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Abstract Patterns of codon usage and bias were com- 
pared among taxa of the genera Brugia, Echinococcus, 
Onchocerca and Schistosoma by metric multidimension- 
al scaling and three commonly used indices of bias: N c, 
GC3s and B. The overall codon usage for each taxon was 
compared, as was the codon usage for each individual 
gene within the taxa. Differences in the patterns of codon 
usage observed between taxa were dependent on the 
overall base composition of the genes analysed. The co- 
don usage of Echinococcus was distinct from that of the 
other taxa. Furthermore, the pattern of codon usage de- 
tected by the average codon usage summed across all 
genes for each taxon was not shown by all genes from 
that taxon. 

Introduction 

Grantham et al. (1981) proposed the genome hypothesis 
that explained the patterns observed in codon usage as 
being non-random and species-specific. This hypothesis 
was subsequently modified to account for observations 
that codon usage is related specifically to the genome 
base composition of an organism (D'Onofrio etal. 
1991). Furthermore, since genome compartmentalisation 
is known to occur in eukaryotes, multiple patterns of co- 
don usage are known to occur that reflect the GC content 
of the different genome compartments. Therefore, in 
higher eukaryotes the patterns of codon usage shown by 
genes of an organism often differ. Bias in codon usage 
may result from not only the influence of the amino acid 
composition of the gene product but also the action of di- 
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rectional mutation pressure on the base composition of 
the genome (Andersson and Kurland 1990; Osawa et al. 
1992). Although a variety of factors affect the patterns of 
codon usage shown by an organism, taxonomically relat- 
ed species generally have very similar patterns of codon 
usage, whereas unrelated species have quite different 
patterns of codon usage (Ikemura 1985; Long and Gilles- 
pie 1991; Ellis et al. 1993). 

Recently, Unnasch et al. (1992) reported an analysis 
of codon usage in genes of Onchocerca volvulus, Alva- 
rez et al. (1993) and Kalinna and McManus (1994) re- 
ported codon usage for Echinococcus species and Ham- 
mond (1994) described codon usage in Brugia. However, 
all these analyses were limited to a summary of the total 
codon usage summed over all the genes of that taxon and 
did not take into account any heterogeneity within the 
data set (Sharp and Devine 1989; Lloyd and Sharp 
1992a). Since it is now well documented that the extent 
to which alternative synonymous codons are used by an 
organism is non-random and that the pattern of codon us- 
age varies not only between species but also between 
genes of the same species, it is obvious that the approach 
used in all of these studies will not completely or ade- 
quately explain the patterns of codon usage observed in 
genes of Brugia, Echinococcus and Onchocerca. Conse- 
quently, we report herein a thorough comparison of the 
patterns of codon usage and bias in gene sequences of 
Brugia, Echinococcus and O. volvulus and compare them 
with the results reported previously for Schistosoma 
mansoni (Ellis and Morrison 1994). 

Materials and methods 

The data set (shown in Tables 1 and 2) contains 8 genes derived 
from 2 species of Brugia (B. malayi and B. pahangi; 4688 co- 
dons), 9 genes of Onchocerca volvulus (4499 codons) and 10 
genes from Echinococcus spp. (E. granulosus and E. rnuItilocula- 
ris; 4491 codons). The data set for Schistosoma mansoni, which 
contains 20 genes (11287 codons), has previously been described 
(Ellis and Morrison 1994); 3 genes of S. japonicum (1342 codons) 
were also included for comparative purposes only. Gene sequences 
were extracted from the GenBank data base using the accession 
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Table 1 Codon usage bias in genes of Onchocerca and Brugia (L Length in base pairs; N c effective number of codons, GC3s G+C con- 
tent at silent third positions, GC gene G+C content as a fraction, B standardised measure of bias, Code code used in the figures) 

