqd-g-spiyapemads SSTITW
¥08 TEE O0FD O D O ¥ ¥V V 2 VD 202V D ¥V NV o nodonvyy 78 ujoad (etuosoqu FEETON
£L8 7S 640 N D D 9V V. DO N0V 2NN 9% N2 9% YV 0O 0O O3V V.oQoD 61 woad jetiosoqu EL9¥6X
¥ES E0E SOSD V. DV 2V V 220NN 9 232V V. O N9 O 9D 5000 nn egTT tralod [eunosoqu BEESLY
LbL, O¢E 1Z60 D ¥ ¥V IV ¥V 2 V. D 2 2 ¥V 5 ¥V 2 ¥V ¥V ¥V D2 95 101 9 D 9% watoud [ewosoqu #L0Z0°1
Z601 £lE €250 O OV vV V V V O o o2 n v Vv 9 201DV 2 Y nov B 9T
666 Ul 150 9 2 0 22 9 V. D n 2V ¥V D H ¥ DS ¥V DY DOV Y asenadorpAyap Neqdsoqd-¢ -opLyapemoi[d PSETTN
133 612 €550 D D N 2V D D0 A 02V DD VY D2V DD O V.onnv D1z wold [pmosoqu POSO0A
1521 TIE S0 N1 2 N OV D ¥V OV ¥V D ¥V H ¥V ¥V 5 N D09 3V D €1 m20md Ewosoqu SEROTOIV
918 I §550 N1 oo VvV VV O 01012 0 023V V¥ ¥Voanonao v v e woad priosoqu Z8LT8X
6591 Sz S90 9 D N vV ¥V V ¥V nnv D295 V¥ ¥ ¥V V V Qnov oy nungns eqd[e seqiuds {1V [eUpuoydolIm FHBLOA
(dq) mBuryeuwsn DONA VD 9 ¢ ¥ OOV I- Z- £ #- §- 9- [~ 8§ 6- OI- 1I- ZI- €I- bI- SI- 91— LI- 81— 61— 0Z— wondimsaq  -oN wojss00Y
(¢ = u ‘soual passardxa A3y A[reniuajod) souagd 90UIJAI PIII[AS AJ[enuew ay) JO s1Xa1u0d DNV  (4) °T d9eL



57

"0 Jo anjea o 9y proae o) suonisod ¢— pue f— oy} 1e ) Jo Kouonbaiy oy} 0) USAIS SI §°() JO ANJBA © ‘SON[BA M JO UOT)R[NO[ED o) 10 .,

