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Abstract. The quantitative description of codon us- 
age divergence among taxa is a two-step process in- 
volving first the calculation of a standardized measure 
of intertaxon divergence for each possible pair of taxa 
followed by a summary and visual display of the patterns 
among the taxa inherent in these measures. Three dif- 
ferent measures have been proposed in the literature, and 
three different summaries have been used. These dif- 
ferent techniques are empirically compared using a da- 
ta set consisting of gene sequences from seven species 
of Apicomplexa. The results suggest that the manhattan 
distance measure may be preferable to the use of the chi- 
square measure, although the separation of amino acid 
usage and codon usage by the genetic distance produces 
theoretical advantages. The multidimensional scaling 
ordination and unweighted pair-group clustering are 
both successful in displaying the patterns, while the 
eigenanalysis ordination is not. 
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Synonymous codons are not used with equal frequencies 
among taxa, and it is now accepted that there is some 
close relationship between codon usage divergence and 
phylogenetic distance (Grantham et al. 1981; Maruya- 
ma et al. 1986; Long and Gillespie 1991). A number of 
distance matrix methods have therefore been proposed 
for quantitatively describing codon usage divergence 
among taxa (e.g., Grantham et al. 1981; Long and Gil- 
lespie 1991), and in this note we empirically compare 
these different techniques. 
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Long and Gillespie (1991) have also proposed that it 
may be possible to deduce the phylogeny of the organ- 
isms from the patterns of their codon usage divergence 
among homologous genes. They discuss this idea in de- 
tail, and it is certainly worth pursuing the hypothesis that 
these distance matrix methods may be used to deduce the 
phylogeny of the organisms concerned. No parsimony, 
maximum likelihood, or closest tree methods (see Pen- 
ny et al. 1992) for deducing phylogenies from codon us- 
age data have been reported so far. 

The quantitative description of codon usage diver- 
gence is a two-step process involving multivariate analy- 
sis of the codon frequency data. First, a standardized 
measure of intertaxon divergence in codon usage is de- 
rived, and this is then calculated for each possible pair 
of taxa. Second, the patterns among the taxa inherent in 
these measures are summarized and visually displayed. 
Three different measures have been proposed, and three 
different summaries have been used. We will compare 
all three measures and all three summaries (i.e., nine da- 
ta analyses). 

Grantham et al. (1981) used correspondence analy- 
sis to quantitatively describe codon usage divergence 
among unicellular organisms. This technique uses a 
double-standardized chi-square association measure 
(Hill 1974) to estimate the codon usage distance among 
the taxa based on the 61 codon frequencies summed 
across all of the genes. An eigenanalysis ordination is 
then used to project the taxa from the multidimension- 
al space defined by the codon frequencies onto a small- 
er number of dimensions (Hill 1974). The result is then 
usually visualized as a two-dimensional graph, where the 
distance between the taxa on the graph represents their 
differences in codon usage. The biological model un- 
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derlying the choice of the chi-square association as a 
measure of codon usage divergence is that differences 
between taxa are a product of non-independent codon 
changes between the taxa being compared. This has 
been the most widely used multivariate method for the 
quantitative comparison of codon usage among taxa 
(e.g., Shields and Sharp 1987; Shields et al. 1988; Sharp 
and Devine 1989; Lloyd and Sharp 1991, 1992). 

Ellis et al. (1993) used a somewhat similar approach 
to that of Grantham et al. (1981). However, they em- 
ployed a standardized manhattan dissimilarity measure 
(Faith et al. 1987) to estimate the codon usage distance 
among the taxa based on the frequency of each codon 
relative to the other codons for that taxon. They then 
used an MMDS (metric multidimensional scaling) or- 
dination to produce the two-dimensional graph (Belbin 
1991). One of the problems with eigenanalysis ordina- 
tions is that the higher-order axes are often polynomi- 
al functions of the lower-order axes (Gauch 1982), be- 
cause the technique is based on a mathematical model 
requiring orthogonal axes. For this reason, eigenanaly- 
sis ordinations might be best applied to data obtained 
from taxa with a relatively narrow range of variation in 
codon usage, where this model may apply. MMDS or- 
dinations should avoid these technical problems (Faith 
et al. 1987; Belbin 1991). The choice of the manhattan 
distance as a measure of codon usage divergence implies 
that differences between taxa are a product of indepen- 
dent codon changes between the taxa being compared. 