Gene a Accession L N c GC3s GC B Code Reference 
number b 

ONGACTIA M84916 1131 48.88 0.39 0.45 0.134 21 Zeng and Donelson 1992 
ONGCUZNSOD X57105 477 52.96 0.27 0.44 0.293 22 Henkle et al. 1991 
ONGEF1A M64333 1395 47.59 0.29 0.41 0.180 23 Alarcon and Donelson 1991 
ONGMBWMZ M74066 5874 51.17 0.34 0.41 0.110 24 Werner and Rajah 1992a 
ONGRASB M98812 648 61.00 0.33 0.43 0.159 25 Dissanayake et al. 1992 
ONGMSPB J04663 384 48.43 0.50 0.50 0.255 26 Scott et al. 1989 
ONGPARAMYO M95813 2640 44.28 0.21 0.39 0.269 27 Dahmen et al. 1993 
ONGOV7 M37105 489 59.88 0.32 0.39 0.230 28 Lustigman et al. 1992 
ONGANTIG M27807 459 56.88 0.37 0.41 0.1.44 29 Lobos et al. 1990 
BRPCHIT M73689 1515 52.84 0.30 0.41 0.117 30 Fuhrman et al. 1992 
BRPMYOHEAV M74000 5874 51.47 0.35 0.42 0.097 31 Werner and Rajah 1992b 
$77613 $77613 1935 50.00 0.35 0.42 0.118 32 Rothstein and Rajah 1991 
BRPANTP J03971 1647 53.51 0.32 0.41 0.110 33 Perrine et al. 1988 
BRPMF22G X58063 618 50.92 0.20 0.47 0.396 34 Selkirk et al. 1991 
BRPRPS13A M86643 456 51.12 0.39 0.46 0.157 35 Ellenberger et al. 1989 
BRPGP29 X63365 672 42.96 0.28 0.37 0.285 36 Cookson et al. 1992 
BRPTUBBA M36380 1347 50.98 0.35 0.45 0.116 37 Guenette et al. 1991 

a Data-base name 
b GenBank data-base accession number 

Table 2 Codon usage bias in genes of Echinococcus and Schistosomajaponicum. Definitions of table headings are given in Table 1 

Gene a Accession L N c GC3s GC B Code Reference 
number b 

ECCACTNI L07773 1128 49.41 0.57 0.52 0.141 38 Da Silva et al. 1993 
ECCMDH L08894 999 51.19 0.62 0.53 0.167 39 Rodrigues et al. 1993 
ECCGRPA M63605 1956 52.16 0.46 0.46 0.098 40 GenBank 
ECCEG13A M95051 1251 58.82 0.56 0.51 0.083 41 GenBank 
EGDF1P X65947 405 57.69 0.64 0.49 0.332 42 Esteves et al. 1993 
EGPARAMA Z21787 2592 57.41 0.59 0.53 0.088 43 Mtihlschlegel et al. 1993 
ECCUB19A L23315 231 51.21 0.59 0.50 0.419 44 GenBank 
ECCTEGPRO M61186 1680 55.29 0.57 0.48 0.087 45 Frosch et al. 1991 
ECCGRP M63604 1950 53.40 0.47 0.46 0.083 46 GenBank 
ECCANTIGEN M84807 1281 59.67 0.54 0.50 0.071 47 Hemmings and McManus 1991 
SCMENOL L23324 1305 52.14 0.33 0.42 0.104 48 Waine et al. 1993a 
SCMGL3PHDE L09549 1017 58.16 0.38 0.43 0.104 49 Waine et al. 1993b 
SCMFABP L23322 399 59.50 0.43 0.43 0.337 50 GenBank 

Data-base name 
b GenBank data-base accession number 

numbers shown in Tables 1 and 2. Partial gene sequences were ex- 
cluded from this analysis as they yield anomalous values for mea- 
sures of bias. Codon-usage tables were compiled using the pro- 
gram CODON FREQUENCY in the GCG computer software 
package (Devereux et al. 1984) run through the Australian Nation- 
al Genomic Information Service. 