000 T 0910 6L5°0 L9T0 TE0'0  SI00 €200 88S°0 €80 PIL'O €€S0 00S0 9I€0 €800 6CK0 00F°0 +0E0 00071 €€5°0  L99°0 8850 000°T 9I€0 N
LY9°0  00¥°0  000°1 €eL’0  L60°0  €LT0 T8I0 S€TO  PPY'O  00S°0 000 00¥'0 9CS0 <T6CO 8€TO 0STO 19T°0 SI9°0 L9%'0 €€L°0 TIFO €I1€0 ITF0  Da
ILy'0 0001 €970 L98°0 8SC°0  0£0°0  000°T 000L ILI'O 000°L 000°T 0SCO ITHO LIYO 1I8€0 0050 +0E0 9¥P80 L980 LOY'O 6CS0 €950 9¢C0 O
cIy’o 0910 1T 0001 000°T 0001 €€L°0 90L°0 0001 LS80 €£€6'0 00071 0001 000°T 0001 000 0001 O9¥8T 00071 0007 0001 €180 0001 Vi
Ll 14 1 14 ! 0 0 0l Sl 01 8 01 9 [4 6 8 L €l 8 01 0l 91 9 n
Il 01 61 11 € 6 14 14 8 L 9 8 01 L S S 9 8 L I L S 8 D
8 Y4 S €l 8 I (44 Ll [4 4! Sl S 8 01 8 01 L 11 €l L 6 6 or O
L 14 8 Sl 13 €¢ Ll 4! 81 4! 14! 0¢ 61 ¥C Ic 0¢ €C Il Sl Sl L1 el 6l V
9+ S+ ¥+ DOV I- [ vE— oV~ S— 9- L= 8- 6— 01— - (4% el- yi— SI- 91— L= 81— 61— 0c—
(¢ = u ‘soudl passardxa ATy31y A[renusjod) soudgd 90UISJAI PIIII[AS A[[eNUBW Y] JO JXAIU0D DNV Y} Ul SIPNOJINU JY) JO (a) ssoudandepe aane[al pue sanuanbaig (gq)
‘0 JO anjea at oy} proae o} suonisod g— pue ¢— oy} 18 ) pue uonisod ¢— ay) je ) Loudanbaij oY) 0) UGAIS SI §°() AN[BA B ‘4 JO UONIB[NO[RD dY) 10 .,
69L°0 6C¥'0  0SL°0 80€'0 9100 ¥I00 O0VO'0 CTCLO 8E6'0 9LI'0 ILS°0 98T0 €€€0 PLI'O €¥90 9E1'0 €€€0 9¥P80 0050 PO 9SS0 69L°0 €560 Na
9r8'0 98L°0 €950 9%8'0 900 PII'0 0TI'0 TCTO €10 SE€T0  1LS°0 98CT0 +Hvb'0 19T0 6CF'0  €LT0 68€'0 TO¥'0 8810 68C0 8LC0 80€0 CIP'0 O
000°T  000°T 1LOO 0001 +¥61°0  #10°0 0001 00071 8810 00071 0001 98C0 68¢0 19C0 ¥ILO +9¢0 v¥r'0 TO90 00071 €€€0 €€€0 €C6'0 650  Du
68¢'0  1LS°0 0001 9%8'0  000'1 0001 00¥'0 <TCCO 0001 <T880 €¥9°0 000°T 000°T 000°T 000T 000°T 0001 000 0SLO 0001 0001 0007 00071 Vau
0l 9 4! 14 0 0 ! €l Sl € 8 9 9 14 6 € 9 I 8 8 0l 01 9 n
Il Il 6 I [4 4 € 4 S 14 8 9 8 9 9 9 L 9 € L S % L D
€l 14! [4 €l 9 0 Y4 81 € L1 14! 9 L 9 01 8 8 6 91 9 9 Cl 6 o)
S 8 91 Il 13 c¢ 01 14 91 Sl 6 Ic 81 €C 4! [44 81 el 4! 81 81 el Lr v
9+ S+ v+ DNV I- wC™ wE™ = S— 9- L= 8- 6— 01— - (45 el- vi— Sl- 91— L1= 81— 61— 0c—

(6€ = U ‘P’ < [VD) SOUdS 90UAIRJAI Y} JO IXAIUOI D)V JY} Ul SOPII0[onu ) Jo (#) ssoudandepe aane[dal pue sopuanbaiy  (v) 'z dqeL



58

= -0.042 + 0.31x

1.0 1.0 b
@ 0.055+034x (®)

0.8 0.8
0.6 0.6]

2 3

© 04 0.4]
0.2 0.2
0002 04 06 08 10 0.0p.2

Ayg CAI
Fig. 1. The relationship between codon usage bias and transla-

tion initiation AUG context in 1100 mRNA sequences of D. mel-
anogaster. The CAI values were plotted against the AygCAI values
of the AUG context at the —20 through + 6 positions. The relative
adaptiveness of the nucleotide (wij; i = —20 through -1, +4, +5,
and +6,j = A, C, G, U) calculated from the reference sequences
with high CAI values (CAI = 0.4, n = 39) was used for the cal-

lowly expressed genes. The high AygCAI values of
many lowly expressed genes can be explained by the
fact that the mutation bias in Drosophila nuclear
genes is toward A/T (Moriyama and Hartl 1993;
Kliman and Hey 1994; Powell and Moriyama 1997);
mutation-drift acts differently on AUG context from
it acts on codon usage bias (for details see Discus-
sion).

