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Abstract

In a recent publication [Biochem. Biophys. Res. Commun. 317 (2004) 957] it was proposed that the �effective number of codons�
ðN̂cÞ in a gene should be calculated by summing the individual amino acid N̂c’s using rounding whenever the codon homozygosities
are lower than the reciprocal value of the number of members of the synonymous families. This led Marashi and Najafabadi to
examine the consequences of individual re-adjustment when comparing observed N̂c with the expected Nc under assumptions of
no selection, and C = G and A = T [Biochem. Biophys. Res. Commun. 324 (2004) 1]. Clearly, the present methodology has some
weaknesses; in this work, I discuss these in relation to the observations by Marashi and Najafabadi, and finally an alternative
method for the calculation of N̂c is introduced with the purpose of eliminating the need for re-adjustments.
� 2004 Elsevier Inc. All rights reserved.
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In all life forms known, the usage of synonymous co-
dons is uneven, i.e., not all codons for a particular ami-
no acid are used equally often. A central issue in the
study of this phenomenon is the calculation of a codon
bias parameter, i.e., a number that tells to what extent
the codons used are restricted. Wright [1] came up with
excellent and intuitive idea for this: since there are 20
amino acids and 61 sense codons (with the standard
gene code), a number (called �N̂c,� the effective number
of codons) between 20 and 61 can be assigned to a pool
of codons (a gene) reflecting to what extent the entire ge-
netic code is used. This number will be 20 in the most
extreme cases where the synonymous usage of codons
is so restricted that just one codon for each of the 20
amino acids is used. Likewise, the number will be 61 if
all codons within the families are equally used.
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The inspiration for the calculation of N̂c came from
population genetics where calculation of �effective al-
lele numbers� is sometimes used to characterize popu-
lations from a quantitative perspective. This is also the
reason for the caret symbol; we can think of N̂c as an
estimator of the effective number of codons in a
(hypothetical) pool of codons from which a gene is
sampled.

To estimate the effective number of codons for a par-
ticular amino acid with k synonymous codons, Wright
gave the following formula:

N̂cðaaÞ ¼ 1

F̂ aa

: ð1Þ

Here, the denominator is called the codon homozygosity
and is given by:

F̂ ðaaÞ ¼
n
Pk
i¼1

p2i

� �
� 1

; ð2Þ

n� 1
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where n is the total count of codons for the amino acid,
while the pi values are the individual codon fractions.

To finally get the effective number of codons in a
gene, the homozygosities in the degeneracy families are
averaged and we have

N̂c ¼ 2þ 9
�̂F 2

þ 1
�̂F 3

þ 5
�̂F 4

þ 3
�̂F 6

: ð3Þ

The addition of two stems from the fact that methionine
and tryptophan only have one codon, thus by definition
both have one codon in use. Note that sometimes an
amino acid is not present in a gene under investigation,
and in that case the codon homozygosity is not defined
for this amino acid but still an average of codon homo-
zygosities in the degeneracy group can be found on basis
of the others, treating the missing one as though it had a
homozygosity that was equal to the average of that of
the others in the group. In practice, the calculation this
way makes it possible for N̂c to exceed 61. Wright rec-
ommended simply to re-adjust the number of 61 in that
case.

Using Escherichia coli as reference organisms I re-
cently found that there is a poor correlation between
specific codon homozygosities and the averaged homo-
zygosities found by averaging the others in the group
[2]. Therefore, it was suggested that Eq. (3) was sub-op-
timal. Instead, it was proposed to calculate each N̂cðaaÞ
individually using Eqs. (1) and (2), and add them up one
by one and doing individual re-adjustments where the
calculated N̂cðaaÞ exceeds the number of synonyms

N̂c� ¼ N̂cðAlaÞ þ N̂cðArgÞ þ � � � þ N̂cðValÞ: ð4Þ
The drawback of this approach is that all amino acids
must be present in a gene in sufficient numbers, mean-
ing that N̂c� in practice can be calculated for much
fewer genes than N̂c. Nevertheless, it was shown that
N̂c� is the superior estimator when there is a risk of �bi-
as discrepancy,� i.e., when the codon usage for one or
more amino acids in a degeneracy group is restricted
while the codon usage for one or more of the others
is not.

In the original work by Wright, it was suggested to
plot observed values of N̂c as function of the GC-con-
tent at third codon sites(s), as a possible means quanti-
fying the degree of selection on codon usage. The idea
is that if there is no selection on codon usage, and if
we assume that G = C and A = T then the expected va-
lue of N̂c is given by a quite simple expression which
varies between the amino acids. This led Marashi and
Najafabadi [3] to study the difference between observed
and expected N̂c. Under some circumstances this differ-
ence disappears depending on the observed value of
GC3s. Does re-adjustment then imply loss of informa-
tion? Yes, in fact it does; for example, if gene A holds
two lysine AAA codons and one AAG codon, then there
will be 3.0 effective lysine codons before re-adjustment
to N̂cðLysÞ ¼ 2. If gene B holds three AAA codons
and two AAG codons, then there will be 2.5 effective ly-
sine codons before we re-adjust to 2. After the re-adjust-
ment we cannot distinguish these two genes on basis of
their N̂cðLysÞ but we certainly could before. Re-adjust-
ment therefore results in a loss of information. The
resampling experiments in [2] show that this is generally
not a problem when there is a risk of bias discrepancy,
that is, with overall amino acid usage like the one ob-
served in E. coli rounding generally (but that does not
mean specifically) results in more accurate estimates,
but this has only been tested with E. coli as reference
and only with the sum of all individual N̂cðaaÞ’s.

