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Abstract

The association of codon context and codon usage was studied in seven bacteria as well as Schizosaccharomyces pombe and
Encephalitozoon cuniculi. The association is strongest in magnitude closest to the codons of interest but there is apparently no rule
about which of the two contexts is generally strongest associated to codon usage. In all bacterial species and in the intron-rich Sch.
pombe it was furthermore observed from plots of y? versus N that the wobble positions of codons in the proximity cause regular
peaks both upstream and downstream. This observation is discussed in relation to a possible effect of mutational pressure on the
association of codon usage and codon context. Absence of peaks corresponding to the wobble positions in the intron-poor
En. cuniculi, and presence in Sch. pombe, may indicate that the role of introns in the context-dependent codon bias is negligible.
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In all species studied so far, codon usage has been
shown to be far from random. Both selection and mu-
tation are known to be causes of the non-random use of
codons. As an example of the role for selection, the
expressivity of genes is known to be a major factor in
determination of codon usage phenomena, both eu-
karyotic as well as prokaryotic [1,2], as the codon usage
has been adjusted in direction of the more abundant
charged tRNAs [3,4]. To some extent, the composition
of the DNA in an organism determines its codon usage,
i.e., GC-rich synonymous codons are more frequently
used in GC-rich organisms and vice versa [5—7]. How-
ever, it is also clear that the composition varies more
locally as there are differences when comparing the
leading strand of replication to the lagging strand, and
differences in codon usage between genes of the two
strands have been reported [8-10]. At the level of the
gene, gene length is another factor that seems to be a
determinant of composition and codon usage [2,11].
Even within genes can codon usage differences be ob-
served. For example, it has been shown that the regional
secondary structure of the gene product associates to
codon usage in the genes [12,13]. In a few reports the
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‘codon context,’” i.e., the composition around codons of
interest, has been evaluated as a possible determinant of
codon usage [14-19]. The N1 context (the nucleotide
immediately downstream of codons of interest) is re-
ported to be the strongest determinant of codon usage.
Little is known about the cause of this but in a recent
report it was concluded that selection seemed to play a
major role in the context-dependent codon bias [19]. The
purpose of this study was to evaluate the context-de-
pendent codon bias and stretch the analysis to include
many more context nucleotides than just the ones in the
immediate neighbourhood, using another technique
than that of the recent report by Federov et al. [19].

Materials and methods

Species in this study. The genomes of Escherichia coli (GenBank
Accession No. NC000913), Staphylococcus aureus (NC002745), Pseu-
domonas aeruginosa (NC002516), Bacillus subtilis (NC000964), Lac-
tococcus lactis (NC002662), Streptococcus pyogenes (NC002737), and
Mycobacterium tuberculosis (NC00962) were downloaded and the
protein encoding regions were extracted. Annotated sequences were
included if they were considered valid, that is, had correct start and
stop codons, an intact frame, and no internal stop codons or non-
ACGT letters. In order to get to study how presence of introns may
affect context-dependent codon usage it was decided also to include
two eukaryotes in this study, Encephalitozoon cuniculi (chromosome
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I-XI) and Schizosaccharomyces pombe (chromosome I-11I). The for-
mer rarely has introns, whereas they occur frequently in genes of the
latter. When genes with introns were parsed for analysis (see below) it
was the joined sequence corresponding to the ribosomally processed
mRNA that was parsed.

Contingency tables. We decided to study the context up to N = 20
nucleotides away from codons of interest, while at the same time
avoiding gene boundary conflicts. Therefore codons were only included
in this study if they were present at least 10 frames from the start codon
and 10 frames from the stop codon. This condition is in principle not
programmatically necessary but allows comparison of y?-values within
species. For every amino acid having synonymous codons all codons
were mapped along with the nucleotides from 1 to 20 positions up-
stream or downstream. Based on this, 40 contingency tables were
constructed for each amino acid having synonymous codons.