Since a significant negative relationship between
codon usage bias and gene length has been reported
in D. melanogaster (Powell and Moriyama 1997), the
relationship between AygCAI value and gene length
(bp) was also examined. There is a weak but signifi-
cant negative relationship between these two factors
(Fig. 3a; simple linear correlation coefficient:
r = —-0.15 = 0.021, p < 0.0001). The CAI values
were also plotted against the gene length (Fig. 3b;
simple linear correlation coefficient: r = —0.26,
r? = 0.066, p < 0.0001). Thus in D. melanogaster, in
general, there is a tendency that the shorter genes use
a more effective AUG context, and show a more bi-
ased codon usage than the longer genes.

To observe the effect of the regional GC compo-
sition on AUG context, the GC content in 5 up-
stream 20 nucleotides of AUG context at the —20
through —1 positions, GC(-20-1) was also calcula-
ted. The correlation matrix among AygCAI, CAl,
ENC, gene length, GC3 (percent G+ C in codon
third position), and GC(-20-1) is shown in Table 3.
Interestingly, there is a weak (r = 0.12, > = 0.014)
but a significant (p < 0.0001) positive relationship
between gene length and GC(-20—-1), while the re-
lationship between gene length and GC3 is negative
(r = =0.23, r» = 0.055, p < 0.0001). This contra-
dictory relationship suggests that some factor other
than the regional GC composition in the Drosophila
genome might be involved in the relationship between

04 06
Ay CAI

culation of AygCAI of a, and the wij values calculated from the
manually selected reference sequences of the highly expressed genes
(n = 43) were used for the calculation of AygCAI of b. The av-
erage and the variance of CAI and AygCAI values are 0.136 and
0.00981 for CAI, 0.575 and 0.0100 for AygCAI of a, and 0.556 and
0.00948 for AygCAI of b, respectively. Linear regression equations
(v = a + bx) are also shown.

gene length and AUG context, and that between
gene length and codon usage bias (for details see
Discussion).

Relationship Between AUG Context and Gene
Expression at Transcriptional Level

Duret and Mouchiround (1999) demonstrated the
significant positive relationship between codon usage
bias and gene expression at the transcriptional level
measured with the ESTs relative abundance. To see if
there is also a positive relationship between AUG
context and gene expression at the transcriptional
level in D. melanogaster, the relationship between
AygCAI value and ESTs relative abundance was
examined. Of 1100 sample genes in this study, 870
genes found in the data set of the ESTs relative
abundance were used for the analysis. There is a
significant positive relationship between AygCAI
values and ESTs relative abundance (r = 0.20,
r? = 0.041, p < 0.0001; plot data not shown), in-
dicating that the translation initiation efficiency and
the amount of transcript are positively correlated in
D. melanogaster. The correlation coefficient between
CAI value and ESTs relative abundance was 0.34
(r* = 0.12, p < 0.0001) in the data set of the present
study.

Importance of Each Nucleotide Position of AUG
Context in Relation to Codon Usage Bias

To see the contribution of each position of the AUG
context to the significant correlation between codon
usage bias and AUG context, the relationship be-
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Fig. 2. The AygCAI and CAI values of the potential highly

expressed genes and the potential lowly expressed genes. The CAI
values were plotted against the AygCAI values in the (a) potential
highly expressed genes (n = 52), and the potential lowly expressed
genes: (b) protein kinase/phosphatase genes (n = 67) and (c)
transcription factor genes (n = 78). Linear regression equations
(y = a + bx) are also shown.

tween wij values of each position at —20 through + 6,
and the CAI and ENC values were examined by
linear regression analysis and Fisher’s r to z trans-
formation. Figure 4 shows the correlation coefficient
(r) between wij values of each position at —20 through
+6, and CAI (Fig. 4a) and ENC (Fig. 4b).

