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ABSTP.CT

Frequencies for each of the 61 aminc acid codons have been deternind
in every published nRlA sequence of 50 or more codons. The frequenies are
shown for each kind of genare arxn for each irndividual gene. A surprising
consistency of choices exists among genes of the sam or similar gencues.
Thus each gerxre, or kind of gerxe, a-ears to possess a "system" for
choosing between codons. Frhift genes, hcwver, have widely different
choice strategies frhull rx al genes. Our work irnicates that the main
factors distinguishing betwem sqnsra to choices among
degenerate bases. These systanatic third base dcices can therefore be used
to establifsh a new kird of genetic distance, which reflects differences in
coding strategy. The choice patterns we find seem ccxpatible with the idea
that the genrue ard not the irdividual gen is the unit of selti. Each
gene in a genrKe tends to oonfonn to its species' usage of the cod catalog;
tis is our gerxe hypothesis.

INTRODUCTION

The genetic code provides options among codons for all 20 amino acids of
protein except methionine and tryptophan, which have single codons (see Figure
1 of reference 1). Choices among synonymous codons.do not affect the nature of
the protein produced but they may relate to expression of a gene. Indeed, mRNA
expressivity (rate of synthesis of a protein and the total amount of it made)
may be under the control of degenerate base use in the mRNA. This is still
largely an untested hypothesis. It is, however, an important one since choices
among third bases have often been considered "neutral", that is, of no
influence on fitness of the phenotype. Messenger RNA expressivity may well

©) IRL Press Umited, 1 Falconberg Court, London W1V 5FG, U.K.

Volume 8 Number 1 1980 Nucleic Acids Research

r49



Nucleic Acids Research

turn out to be an adaptive phenomenon.
In order to better understand codon usage, we have studied all published

mRNA sequences of more than about 50 codons. We here report three analyses on
these sequences. Table 1 first shows number, name, symbol, length in codons
and reference for each mRNA. Then Figures 1, 2 and 3 reveal the analyses. In
Figure 1 mRNA are combined according to genome type (RNA or DNA virus, animal,
etc.). Frequencies per thousand for each of the 61 amino acid codons appear in
Figures 1 and 2 (initiator and terminator cocons are excluded). Absolute
frequencies are had by multiplying by number of codons (Table 1). Figure 2
presents frequencies in each individual gene (unless it is the only example of
a genome type, in which case it is in Figure 1). This allows comparison of
codon use not only among genes in the same or different genomes, but also
between individual genes and the genome types-of Figure 1. Finally, messengers
with similar patterns of use of the code's degeneracy are seen as neighboring
points in Figure 3. The spacings in Figure 3 are projections into two
dimensions of distances calculated by corresponaence analysis (2, 3) on codon
third base frequencies. Other work has shown that the codon frequencies
themselves give correspondence analysis distances that depend mostly on
systematic choices between degenerate bases (4, 5).

DISCUSSION

It is not evident that distances between mRNA based on codon frequencies
would depend mainly on degenerate base use. The other two codon positions
could dominate in establishing these distances if proteins were relatively
more different among themselves than are their mRNA. Elsewhere (4, 5) we have
found that distances between proteins, determined by correspondence analysis
on their amino acid frequencies, do not agree with distances between their
mRNA, calculated from frequencies for the 61 codons in each messenger. However,
frequencies of duet coded amino acids can particularly affect distances
between mRNA (5). In order to eliminate all possible influence of protein
composition, therefore, distances in Figure 3 were determined solely from
quartet codons (1). Each of the eight quartet sets of codons has a complete
choice of bases in codon position III. Figure 3 results from correspondence
analysis on these quartet third base frequencies in each mRNA.

The structure in Figure 3 can be considered at several levels. First,
animals lie to the right and viruses to the left. Next, there is grouping by
genome or genome type: All papova virus (SV40 and BKV) genes lie together
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(no. 51-56); imrnunoglobins (IG) fall in a nearby zone (no. 73-78). All mRNA
of mammals except immunoglobins (MAM-IG) are grouped to the upper right (no.

79-90). Curiously, however, frameshift genes E of 4x174 and G4 (no.13 and 23)
are near this mammal area. Other genes of these phage are mainly to the upper
left of the figure. Finally, most IG have different coding strategies from
other mammalian genes (compare, for example, MUSBLP and MUSK2, no. 73 and 80).