The procedures used for these analyses of codon usage and bi- 
as have been described in detail elsewhere. Metric multidimen- 
sional scaling (MMDS) was performed using the PATN multivari- 
ate pattern-analysis program (Belbin 1989) as described by Morri- 
son et al. (1994). This involves deriving a standardised measure of 
inter-gene divergence in codon usage and displaying these distanc- 
es as either a dendrogram or an ordination. A two-dimensional or- 
dination was used with the Manhattan distance measure (Faith et 
al. 1987). Log-likelihood ratio chi-square goodness-of-fit tests 
were used to identify codons that were over- or under-represented 
in the data set. 

Three independent measures of codon usage bias (N c, GC3s 
and B) were determined for genes in the data set. A computer pro- 
gram, CODONS (Lloyd and Sharp 1992b), was used to calculate 
two of the indicators of codon usage bias for the nucleotide se- 
quences shown in Tables 1 and 2, namely N c (Wright 1991) and 
GC3s (Sharp and Devine 1989). N c (commonly referred to as the 

"effective number" of codons used by a gene) is a general measure 
of non-uniformity of codon usage and can take values between 20 
(for genes that are highly biased and use only 1 codon for each 
amino acid) and 61 (for unbiased genes), whereas GC3s is defined 
as the frequency of G plus C at silent (i.e. synonymously variable) 
third positions of sense codons (excluding codons for Trp and Met 
and stop codons). A standardised measure of bias in synonymous 
codon preference (B) was also calculated, which can take values 
between 0 (for unbiased genes) and 1 (Long and Gillespie 1991). 

Results 

An analysis of  the total codon usage summed  for each 
data set is shown in Table 3. A chi-square  goodness-of -  
fit test revealed that genes o f  Brugia and Onchocerca, 
l ike those of  Schistosoma (Ellis and Morr i son  1994), 
preferred codons containing A or T at the third base po- 
sition. This contrasts to those of  Echinococcus, which 
preferred codons ending in T, C or G. For  example ,  o f  
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Table 3 Synonymous codon 
usage expressed as a fraction, 
in Brugia, Echinococcus, and 
O. volvulus (B Brugia, E Echi- 
nococcus, 0 0 .  volvulus, Am 
acid amino acid, * over-repre- 
sented codon [Z 2 significant at 
P<0.05], + under-represented 
codon [X 2 significant at 
P<0.05]) 