For all the nucleotide positions —20 though +6,
the positive correlations between wij and CAI values
(Fig. 4a), and the negative correlations between wij
and ENC values (Fig. 4b) were observed. Although
the correlation was weak (r < 0.2), the wij values of
the positions of -7, —4, -3, and -2 for CAI, and
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Fig. 3. The relationship between gene length (bp) and AygCAI

and that between gene length and CAIin 1100 mRNA sequences of
D. melanogaster. The gene length was plotted against the (a)
AygCAI and (b) CAI values.

those of =7, —4, and -2 for ENC showed a significant
correlation at the p > 0.0001 Ievel, indicating the
major contribution of these positions to the signifi-
cant correlation between codon usage bias and AUG
context. The positions of —6 for CAI and —5 for ENC
showed a significant correlation at the p < 0.001 le-
vel, and the positions of —13, —11, and —10 for CAI
and those of =12, =6, —3, and —1 for ENC showed a
significant correlation at the p < 0.01 level. At the
-20, -19, -18, -17, —16, —15, =14, -9, -8, +4, +5,
and +6 positions, no significant (at the p < 0.01
level) correlation was observed between wij and co-
don usage bias indices.

Discussion

Since it is generally accepted that codon usage bias in
D. melanogaster is under the natural selection con-
straint at the translational level (Moriyama and
Powell 1997), the significant positive relationship
between the AUG context and the codon usage bias
indicates that the effectiveness of AUG context for
translation initiation also reflects the natural selection
constraint at the translational level, as well as codon
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Table 3. Correlation matrix among CAI, ENC, AygCAI, gene

length, GC3, and GC (-20-1)

AycCAI CAI ENC Gene length GC3 GC(=20-1)
AycCAI 1 0.35 —-0.31 —-0.15 0.20 -0.39
CAI N 1 —-0.79 —-0.26 0.66 —-0.073
ENC N ¢ 1 0.35 -0.73 0.049
Gene length ¢ c ¢ 1 -0.24 0.12
GC3?* ¢ c ¢ ¢ 1 0.075
GC(=20-1)° N p = 0.015 p = 0.10 ¢ p = 0.013 1

% G(C3; percent G+ C in codon third position.

® GC(=20-1); percent G+ C in 20 nucleotides of AUG context (=20 through —1, positions).

¢p< 0.001.

0.2
(a) CAI

0.17

Correlation coefficient (r)

0.0
Nucleotide -20 -18 -16 -14 -12 -10 -8 -6 -4 2 4 6
I -19 <17 -15-13 -11 -9 -7 -5 3 -1 5
position 0.0

Correlation coefficient (r)
S

(b) ENC

-0.2

usage bias reflects the selection at the translational
level. According to the ‘‘selection-mutation-drift”
model for codon usage bias proposed by Sharp and
Li (1986) and also by Bulmer (1988), synonymous
codon usage bias simply reflects the balance between
selection favoring optimal codons and mutation-drift
allowing persistence of non-optimal codons: in highly
expressed genes the selection dominates the codon
usage bias, while in lowly expressed genes mutation-
drift plays some role in determining codon usage
(Kliman and Hey 1994). The significant positive re-
lationship between codon usage bias and AUG con-
text, therefore, suggests a possibility that the
“selection-mutation-drift” model for codon usage

- p < 0.0001
- 5 <0.001
- p<0.01

- p<0.01
~*+ p<0.001
|~ p < 0.0001

Fig. 4.  Fisher’s correlation coefficient (r) be-
tween wij values of the —20 through + 6 positions
and (a) CAI, (b) ENC. The correlation coefficient
(r) values for p < 0.0001, p < 0.001, and

p < 0.01 are indicated in the figures (n = 1100).

bias can also be applied to the AUG context; namely,
in the highly expressed genes the selection favoring
the effective AUG context dominantly determines the
AUG context, and in the lowly expressed genes there
is room for mutation-drift to play some role allowing
the persistence of non-effective AUG context.