What do these groupings and distances mean? We can partly answer this
question although the exact biological significance is unknown. The horizontal
axis of Figure 3 roughly corresponds to GC content of the third bases (5). The
rightmost mRNA often use C and G as third bases. Thus, with MUSBLP 90.5% of
all quartet codons have C or G in position III, while the value is only 2.8%
in the solitary yeast mitochondrial mRNA (no. 64) and 37.0% in MUSK2. This
also explains positioning of the above E genes near mammals: their mRNA show
more GC in quartet position III (68.9 and 64.7%, respectively) than do other
phage mRNA. Likewise, vertical contrast exists between use of A and U. For

example, quartet third bases in MUSK2 contain 42.6% A and 20.4% U while those
in FDV5 (no. 33) have 4.1% A and 53.1% U. Consequently, in base choices for

quartet codons papova virus mRNA resemble IG mRNA but differ greatly from
other mammalian genes, for both GC content and use of A (1). Lastly,
correspondence analysis groupings as in Figure 3 are very stable, whether the
starting data are frequencies for all 61 codons, the 32 quartet codons, or for
third bases of all codons or, as here, third bases of quartet codons. Some
rationalization of this stable structure is found in the distribution of the
isoacceptor tRNA for the codons (5-7). Coordination of codon usage with tRNA
gene amplification and expression may eventually aid in understanding the
genome hypothesis.

Our general goal in this work is to identify and understand the
biological information in nucleic acid sequences. Our hypothesis, however, is
so far mostly only descriptive. We observe that mRNA of the same genome are
clustered by correspondence analysis on codon frequencies and that their
proteins are not similarly grouped by analysis on the amino acid frequencies
(4). Indeed, correspondence analysis on the proteins does not suggest
classical systematics as does that on mRNA. In this very limited sense,
messengers better reflect evolution than proteins do (4, 5). We do not yet
know why.

This work was supported by CNRS LA 243 and GRECO Analyses des systemes.
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Table 1 mRNA Portfolio

No. Species and gene

1 Phage MS2 gene A
2 Phage MS2 coat
3 Phage MS2 replicase
4 Phage Q beta coat
5 Tobacco mosaic virus gene A
6 Tobacco mosaic virus coat
7 Tobacco mosaic virus 30K protein
8 Turnip yellow mosaic virus coat
9 Phage tX 174 gene A

10 Phage OX 174 gene B
11 Phage OX 174 gene C
12 Phage 'X 174 gene D
13 Phage 'X 174 gene E
14 Phage OX 174 gene F
15 Phage OX 174 gene G
16 Phage 'X 174 gene H
17 Phage OX 174 gene J
18 Phage 'X 174 gene K
19 Phage G4 gene A
20 Phage G4 gene B
21 Phage G4 gene C
22 Phage G4 gene D
23 Phage G4 gene E
24 Phage G4 gene F
25 Phage G4 gene G
26 Phage G4 gene H
27 Phage G4 gene J
28 Phage G4 gene K
29 Phage fd gene 1
30 Phage fd gene 2
31 Phage fd gene 3
32 Phage fd gene 4
33 Phage fd gene 5
34 Phage fd gene 6
35 Phage fd gene 7
36 Phage fd gene 8
37 Phage fd gene 10
38 Phage M13 gene 1
39 Phage M13 gene 3
40 Phage M13 gene 4
41 Phage M13 gene 6
42 Phage M13 gene 7
43 Phage M13 gene 9
44 Phage T7 gene 1
45 Phage X gene CI
46 Phage X gene CII
47 Phage I gene cro
48 Phage X gene 0
49 Phage 434 gene CII
50 Phage 434 gene cro
51 Simian virus 40 gene T

Symbol

MS2A
MS2C
MS2R
QBVC
TMVA
TmVC
TMV30K
TYMC
FIXA
FIXB
FIXC
FDXD
FIXE
FIXF
FIXG
FIXH
FIXJ
FIXK
VG4A
VG4B
VG4C
VG4D
VG4E
VG4F
VG4G
VG4H
VG4J
VG4K
FDVI
FDV2
FDV3
FDV4
FDV5
FDV6
FDV7
FDV8
FDV1O
M131
M133
M134
M136
M137
M139
T7VGl
LAMCI
LAMCII
LAMCRO
LAMO
434CII
434CR0
S40GT

No.codons Ref.

392 8
129 9
544 10
79 11
55 12
158 13
105 13
188 14
511 15,16
119 15,16
85 15,16

151 15,16
90 15,16

422 15,16
174 15,16
326 15,16
37 15,16
55 17

553 18
119 18
83 18
151 18
95 18

426 18
176 18
336 18
24 18
55 17

347 19
409 19
423 19
425 19
86 19

111 19
32 19
72 19

110 19
215 20
423 20
59 20
111 20
32 21
31 21
56 22
236 23
96 24
65 24

298 25
96 26
70 26

626 27,28
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Species and gene

Simian virus 40 gene t
Simian virus 40 gene VP1
Simian virus 40 gene VP2
Simian virus 40 gene VP3
Virus BK gene t
Hepatitis B virus surface antigen
Escherichia coli lac 1
Escherichia coli ribosomal protein Lll
Escherichia coli ribosomal protein Li
Escherichia coli ribosomal protein LIO
Escherichia coli ribosomal protein L7/L12
Salmonella paratyphi ampr gene