Am Codon B E O Am Codon B E O 
Acid acid 

Gly GGG 0.04 + 0.08 + 0.05 + Trp TGG 1.00 1.00 1.00 
Gly GGA 0.32 0.12 + 0.26 End TGA 0.25 0.20 0.11 
Gly GGT 0.48* 0.51" 0.50* Cys TGT 0.54 0.38 0.49 
Gly GGC 0.16 + 0.29 0.20 Cys TGC 0.46 0.62 0.51 
Glu GAG 0.26 + 0.65* 0.21 + End TAG 0.25 0.20 0.22 
Glu GAA 0.74* 0.35 + 0.79* End TAA 0.50 0.60 0.67 
Asp GAT 0.75* 0.57 0.79* Tyr TAT 0.57 0,32 + 0.58 
Asp GAC 0.25 + 0.43 0.21 + Tyr TAC 0.43 0,68* 0.42 
Val GTG 0.23 0.30 0.18 Leu TTG 0.28* 0.20 0.32* 
Val GTA 0.21 0.10 + 0.26 Leu TTA 0.13 0,05 0.15 
Val GTT 0.40* 0.34* 0.41" Phe TTT 0.54 0,35 + 0.48 
Val GTC 0.16 0.26 0.15 + Phe TTC 0.46 0.65* 0.52 
Ala GCG 0.15 + 0.17 + 0.13 + Ser TCG 0.16 0.18 0.16 
Ala GCA 0.34* 0.15 + 0.35 * Set TCA 0.30* 0.08 + 0.28* 
Ala GCT 0.37* 0.33* 0.37 * Ser TCT 0.20 0.18 0.20 
Ala GCC 0.14 + 0.35* 0.15 + Ser TCC 0.09 0.20 0.13 
Arg AGG 0.04 + 0.07 + 0.04 + Arg CGG 0.06 + 0.07 + 0.04 + 
Arg AGA 0.14 0.10 0.13 Arg CGA 0.24 0.13 0.25* 
Set AGT 0.15 0.16 0.15 Arg CGT 0.38* 0.34* 0.43* 
Ser AGC 0.10 0.19 0.08 Arg CGC 0.14 0.29 0.11 + 
Lys AAG 0.36 + 0.70* 0.34 + Gln CAG 0.41 0.56 0.35 + 
Lys AAA 0.64* 0.30 + 0.66* Gln CAA 0.59 0.44 0.65* 
Asn AAT 0.72 0.53 0.71" His CAT 0.67* 0.36 0.79* 
Asn AAC 0.28 + 0.47 0,29 + His CAC 0.33 + 0,64 0.21 + 
Met ATG 1.00 1.00 1.00 Leu CTG 0.16 0.21 0.14 
Ile ATA 0.20 + 0.13 + 0.14 + Leu CTA 0.11 0.08 + 0.08 + 
lle ATT 0.57 0.43* 0.61" Len CTT 0.24* 0.18 0.23* 
[le ATC 0.22 + 0.44* 0.25 Leu CTC 0.09 + 0.28 0.08 + 
Thr ACG 0.22 0.10 + 0.16 Pro CCG 0.24 0.21 0.24 
Thr ACA 0.32 0.18 0.35* Pro CCA 0.51" 0.18 0.50* 
Thr ACT 0.32 0.42* 0.35* Pro CCT 0.20 0.34 0.20 
Thr ACC 0.14 + 0.30 0.15 + Pro CCC 0.06 + 0.27 0.06 + 

the four possible synonymous  codons coding for ALA,  
G C A  and GCT were over-represented in the filarial 
worms and schistosomes, whereas GCT and GCC were 
over-represented in Echinococcus.  Similarly, for G LU  
G A A  was over-represented in the filarial worms and 
schistosomes, whereas G A G  was over-represented in the 
Echinococcus data set. In addit ion to such obvious dif- 
ferences, all taxa used certain codons infrequently.  AGG,  
A G A  and CGG (ARG),  CTA (LEU), CAC (HIS), CCG 
and CCC (PRO) were identif ied as low-usage codons 
(i.e. their f requency of usage is less than 10 per 1000 co- 
dons; Ellis et al. 1993) in all taxa (data not shown). Co- 
dons for CYS and TRP were also infrequent ly  used by 
all taxa, but  this was the result of  the low cysteine and 
t ryptophan content  of the proteins encoded by the data 
set. In general,  however, these initial  observat ions im- 
plied that the patterns of codon usage of Brugia, Oncho- 
cerca and Schistosoma were more similar  to each other 
than to that of  Echinococcus.  Consequently,  multivariate 
analysis  was performed to investigate this further. 

Heterogenei ty in codon usage be tween genes was in- 
vestigated by MMDS.  Since the pattern of codon usage 
shown by a gene can result  f rom a bias in the amino  acid 
composi t ion of the gene product, codon usage was ex- 
pressed as a f requency of synonymous  codon usage and 
analysed by MMDS.  This method of analysis  removes 
the effect of the amino acid composi t ion of the gene 
product  f rom the measure of codon usage (Ellis and 
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Fig. 1 Metric multidimensional scaling was used to investigate 
the pattern of codon usage among synonymous codons shown by 
individual gene sequences in the data set. For each gene sequence, 
the usage of each codon was expressed as a frequency relative to 
other synonymous codons. A two-dimensional ordination was 
used with the Manhattan distance measure (Faith et al. 1987; Bel- 
bin 1989). Sequence codes are as given in Tables 1 and 2. The 
symbols used represent Brugia (V), Echinococcus (A), Oncho- 
cerca ( A ), Schistosoma mansoni (O) and S. japonicum (�9 