Long and Gillespie (1991) derived their estimate of 
codon usage distance among vertebrates from Nei's 
(1972) genetic distance, which is based on a specific 
population genetic model. The frequency of each codon 
is calculated relative to the other synonymous codons 
for that amino acid, thus separating codon usage infor- 
mation from amino acid usage information. A prod- 
uct-moment correlation measure is then used to estimate 
the similarity between taxa based on these frequencies 
averaged across all of the 59 codons present, and this 
is converted to a codon usage distance by taking the neg- 
ative natural logarithm. An UPGMA (unweighted pair- 
group method using arithmetic averages) clustering is 
then used to group the taxa (Sneath and Sokal 1973). 
The result is then visualized as a dendogram, where the 
order in which the taxa are joined represents their dif- 
ferences in codon usage. The biological model assumes 
that individual codon changes are independent. 

The relative effectiveness of these multivariate tech- 
niques for the analysis of codon usage divergence 
among taxa needs to be evaluated. This is particularly 
true since there have been several unfavourable empir- 
ical and theoretical critiques of eigenanalysis ordinations 
in other fields of biology, notably taxonomy (e.g., Rohlf 
1972; Pimentel 1981; Hartman 1988) and ecology (e.g., 
Fasham 1977; Prentice 1977; Kenkel and Orl6ci 1986; 
Minchin 1987). 

The relative effectiveness of classification and ordi- 
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MMDS ordination (a) and UPGMA clustering (b) of the Api- 
complexa data using the chi-square association as an estimate of 
codon usage divergence among the taxa. Taxon codes are Babesia bo- 
ris (Bb), Babesia rodhaini (Br), Eimeria tenella (Et), Plasmodium fal- 
ciparum (PC), Theileria annulata (Ta), Theileria parva (Tp), Toxo- 
plasma gondii (Tg), 

nation techniques can be evaluated in terms of (van der 
Maarel 1979) (1) the structure of the ordination diagram 
or dendrogram; (2) the separation of clusters in the or- 
dination space, or discrimination between clusters at one 
particular level of the dendrogram; (3) the biological in- 
terpretability of the results; and (4) the agreement of the 
results with already-established knowledge about 
the phylogeny of the taxa involved. Our empirical 
evaluation will concentrate on the last of these crite- 
ria. 

The gene sequences used for our empirical compar- 
ison are described by Ellis et al. (1993). They are a set 
of nonhomologous sequences from seven species of 
Apicomplexa, a group of parasitic protozoa. Long and 
Gillespie (1991) point out that comparisons of nonho- 
mologous sequences may confound codon choice with 
amino acid choice, i.e., that differences in amino acid 
usage among the sequences will also contribute to the 
estimates of codon usage distances. However, we can 
assess the extent of this potential problem by compar- 
ing our results with the conclusions drawn from other 
data sets for the same taxa. 

We applied the chi-square distance (as suggested by 
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Fig. 2. MMDS ordination (a) and UPGMA clustering (b) of the Api- 

complexa  data using the manhat tan d iss imi lar i ty  as an es t imate  of co- 

don usage d ivergence  among the taxa. Taxon codes are as in Fig. 1. 

Grantham et al. 1981), the manhattan distance (as sug- 
gested by Ellis et al. 1993), and the genetic distance (as 
suggested by Long and Gillespie 1991) to the Apicom- 
plexa data. We then used the UPGMA clustering to 
group the data (as used by Long and Gillespie 1991), 
and the MMDS ordination (as used by Ellis et al. 1993). 
The eigenanalysis ordination (as used by Grantham et 
al. 1981) was also calculated for comparison. All analy- 
ses used the PATN multivariate data analysis package 
(Belbin 1989). 