The principle of contingency tabulation is comparison of observed
counts with expected counts in a systematic manner. For a table with R
rows and C columns, and where we have observed cell counts of
Nows(c, 7), the row total for the rth row is given by

and the column total of the cth column is:
R

Tcol(c) = ZNobs(ca V).
—1

The total table count 7 is thus

C R
T= Z ZNobs(Cv }”).
c=1 r=1

If we look at a the cell designated by (c,r) and calculate what the
expected count is, then we know that in the row of this cell we have in
total T,y (1, ). Overall, we expect the fraction T, (c)/T to go into that
particular column where the cell of interest is, so the expected count of
cell (¢,r) becomes:

Trow(r) X Iz:ol(c) .

Nexp(c,7) = 7

The information about actual counts in the table and the expected
counts in the table are then compared by an approximation, as the
quantity

i: XR: (NobS(cvr) - Nexv(c:r))z

Nexp(c, 1)

c=1 r=1

asymptotically becomes y>-distributed (with (C — 1) x (R — 1) degrees
of freedom) for T — oo. In practice, the conclusion drawn from a
contingency table can be trusted when the table total is 40 or more [20].
In this study all contingency tables have totals of thousands because
entire chromosomes are parsed, so the y’-inferred probabilities are
likely to be extremely accurate, and the above quantity will in accor-
dance with common practice be referred to as y>. A significance level of
less than 5% was considered significant. A P-value of less than 5%
indicates that the proportions of codons actually used differ between
the four possible context letters.

All contingency tables for a particular amino acid and species en-
compass the information drawn from the exact same sample and
therefore the y>-values of the contingency tables can be directly com-
pared both upstream and downstream. For each amino acid, plots
were constructed where y2-values were plotted against N, both up-
stream and downstream.

In addition hereto, the raw differences between observed counts
and the expected counts for those cells of the contingency tables that
had a codon ending in the same letter as the letter of the context were
summed. This produces plots of difference sums as function of N. The
magnitude of the difference sums (4) directly tells if there is an over-
representation (4 positive) or underrepresentation (4 negative) of

situations where the context letter is the same as the third letter of the
codon of interest. The argument for doing so is given in the results
section. The difference sums of all cells sum to exactly zero in con-
tingency tables, in other words, the difference sum of a contingency
table where we only include those cells where the context letter is NOT
the same as the third letter in the codon of interest will handily sum up
to exactly —A4.

Results

The amount of data generated with all amino acids
and species in this study is so large that it is not possible
to present them all here. We shall in the following
present data for two bacteria S. aureus and E. coli, along
with data for En. cuniculi and Sch. pombe. The two
bacteria represent two extremes of the results observed
with the bacteria mentioned in the Materials and
Methods section. More specifically, the context-depen-
dence for arginine codons was chosen for presentation,
as they exemplify well the observations done with other
amino acids having synonymous codons. The data for
other species are available from the author upon
request.