Saccharomyces subunit 9 mitochondrial ATPase
Saccharomyces iso-i cytochrome C
Psammechinus miliaris Hi histone
Psaunechinus miliaris H2A histone
Psammechinus miliaris H2B histone
Psanmechinus miliaris H3 histone
Str.ongylocentrotus purpuratus H2A histone
Strongylocentrotus purpuratus H3 histone
Chicken ovalbumin
Mouse K2 innnmoglobulin
Mouse inmunoglobulin light chain MOPC 21
Mouse inunnoglobulin Al-type light chain
Mouse VXUl inmnunoglobulin
Mouse MOPC-41 light chain imnunoglobulin
Mouse innglobulin y-1 constant heavy chain
Mouse hemoglobin beta
Mouse beta lipotropin
Rat growth hormone
Rat prolactin hormone
Rat preproinsulin
Rabbit hemoglobin alpha
Rabbit hemoglobin beta
Bovine corticotropin beta lipotropin
Human alpha chorionic gonadotropin
Human hemoglobin beta
Human pregrowth hormone
Human chorionic sommatomammotropin

Symbol No.codons Ref.

S40PT 173 27,28
S40VP1 361 27,28
S40VP2 351 27,28
S40VP3 233 27,28
BKVPT 171 29
HBVSA 225 30,31
ECOLAC 359 32
ECOLll 141 33
ECOLl 233 33
ECOL10 164 33
EC0712 120 33
SAPAMP 285 34
SACMT9 75 35
SACCC1 108 36
PSMH1 85 37
PSMH2A 123 37
PSMH2B 102 37
PSMH3 135 37
SPUH2A 123 38
SPUH3 102 38
GALOVA 385 39
MIJSK2 117 40
MUSLC 107 41
MUSL1 173 42
MUSVL2 165 43
MUSVL41 129 44
MJSPH21 153 45
MUSBGL 146 46
MUSBLP 48 47
RATGH 215 48
RATPLH 132 49
RATPPI 107 50
RABAGL 141 51
RABBGL 146 52
BOVCBL 264 53
HUMACG 115 54
HUMBGL 132 55
HUMPGH 216 56
HUMCSL 168 57
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
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3.5 R N A IJIPLUS SS DNA DS 0 N 4 VJIRUS
I70drIn _LLF1R_7 L77M7 (JIRLS RLL t0Rffr I PPWUR HU(S,_ p'1-S8 1 -413-U "to d4-f7 VI-_ff 1
rx 1 *9 6 .t 5 8 16 8 8

CCC 18 15 6 15 14 27 8 4
;'!;; 6 5 3 l 8 1 4
_C-LI 28 25 14 21 9 iS 2 9

4Cl_#4 f1 4 28 5 15 6 28 4_4C - 9 2 | 5 9 24 8
ii't! CUPL 1 711 18 4 18 5 12 J1

cC 17 28 15 15 9 12 3 31
Cim/I i11 6 is 17 19 13 31
CL/LI ls 14 12 38 23 25 22 1s
LIL/4 16 17 16 24 28 13 28 18
IICI; 12 6 18 17 16 12 21 18

Ser WA. l 1i 24 18 Il 18 9 27
/iCC 12 13 t1 13 7 4 7 22
L1CC 19 21 17 8 4 5 8 13
IC,Li 28 22 19 36 16 14 18 18
P4CC 13. 14 13 4 1 13 7 4
4GLU 11 4 17 8 14 8 28 22

Thr 4CA 17 7 27 11 16 17 14 27
4CC 26 23 38 12 28 22 18 22
P4CG 9 9 9 8 4 6 8 13
AC/U 32 32 31 25 18 13 25 13

pr r1:8 i i 7 13 10 13 48
CCC 16 l8 22 5 8 3 18 31
CCC 11 14 8 18 8 14 8 9
CCL/ 14 is 18 17 17 5 29 22

aLf23IL. 29 18 T0 22 31 14 4
C;CC 19 18 19 12 11 15 8 4
CCC 17 28 14 15 11 22 8 4
CCLI 22 24 21 35 48 42 41 13

.1Y G&A 17 2 21 8 18 13 23 27
LLC 11 16 5 22 II 12 11 9
CCC? 18 16 5 5 11 18 12 18
CCLIt/ 22 34 18 37 14 16 12 9

..Jss Urz 76 7l 9 12 'T Ii 7 15 9
C.L/C .27 23 31 14 4 6 2 4
CL/i; 16 14 17 8 12 9 15 18
CL/I( 38 36 24 37 24 26 23 1s