When the CAI and AygCAI values of the poten-
tial highly expressed genes and those of the potential
lowly expressed genes (protein kinases/phosphatases
and transcription factors) are compared (Fig. 2), the
potential highly expressed genes generally show high
CAI and AygCAI values. On the other hand, in the
lowly expressed genes, the codon usage bias is almost
always low, but the AygCAI value shows a greater



variation: many lowly expressed genes have relatively
high AygCAI values. This can be explained by the
fact that the direction of mutation is biased toward
A/T in Drosophila genome; the mutation-drift might
act differently on AUG context from the way it acts
on codon usage bias. Since the third position nucle-
otide of all the preferred codons, except for Asp, in D.
melanogaster is C or G (Moriyama and Powell 1997),
A/T-biased mutation-drift, which strongly acts on
lowly expressed genes, inevitably lowers the codon
usage bias by increasing the use of unfavored A/T-
ending codons, resulting in a low codon usage bias in
the lowly expressed genes. On the other hand, the
same mutation-drift dose not necessarily lower the
AygCALI value, because the preferred nucleotides at
the —20 through + 6 positions is mainly A or C (see
Table 1); this may result in many lowly expressed
genes with relatively high AygCAI values and a
greater variation in AygCAI values of the lowly ex-
pressed genes.

The positive relationship between AygCAI values
and relative abundance of ESTs demonstrated in this
study is in a good degree of consistency with the
previously found positive relationship between codon
usage bias and ESTs abundance in D. melanogaster
(Duret and Mouchiround 1999), suggesting that the
transcriptional and translational activities are some-
how correlated in D. melanogaster, although the
correlation is not so strong. In yeast, a quantitative
analysis of the proteome (measured with two-di-
mensional gel electrophoresis), and of the transcrip-
tome (measured with the serial analysis of gene
expression: SEGE), revealed a significant positive
relationship between protein abundance and tran-
scriptional activity of the corresponding genes (Fut-
cher et al. 1999; Gygi et al. 1999); a similar analysis in
the future in D. melanogaster might reveal the actual
relationship between these two factors.

Generally the 5 adjacent region of the AUG
context is supposed to have an important role in
translation initiation, and especially the occurrence of
a purine nucleotide at the —3 position is the most
important feature of the AUG context in all euk-
aryotic organisms (Kozak 1991). The correlation
coefficient (r) between wij and codon usage bias in-
dices (Fig. 4a and 4b) clearly indicates the major
contribution of the nucleotides of the 5 adjacent re-
gion (=7 through —1 positions) to the positive rela-
tionship between codon usage bias and AUG context,
underlining the importance of this region for trans-
lation initiation. There are several mutagenesis ex-
periments confirming the importance of this feature
(Laz et al. 1987; Yun et al. 1996; Kozak 1997), but of
D. melanogaster there is only one experimental study
which reported on the effects of the AUG context on
the translation initiation efficiency. Feng et al. (1991)
examined the effects of mutations on the AUG con-
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text by introducing point mutations into the —9 to —1
region (GAAGUCACCAUG) of the alcohol dehy-
drogenase (Adh) gene of D. melanogaster. They con-
structed two mutants, one containing an A-to-T
mutation at the critical —3 position, and the other
containing five mutations (mutant AUG context:
CAACUCUUUAUG) designed to give the poorest
predicted AUG context. The A-to-T mutation at the
—3 position resulted in a 2.4-fold (58%) drop in
translation of ADH protein at the adult stage, and
the mutant AUG context with five mutations reduced
the translation efficiency 12.5-fold (a 92% drop). The
significant correlation between wij value, and CAI
and ENC values at the —3 position, in the present
study thus seems to show a good correlation to these
experimental results.