I do have a few comments to the argumentation
provided by Marashi and Najafabadi, who exemplify
their concern with two examples (cdsA and yegG) from
E. coli K12. However, one of the genes referred to,
yegG, does at present not exist on the sequence (Gen-
Bank Accession No. NC_000913). Second, the expected
value of N̂c is defined by considering n fi 1, whereas
in genes actual counts are very low, and as a conse-
quence the uncertainty on N̂c is in practice high. It is
therefore not surprising to find examples where the dif-
ference between observed and expected values is prob-
lematic. But that for sure does not mean that Marashi
and Najafabadi are wrong. In fact, I tend to agree that
we need to reconsider our way of quantifying codon
bias.
Codon homozygosity—back to basics

We may have to re-evaluate the effective number of
codons entirely. One disadvantage of the codon homo-
zygosity calculated as in Eq. (2) becomes clear when
we for consider examples of exactly equal observed
usage of the two codons for a twofold degenerate amino
acid. From Eq. (2) we can immediately see that Ffi 2(+)

for n fi 1, and this is not very ideal; in fact, these situ-
ations are basically the reason for all of the re-adjust-
ment discussion. In my opinion, the rationale for
introducing Eq. (2) as appropriate estimator of codon
homozygosity is somewhat unclear in the paper by
Wright. In that paper, it was mentioned that the deriva-
tion was inspired by formulae for the effective number of
alleles, when we simply think of codons as alleles. How-
ever, in classical population genetics, the homozygosity
is simply the sum of frequencies [4]

F̂ ¼
Xk
i¼1

p2i ; ð5Þ

and arguably this could prove more appropriate to use
in this context. This value approaches Wright�s value
for n fi 1 (so is Eq. (2) in fact similar to Eq. (5) but in-
tended to yield an unbiased estimate at low counts? I
cannot tell!).



Fig. 1. (A) Simulation results of N̂c�� (d) versus N̂c� (s) and Wright�s
N̂c (j). The points are averages and error bars represent standard
deviations on the basis of 500 resamplings per point. The test
conditions are the same as for Fig. 5A in [2], i.e., Nc = 40.5 (horizontal
line) and no bias discrepancy. Under these circumstances Wright�s N̂c
is superior. N̂c� underestimates the codon bias, whereas N̂c�� overes-
timates the codon bias. (B) With bias discrepancy, Wright�s N̂c
converges towards an incorrect value (for an explanation, see [2]).
Again, N̂c� underestimates the codon bias, whereas N̂c�� overestimates
the codon bias. The standard deviation for N̂c�� is lower than for N̂c�

and Wright�s N̂c in both figures.
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The general formula for the effective number of co-
dons for a particular amino acid then simply becomes

N̂cðaaÞ ¼ 1Pk
i¼1

p2i

: ð6Þ

We can see that re-adjustment will no longer be an issue
since F̂ P k�1 always holds, and consequently the prob-
lem with even proportions is solved.

So the new formula for the effective number of co-
dons ðN̂c��Þ in a gene ends up being:

N̂c�� ¼ 2þ
X18
aa¼1

XkðaaÞ
i¼1

p2i

 !�1

: ð7Þ

This new codon bias parameter has been tested against
Wright�s N̂c and N̂c�, using the same test procedure as
that reported in [2]. That is, the true value of Nc was
kept constant at 40.5, and the test involved 500 resam-
plings under conditions of no bias discrepancy (Fig.
1A) and strong bias discrepancy (Fig. 1B), respectively.
As Fig. 1A shows, Wright�s N̂c is superior to N̂c� and
N̂c�� when there is no bias discrepancy. However, under
circumstances of high bias discrepancy it can be seen
that N̂c� is the superior method. Both N̂c� and N̂c�� con-
verge towards the true value, while N̂c approaches a va-
lue much lower than the true value (for an explanation
of this phenomenon, see [2]). The only advantage of
N̂c�� lies in the fact that it has a lower standard devia-
tion. It can be seen that N̂c� underestimates the codon
bias while N̂c�� overestimates it. Averaging N̂c� and
N̂c�� therefore gives the better estimate. There is thus
plenty of room for further improvement in the current
methodology, and this viewpoint is fully in line with that
of Marashi and Najafabadi.
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