Morr ison 1994; Ellis et al. 1994). The results obtained 
are shown in Fig. 1, where the data derived for S, man- 
soni are included for comparat ive purposes. The analysis  
divides the genes into two non-over lapping groups, The 
first group contains all of  the genes of Echinococcus and 
the second group contains all of  the other genes. Two 
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Fig. 2 Frequency of G+C at silent third positions (GC3s) of syn- 
onymous codons (excluding codons for Trp and Met and stop co- 
dons) relative to the G+C frequency of the whole gene for each of 
the nucleotide sequences. The line represents GC3s=GC. Sequence 
codes are as given in Tables 1 and 2. Symbols are the same as 
those shown in Fig. 1 
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Fig. 3 "Effective" number of codons used by the gene sequence 
(Nc) relative to the standardised synonymous codon bias (B). Gene 
sequences below the horizontal line are indicated by N c as having 
higher codon usage bias than those above the line, whereas gene 
sequences to the right of the vertical line are indicated by B as 
having higher codon bias than those to the left of the line. Se- 
quence codes are given as in Tables 1 and 2. Symbols are the same 
as those shown in Fig. 1 

genes of  Echinococcus (EGDF1P and ECCUB19A) dif- 
fer in their pattern of  codon usage as compared with the 
rest of the Echinococcus genes, which cluster together as 
a reasonably tight group in the ordination. This analysis, 
however, shows the patterns of  codon usage used by 
genes of Brugia, Onchocerca and Schistosoma to be 
more similar to each other than to that shown by genes 
of  Echinococcus. 
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The similarity detected in codon usage between Bru- 
gia, Onchocerca and Schist �9 and presented herein 
is surprising given that current classifications of these or- 
ganisms group Echinococcus and Schist �9 into the 
phylum Platyhelminthes, whereas Brugia and Onchocer- 
ca belong to the phylum Nematoda. However, the data 
shown in Tables 1 and 2 reveal the reason for the rela- 
tionships detected. Three independent measures of codon 
usage bias (N c, GC3s and B) were calculated for genes in 
the data set. The variation in N c, GC3s and B values be- 
tween genes in the data set confirms the existence of on- 
ly low levels of bias in the patterns of  codon usage 
shown by these genes. The average GC content of Echi- 
nococcus genes is significantly higher than that of  the 
other species, explaining the preferences in codon usage 
observed by the goodness-of-fit  tests on the summed da- 
ta for each taxon. A plot of GC3s against gene GC con- 
tent expressed as a fraction is shown in Fig. 2. All of  the 
Echinococcus genes have GC3s values that are generally 
higher than those determined for genes from the other 
taxa. interestingly, the GC3s values derived from all the 
genes in the data set fell onto a line that correlated well 
with that previously identified for S. mansoni (Ellis and 
Morrison 1994). 

A plot of No against B for the genes is shown in Fig. 
3. As noted previously, bias is detected in four genes of 
S. mansoni by both N c and B (Ellis and Morrison 1994). 
However, B detected bias in four genes where N c did not 
(SCMFABR EGDF1R ECCUB19A and BRPMF22G).  
All four of  these genes have high B values and cluster 
away from the other genes in the ordination of Fig. 1. 
The first three of  these genes contain only a small num- 
ber of  codons, and the inability of  N~ to detect bias in 
them may reflect their small size. It is not clear why N c 
does not detect bias in BRPMF22G, since the goodness- 
of-fit tests show this gene to contain several codons that 
are either over- or under-represented (not shown). 

D i s c u s s i o n  

This study investigated the patterns of codon usage and 
bias in genes of Brugia, Echinococcus, Onchocerca and 
Schist �9 species. There are two main outcomes from 
this study. The first observation is that the patterns de- 
tected by the average codon usage across all genes for 
each taxon were similar in Brugia, Onchocerca and 
Schist �9 in that codons over-represented in the data 
set contained A or T at the third base position, whereas 
genes of Echinococcus preferred codons containing T, C 
or G. Alvarez et al. (1993) and Kalinna and McManus 
(1994) concluded that bias in genes of  Echinococcus was 
related to an over-representation of codons containing G 
or C at the third base position. The results presented 
herein support these claims but also show a significant 
preference for T at the third base position of some syn- 
onymous codons. 