In addition to the —7 through —1 region, a region
with a relatively high correlation coefficient was ob-
served between the —13 through —10 positions (Fig.
4a and 4b). Since this region is highly A-rich (see
Table 2), it seems likely that the effect of this region
on the translation initiation might be due to the
avoidance of the secondary structure of mRNA,
which reduces the translation initiation efficiency by
inhibiting the ribosome scanning. The significant
correlation between wij value and codon usage bias at
the -13, -12, -11, —-10, =7, -6, =5, —4, =3, -2, and
—1 positions suggests the important roles of these
positions in the translation initiation event and also
the action of natural selection on these very specific
positions of the Drosophila genome.

The significant negative relationship between
AycgCAI value and gene length is in a good degree of
consistency with the significant negative relationship
between codon usage bias and gene length (higher
codon usage bias in shorter genes) in D. melanogaster
(Moriyama and Powell 1998), suggesting a general
tendency of higher expressivity of shorter genes, and
of lower expressivity of longer genes at least at the
translational level. The significant negative relation-
ship between codon usage bias and gene length was
also reported in C. elegans (Marais and Duret 2001).
In E. coli cells, unlike Drosophila, the codon usage
bias is significantly positively correlated to the gene
length (Eyre-Walker 1996), and this positive corre-
lation can be quite reasonably explained with the
selection constraint to avoid misincorporation errors
during translation. Since the cost of producing a
protein is proportional to its length, the selection in
favor of codons which increase accuracy should be
greater in longer genes than in shorter genes. On the
other hand, in D. melanogaster, the negative rela-
tionship between these two factors is inexplicable
with the model of selection on translation accuracy.
This negative relationship is also inexplicable from
the aspect of stop codon frequency. Since stop codons
(TAA, TAG, and TGA) are AT-rich, one can expect
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a general tendency of longer genes with a high GC
content and shorter genes with a low GC content, if
the stop codon frequency is the major determining
factor for gene length. In Drosophila, however, the
situation is quite opposite to this expectation: the
relationship between gene length and GC3 (and co-
don usage bias) is significantly negative.

There are two possible explanations for this in-
consistency in the relationship between codon usage
bias and gene length in D. melanogaster. The first
explanation is that the negative relationship between
codon usage bias and gene length in D. melanogaster
reflects a higher expressivity of shorter genes and a
lower expressivity of longer genes, and the highly
expressed shorter genes tend to use G/C-ending fa-
vored codons. The process which generated this ten-
dency is not clear, but one possible explanation is the
action of gene shortening selection constraint pro-
posed by Moriyama and Powell (Moriyama and
Powell 1997): if shorter proteins can perform similar
functions to those of longer proteins, longer proteins
become energy-expensive and disadvantageous, thus
the selection constraint, which acts to reduce the size
of highly expressed genes, dominantly determines the
relationship between codon usage bias and gene
length.

Another possible explanation proposed for this
negative relationship between codon usage bias and
gene length in D. melanogaster is that this relationship
is not caused as a result of the natural selection but
simply due to the regional GC composition of the
Drosophila genome (Marin et al. 1998). The codon
usage bias is strongly correlated to the GC content in
third codon position (GC3) in Drosophila (r = 0.66,
p < 0.0001 between CAI and GC3, and r = —-0.73,
p < 0.0001 between ENC and GC3, in the data set of
present study), and the same negative relationship
between gene length and GC3 has been observed even
in mammals (Duret et al. 1995) in which the selection
at the translational level is not supposed to work (in
other words there is no relationship between codon
usage bias and gene expressivity). Thus the negative
correlation between GC3 (and also codon usage bias
in Drosophila) and gene length might be a widespread
property among eukaryote genome, no selection force
is involved in this relationship, and there is no rela-
tionship between gene length and gene expressivity.