The results of the MMDS ordination and UPGMA 
clustering analyses of the chi-square (Fig. 1), manhat- 
tan (Fig. 2), and genetic distance (Fig. 3) estimates of 
codon usage divergence are in general agreement with 
the established phylogenetic relationships among the 
taxa. These relationships include those indicated by as- 
pects of both morphology (Levine 1985) and genetics 
(Barta et al. 1991; Johnson et al. 1991; Ellis et al. 1992, 
1993). This result implies that the MMDS ordination 
and UPGMA clustering analyses are useful distance 
matrix techniques for analyzing codon usage diver- 
gence. 

This result also confirms the hypothesis discussed by 
Long and Gillespie (1991) that some distance matrix 
methods based on codon usage divergence may be a use- 
ful means of detecting the phylogenetic relationships 
among taxa. In particular, our results extend the idea to 
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Fig. 3. MMDS ordination (a) and UPGMA clustering (b) of the Api- 

complexa  data using the genetic  dis tance as an est imate of codon us- 

age d ivergence  among the taxa. Taxon codes are as in Fig. 1. 

cover prokaryotic organisms, in addition to the verte- 
brates specifically discussed by Long and Gillespie 
(1991). 

The MMDS ordination and UPGMA clustering 
analyses within each distance measure also agree close- 
ly with each other. This suggests that these two sum- 
marization techniques do not differ in their ability to de- 
tect and display the patterns of codon usage in the data, 
and either technique could be used to estimate phy- 
logeny. However, the three eigenanalysis ordinations do 
not produce results that agree with either the equivalent 
MMDS ordination or the equivalent UPGMA clustering, 
implying that this ordination techniques is less suc- 
cessful, presumably due to its restrictive mathematical 
model. Therefore, we have not presented these results. 
These conclusions agree with those of the other pub- 
lished studies that have been critical of eigenanalysis or- 
dinations. (See James and McCulloch 1990.) 

The three distance measures do disagree in some of 
the details of the relationships among the taxa. First, the 
genetic and manhattan distance measures group the taxa 
quite tightly, thus emphasizing the phylogenetic rela- 
tionship among the taxa more than does the chi-square 
measure. Second, the distance measures disagree about 
the placement of Plasmodium falciparum--they all 
agree that it is only distantly related to the other taxa, 
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but  the gene t ic  d i s tance  groups  this t axon  wi th  Babesia 

rodhaini w h e r e a s  the ch i - squa re  and m a n h a t t a n  dis-  

tances  p lace  it in a g roup  on its own.  This  d i f f e rence  

m a y  be a resul t  o f  the a t t empt  by the gene t ic  d i s tance  

to separate  the codon  usage  in fo rma t ion  f r o m  the a m i n o  

ac id  usage  in fo rma t ion ,  wh ich  the o ther  two  measu re s  

do not  do. The  other  morpho log ica l  and genet ic  data sets 

ind ica te  that it is un l ike ly  that  P. falciparum is phy lo -  

gene t i ca l ly  m o r e  c lose ly  re la ted  to B. rodhaini than it 

is to the o ther  taxa,  sugges t ing  that  it is the manha t t an  

d i s tance  that is p roduc ing  g roup ings  that a p p r o x i m a t e  

the mos t  l ike ly  phy logeny .  

W e  thus c o n c l u d e  that  the manha t t an  d is tance  mea-  

sure m a y  be  p re fe rab le  to the a l te rna t ive  d i s tance  mea-  

sures as an e s t ima te  o f  d i v e r g e n c e  a m o n g  taxa in codon  

usage ,  a l though  the separa t ion  o f  a m i n o  ac id  usage  and 

codon  usage  by the gene t ic  d i s tance  p roduces  theore t i -  

cal  a d v a n t a g e s  as wel l .  T h e  M M D S  o r d i n a t i o n  and 

U P G M A  clus ter ing  are both successful  in d i sp lay ing  the 

pat terns  o f  d i v e r g e n c e ,  wh i l e  the e igenana lys i s  o rd ina-  

t ion is not. 
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