The differences detected in codon usage between 
Echinococcus and the other three taxa appear to be relat- 
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ed directly to a significant difference in the gene base 
composition between Echinococcus as compared with 
the other taxa. Since directional mutational pressure 
drives the genome base composition to a higher or lower 
percentage of GC over time, the genome base composi- 
tion indirectly determines codon usage (Ellis etal. 
1993). Consequently, it would appear that the similarity 
detected in patterns of codon usage between filarial 
worms and schistosomes is probably the result of conver- 
gent evolution acting on the genome base composition. 
Such a conclusion is supported by the values assigned to 
the GC content of genomic DNA from these taxa, which 
are 20% (B. malayi), 36% (O. volvulus), 34% (S. man- 
soni) and 44% (E. multilocularis; Barrett 1981; Mead- 
ows and Simpson 1989; Hammond and Bianco 1992). 
However, it is noteworthy that the GC content of the 
genes analysed herein is generally greater than the GC 
content of the respective genomic DNA from which they 
are derived. 

The second point to be made from this study is that 
the pattern of codon usage detected by the average codon 
usage summed across all genes for each taxon is not nec- 
essarily that shown by all the genes from that taxon. The 
analysis presented herein quite clearly shows that all 
genes in the data set show widely different patterns of 
codon usage (Fig. 1) and bias (Tables 1, 2). This study 
therefore significantly extends the observations of Unn- 
asch etal. (1992), Alvarez etal. (1993), Kalinna and 
McManus (1994) and Hammond (1994), who reported 
only the average codon usage summed across all genes 
of O. volvulus, Echinococcus and Brugia, respectively. 
Recently, Ellis and Morrison (1994) described heteroge- 
neity in codon usage among genes of S. mansoni. The re- 
sults presented herein are in complete agreement with 
the general trends observed by these authors. 

Bias in codon usage has been measured in many ways. 
Historically, these start with the relatively complicated 
method of McLachlan et al. (1984), but recently much 
simpler methods have been proposed. Sharp and Li 
(1987) devised the codon adaptation index (CAI), where- 
as Sharp and Devine (1989) suggested GC3s. Shields et 
al. (1988) used the chi-square coefficient for determining 
deviation from equal usage of synonymous codons; 
Wright (1991) proposed N c, and Long and Gillespie 
(1991) devised B. Wright (1991) also proposed plotting 
different measures of bias against each other so as to 
identify genes containing bias due to the amino acid 
composition of the gene product or to bias in synony- 
mous codon usage. This approach was therefore adopted 
in this study. In addition, since there is no reliable infor- 
mation about the level of expression of the gene sequenc- 
es analysed in this study, it was necessary to restrict our 
analysis to measures of bias that do not rely on this infor- 
mation. Stenico et al. (1994) presented the results ob- 
tained from an analysis of genes of Caenorhabditis ele- 
gans, which found a correlation between codon usage bi- 
as, N c, GC3s and levels of gene expression. In the present 
study, analysis of GC3s and N c values revealed no corre- 
lation between base composition and level of codon us- 

age bias within any one taxon, although a strong correla- 
tion between GC3s and gene base composition was evi- 
dent for all taxa. Although N c and B detected significant 
heterogeneity in codon usage bias in all genes of the data 
set studied herein the overall magnitude of the level of 
bias was generally low and of magnitude similar to that 
reported for genes of S. mansoni (Ellis and Morrison 
1994). Consequently, any further investigation into the 
relationship between bias and levels of gene expression 
requires the acquisition of the necessary information on a 
much larger data set than the one analysed herein. Such 
data may be forthcoming from a variety of "genome se- 
quencing" programs that have recently been initiated. 
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