Fig. 1 shows a plot of y?-values as function of N for
E. coli for arginine codons. The three horizontal lines on
the figure depict the 5% level (lower), the 1% level, and
the 0.1% level (upper). Three principally distinct aspects
are visible from this figure. First, the association of
context and codon usage is strongest in the closest
proximity, simply because the highest y*-values are ob-
served here. Next, the association is highly significant
even up to a context distance of 20 nucleotides. Third, a
‘sawtooth pattern is observed for the y>-values, and the
peaks occur exactly at positions corresponding to the
wobble position (hereafter referred to as wobble peaks)
of the codons of the context (N =1,4,7,..., upstream,
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Fig. 1. The effect of codon context on codon usage, shown as con-
tingency y2-values for nucleotides N positions upstream (O) or
downstream (@) of arginine codons in E. coli. On the logarithmic axis,
the three horizontal lines denote the probability levels of 5% (lower), 1
and 0.1% (upper). Note that the effects are stronger close to the codon
and that the wobble positions of neighbouring codons give rise to
peaking y*-values. The third letter of flanking codons thus has strong
associations to codon usage.
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N =3,6,9,..., downstream). In Fig. 2 similar data are
shown for S. aureus. In this bacterium the wobble peaks
are not visible, but the two other traits seen in E. coli are
also visible here. The same plot for chromosome I-XI of
Sch. pombe, a eukaryote with many introns (Fig. 3), is
similar to that of E. coli, with very clear wobble peaks,
whereas the wobble peaks are not very visible with the
intron-poor En. cuniculi (Fig. 4), suggesting a minor role
for introns in the context-dependent codon bias. If we
look at the context-dependent usage of start and stop
codons in E. coli (Fig. 5) then it can be seen that the stop
codon seems to be more strongly associated to its con-
text than the start codon is, judging from the y>-values.
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Fig. 2. Similar to Fig. 1, but shown for arginine codons in S. aureus.
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Fig. 3. Similar to Fig. 1, but shown for chromosome I-1II in Sch.
pombe. In this organism introns occur frequently.
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Fig. 4. Similar to Figs. 1-3, but shown for chromosome [-XI of En.
cuniculi. This organism rarely has introns in its genes.
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Fig. 5. The effect of codon context on start- and stop codon usage for
nucleotides N positions upstream of stop codons (O) or downstream
start of codons (@) in E. coli.
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Fig. 6. The effect of context on stop codon usage for nucleotides N
positions upstream of stop codons in Sch. pombe (@) and En. cuniculi
©).

The same holds true for other bacteria. In Sch. pombe
the stop codons are not associated with high significance
to its context, whereas it is in En. cuniculi for the last two
nucleotides before stop codons (Fig. 6).

We hypothesize that the peaks corresponding to the
wobble positions (Figs. 1 and 2, might originate from
the directional mutational pressure. The wobble posi-
tion is generally believed to be more prone to mutations
because of the freedom here (for example, changing the
third letter of the arginine codon CGA does not change
the amino acid encoded by that codon). So if the di-
rectional mutational pressure were the cause of peaking
y*-values, then we would expect that there would be an
overrepresentation of codons having the same third
letter as the letter in the context when the y*-peaks are
observed, or, a directional mutational pressure will in-
crease the likelihood of finding matching letters, espe-
cially in the wobble positions, because mutations here
are often silent. Therefore we plotted the raw difference
sums (4, sums of observed counts minus expected
counts in the contingency tables), in cases where the
context letter is the same as the third letter of the codon
of interest, against N. An example of such a plot is given
in Fig. 7, where 4 is plotted against N for arginine in
E. coli. A similar sawtooth-like pattern is observed in
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Fig. 7. Escherichia coli plots of difference sums (observed minus ex-
pected counts) from the contingency tables in cases where the third
letter of the codon of interest is the same as the letter in the context
where (O) indicate upstream contexts and (@) indicate downstream.
Positive values of A occur when such cases are overrepresented. The
figure indicates overrepresentation of such cases for the wobble posi-
tions in the context.

this figure, telling that there is an overrepresentation of
context letters equal to the third letter of the arginine
codons, when we look at the wobble positions in the
context. In other words, the wobble peaks arise because
the arginine codons tend to have the same third letter as
the third letters of codons in the context. Exactly the
same is observed for Sch. pombe (Fig. 8). This obser-
vation is thus compatible with the hypothesis that a
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Fig. 8. Similar to Fig. 7, but for Sch. pombe.
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Fig. 9. Similar to Figs. 7 and 8, but for S. aureus. No pattern corre-
sponding to the wobble positions is observed. See also Fig. 2.

directional mutational pressure plays an important role
in the context-dependence for these species. However,
Fig. 9 shows the same plot for S. aureus, and like in Fig.
2 no peaks corresponding to the context’s wobble posi-
tions can be seen, suggesting a minor role for the mu-
tational pressure in the context-dependent codon bias in
this species. In En. cuniculi a weak tendency towards
peaking A-values can be seen (not shown).