LY R88 28 27 29 44 45 48 47 13
44C. 28 28 28 19 38 39 24 8

1q:n 88U 34 48 29 T8 24 35 13 9
4L/ 28 24 2 27 is 1 26 18

.ljn CR8 I7 17I 16 Z6 24 29 13
CAC 21 29 13 21 21 22 28 18

Rig 8R 3 .5 T 4 4 f 7 4
C4LU 3 3 3 9 9 8 12 8

C1li C44 18 11 25 23 36 38 39 8
G4C 24 26 22 18 32 41 26 9

4w.; );P4C2.5 15 3T4 23 - -
C4LU 25 19 38 25 28 22 38 9

T½r UiAC 21 26 16 T 12 18If 13
U/U 6 5 8 26 15 11 21 13

sLLII; 9 8 le "IF I 3 18 22
LICtI 3T 4 2 8 9 3 18 48

PhIe LIL/C 18 28 16 24 16 22 5 48
/IJLI i8 IlI 25 26 25 16 35 31

Fte4114 I 5 18 19 8 9 5 12 18
4LIC 25 25 24 iS 17 29 8 31
4/ILl -I 12 11 33 26 26 26 22

f.e LPUG 13 12 14 16 29 32 27 22Trpt I EL. .12 16 7 3 23 17 24 R8

Fig. 1(i)

r54



Nucleic Acids Research

L*odon rFACT I frITTOYCH|j AST ALL PHI PNr-MPM ALL PM41 IG 1 r
If" tw 16,q 45-2 75 _9 W _7 -7

Rrqg eC& 3
ccc 20
eG; 2
c4tl 20

Leu CULI 3

Ctill sCUGL w59

i~LJL4 6
LILIG 6

Ser t1CP 3
tIee 1 4
ticG 4
tLICL 1 8
AGC 9
4i;LIi 6

Thr PC4 4
4qCC 21
nec 6
Acu 24

Pro Cen 6

c'l 26
CCt1 1

nla cen 48
cee 18
Ccc 28
CCLI 78

Gcc 31

Ua 1 CtU .34
LlC 49

cucG 14
CtLtt 42

nnciq
Psn PAC 21

44L1 7
Cn C44 14

Anc 23
His CAC 6

C4L 4
Clu GAn 57

cnc 14
A4sp GAC Jo@

CPUl 19
T"r LIAC I 7

UAU 4
C:'s lce 4

LlCU 2
Phe UUL(. 12

ttItIU 12
lie P4U4 3

AnU 28
utLI 18

Pme 4LIC 29
Trp UIL,G .7

14
8 8 ~~6

8 8 18
13 28 8
8 8 11
13 9 9
8 25

8 8 42
8 9 18

147 9 3
8 46 8

67 9 18
8 8 17
8 9 3
8 19 17
8 8 28
8 8 15

27 19 13
8 28 26
8 8 8
8 28 18
13 28 12
8 8 -17
8 8 6
13 9 12
53 8? 16/
13 37 38
8 8 6

67 28 25
27 8 14
8 19 268 19 11

187 74 19
67 8 4
8 8 19
8 19 31
13 9 9
27 56 19
8 93 5413 46 27
13 19 9
13 19 12
8 8 31
8 19 19
8 19 18
8 19 35

1 28 23
8 9 16
F 28 21

13 1 9 12
a 9 9
13 19 9
88 19 29
13 19 14
8 8 4
27 19 25
93 19 1i
27 19- 6

9 12-

8 , .7 8
26 9 4 12
5 6 .7 s

21 7 1 9
14 6 12 7
12 I1 99 l
9 8 11 7
27 24 26 24
21 51 16 68
16 7 7 7
1 4 ii 1

187 7 18
9 11 24 5

I1 28 17 22
2 4 1 5
17 17 29 ii
19 21 27 1s
11 17 33 9
13 13 26 7
28 25 38 23
I8 7 4 9
13 19 36 11
13 12 28 7
12 18 13 21
2 ,8 5 9
1 13 13 12

29 11 28 6
49 34 22 48
6 5 1 8

31 23 21 24
23 18 28 5
21 28 16 34
13 11 9 11
19 Is 25 15
83 3 5 1

25 16 23 13
22 35 1 7 44
12 7 7 7
29 15 1 7 14
74 45 24 56
21 29 29 29
6 18 17? 9
17 18 11 9
29 32 38 32
9 22 8 29
9 18 I1 18
23 22 21 23
33 36 23 43
1 1 27 22 38
11 18 23 16
7, 28 28 280
3 tS 17 14
1 12 6 16
2 11 18 8

I 8 33 30 75
9 16 13 18

40 2 21 19
18 II 18 S
16 16 .14 t6

i T1 .-25 1T

Fig 1 (ii)
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