To answer this question from the aspect of AUG
context, the relationship between gene length and
GC3, and that between gene length and GC(-20-1),
GC content in AUG context at —20 through —1 po-
sitions, were examined in this study. Suppose the
negative relationship between codon usage bias (and
GC3) and gene length is simply caused by the re-
gional GC composition, and there is no relationship
between gene length and gene expressivity, one can
expect the same negative correlation between gene

length and GC(-20—-1). The relationship between
gene length and GC(-20-1) shows, however, a weak
(r = 0.12) but a significant (p < 0.0001) positive
correlation (Table 3). This result suggests the in-
volvement of some factor other than the regional GC
composition in this relationship, and also indicates
that there is a negative relationship between gene
length and gene expressivity, at least, at the transla-
tion initiation level (AUG context level). In addition,
since the relationship between codon usage bias and
AUG context is reasonably explained with the natu-
ral selection at the translational level as shown this
study, this result provides circumstantial evidence
that the regional G/C content is not the sole deter-
mining factor for the negative relationship between
gene length and codon usage bias in D. melanogaster.

The result of the present study suggests a general
tendency of a higher expressivity of shorter genes and
a lower expressivity of longer genes, at least at the
translational level. Duret and Mouchiroud (1999)
also found a negative relationship between codon
usage bias and gene length in D. melanogaster. They
also examined the relationship between gene expres-
sion level (estimated with the number of EST se-
quences) and gene length, but did not find any
significant negative correlation between these two
factors. There is also no significant correlation be-
tween gene length and ESTs relative abundance in the
data set of present study (data not shown). These
findings suggest at least that there is no evidence of
higher transcriptional activity of shorter genes than
of longer genes, and a further analysis might be re-
quired in the future to examine the relationship be-
tween gene expression level and gene length using a
more precise expressivity datum estimated from both
the transcriptional and the translational levels.

The use of AUG context as a measure, in a com-
bination with codon usage bias, for the study on the
natural selection at the translational level seems to
have two advantageous features as follows: i) AUG
context is much less influenced from the regional GC
composition than codon usage bias, which is gener-
ally biased toward G/C-ending or A/T-ending codons
in many organisms. For example, the nucleotide
preference at the most important —3 position of AUG
context is A/G (purine nucleotide) in all eukaryotic
organisms, and ii) the AUG context is based on the
ribosomal subunit scanning model which generally
fits any of the eukaryotic organisms, while the ‘““‘major
codon preference” rule (the selection at the transla-
tional level on codon usage bias) is not the sole rule
controlling the codon usage bias in all eukaryotic
organisms; for example, regional GC content also
greatly affect the codon usage bias in some organisms
(Sharp et al., 1993). Thus the AygCAI might be
applied to any of the eukaryotic organisms as a
measure of selection at the translational level; for



example the relationship between gene length and
AygCALl as examined in this study, can be examined
in any of the eukaryotic organisms.

In this study, the significant correlation between
codon usage bias and the preference for the specific
nucleotide at several positions (=13, —12, —11, —10,
-7, =6, =5, -4, =3, -2, and -1 positions) of AUG
context was shown for the first time in eukaryotic
mRNA sequence. This result suggests that natural
selection acts on these very specific positions of
Drosophila genome, and the magnitude of natural
selection differs from gene to gene depending on its
expressivity. Since the most important feature of the
AUG context, the occurrence of a purine nucleotide
at the =3 position, is common in all eukaryotic or-
ganisms (Kozak 1991), if natural selection acts on
this position as suggested in this study, the compar-
ison of the nucleotide variation at the —3 position
among the homologous genes from various eukar-
yotic organisms might possibly be used as a measure
for the magnitude of natural selection in the future.
For example, if the eukaryotic homologous genes of
“gene A” show a more convergent pattern in the
nucleotide variation at the —3 position than those of
“gene B,” it can be assumed that the action of natural
selection at the —3 position is stronger in “gene A”
than “gene B.”
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