Discussion

The context-dependent codon bias has been studied
and found to be strongest in magnitude closest to the
codon, but with here there is little evidence in support of
the N1 context being the stronger, as it was reported
elsewhere [21]. The magnitudes of the wobble peaks (Figs.
1 and 3) seem smaller than those of the peaks occurring
with the context closest to the codons of interest, indi-
cating that no single force responsible for the context-
dependent codon usage bias can explain the curves; an
additional force seems to play role in the closest proximity
which is stronger than the force acting farther away. A
closer inspection of the y*-values causing the wobble
peaks indicates that they in part are caused by overrep-
resentation of context nucleotides matching the third
nucleotide of the codons on interest, which in our opinion
strongly favours a role for the mutational pressure. But
there is still the question why the y?-values are much
greater—due to some other factor—in the closest prox-
imity to codons. Several possibilities have been consid-
ered: it is well known that the codon bias is many
organisms is under strong selectional influence, as it is
adapted towards a maximization of translational effi-
ciency [1,2]. A highly expressed gene is likely to display a
set of codons corresponding to the more abundant syn-
onymous tRNAs, thereby decreasing the risk of charged
tRNAs becoming a limiting factor in the protein synthesis
[3,4]. Looking at our figures it looks like the strongest
effects of context-dependent codon bias in the closest
proximity only extend 5-6 nucleotides away from codons
of interest, equivalent to about two codons. The elonga-
tion process in ribosomes, both prokaryotic as well as
eukaryotic, involves two places termed the aminoacyl-
locus, where charged tRNAs arrive, and the peptidyl-lo-
cus, where the peptide chains are positioned. With
(partial) imperfect Watson—Crick pairing being possible
for tRNAs there is a risk of incorporation of the wrong
amino acid. There is some experimental proof to suggest
that codon bias in some species is adjusted towards
minimization of this risk, so the observation of the con-
text-dependent codon bias being strong up to 6 nucleo-
tides around codons of interest might suggest that the
codon bias arise from selection producing optimal com-
binations of codons. For example, if there is a selectional
advantage of having imperfect Watson—Crick pairing at
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exactly one of the two loci in the ribosome, then the
codons might evolve towards certain combinations of
codons compatible with the observations done here.

We did not observe any wobble peaks for the context
at stop- or start codons (Figs. 5 and 6), but there were
some effects of the context in the very close proximity to
start- and stop codons. The lack of wobble peaks can be
seen as a lack of association between the mutational
pressure and choice of start- or stop codons.

The y>-values of contingency tables increase linearly
with the table totals for a given set of proportions. So
insignificant y*-values may, as with many other statis-
tics, be caused by a low table total or because there is in
fact no difference between the proportions in the table.
Lack of wobble peaks could thus simply be observed
because of too low table totals (the table total of these
contingency tables is equal to the number of genes be-
cause each of them contains exactly one start- or stop
codon). In yeast it has been shown that that there is
some degree of start codon context effects on expression
[22] and codon usage [16,17], and similar observations
have been reported for other organisms such as amoeba
[23] as well as E. coli [24-26]. If selection acts as claimed
in this region to adjust the combinations of start codons
and their downstream context towards optimal combi-
nations for the desired (but not necessarily high) ex-
pression level, then that should in principle be reflected
in the contingency tables, and this could account for the
significant y>-values for the start context in Fig. 5.

The technique applied in the study of the phenome-
non cannot be compared to the technique used else-
where [19]. In fact, the two techniques are unlikely to
measure the same. For example, in this study we get
information about the context stretching up to 20 nu-
cleotides both upstream and downstream with little
opportunity to study the impact of selection on the
context-dependent codon bias, while with the technique
in [19], there is only retrieved information about the
nucleotide combinations corresponding to the N1 con-
text. A future objective could be to use both techniques
on the same organisms and extend the technique of
others to allow data retrieval for other contexts than just
NI1.
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