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Abstract. The correlation was shown between the ,
length of introns and the codon usage of the coding se-
quences of the corresponding genes, which in some cases o5
can be related to the level of gene expression. The link is
positive in the unicellular organisms, i.e., genes with the@ (o
longer introns show the higher bias of codon usage. It isS
most pronounced in baker’'s yeast, where it is def|n|tely & 05
related to the level of gene expression—genes with theb
higher level of expression have the longer introns. The & 1.0
correlation is inverted in multicellular organisms as com-
pared to unicellular ones. Some organisms, however, do
not show the link. The presence or absence of the link
does not seem to be related to the GC percent of the
coding sequences.
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The role of introns in eukaryotic genes remains enigmat-Z,

ic. In some cases they were reported to encode for smallg
RNA molecules involved in splicing (Santoro et al. 1994;
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Caffarelli et al. 1998) or participate in the gene regula- ..

tion at the pretranscriptional (Bhattacharyya and Baner- =055, P<10°*
jee 1999; Kawada et al. 1999) or post-transcriptional ~ -1.5 e e
level (Santoro et al. 1994; Barta and Iggo 1995). They 25 30 35 40 45 50 55 60 G5
may also facilitate exon shuffling at genetic recombina- ENC

tion (Hall et al. 1989; Long et al. 1995; de Souza et al._.

. g-
1998). No general relation has so far been dem0"]Str"a‘t(:"éiquence lengths (IVS/CDS) and the effective number of codons

between any intron parameters and the informationajenc) in a unicellar &) and a multicellular) organisms. Correlation
content of a given gene. Moreover, in the mouse-ratoefficients are Pearson product-moment.

1. The relationship between the ratio of intervening to coding
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Table 1. Coefficients of Spearman rank correlation between the frequency of optimal codons (FOP) and effective number of codons (ENC) and
the within-gene average internal intron length and ratio of intervening to coding sequence lengths (IVS/CDS)

Frequency of optimal Effective number of
codons (FOP) codons (ENC)
GC3s%
Number of CDS Avg. Avg.
of genes mean intron IVS/ intron IVS/

Organism analyzed CV, % length CDS length CDS
Saccharomyces cerevisiae 224 39.0 0.61 0.69 -0.59 -0.72
(baker’s yeast) 17.1 (< 16 (<10 (<10 (<109
Schizosaccharomyces 833 30.9 — — -0.14 -0.16
pombe(fission yeast) 15.4 (< 19) (<109
Emericella nidulangmold) 138 60.7 0.05 0.38 -0.07 -0.32

12.8 (<0.6) (<10% (<0.4) (<103
Neurospora crasséfungus) 133 70.6 0.15 0.36 -0.14 -0.35

12.0 (<0.1) (<10% (<0.2) (<103
Candida albicans 17 25.4 — — -0.82 -0.54
(pathogenic yeast) 26.6 (<1H (<0.03)
Dictyostelium discoideum 96 16.1 0.36 0.18 0.04 -0.23
(cellular slime mold) 42.6 (< 10) (<0.2) (<0.7) (<0.03)
Tetrahymena thermophila 18 34.2 — — -0.54 -0.40
(ciliate) 36.3 (<0.03) (<0.2)
Chlamydomonas reinhardtii 45 88.0 -0.25 0.36
(unicellular plant) 5.7 (<0.1) (<0.02)
Caenorhabditis elegans 8,447 37.7 -0.04 -0.08 0.14 0.17
(nematode) 23.6 (< 18) (<10 (<10 (<109
Xenopus laevis 53 50.1 0.37 0.29
(clawed frog) 16.6 (<0.01) (<0.05)
Gallus gallus 97 68.1 — — 0.34 0.35
(chicken) 24.3 (< 10°) (<1079
Mus musculus 455 63.1 — — -0.04 0.08
(mouse) 16.3 (>0.4) (<0.08)
Rattus norvegicus 250 62.3 0.19 0.30
(rat) 17.0 (<0.01) (< 109
Homo sapiens 785 65.7 — — 0.26 0.28
(human) 22.2 (< 10) (<1079
Arabidopsis thaliana 1,730 40.2 — — 0.12 0.04
(thale cress) 15.1 (< 16 (<0.12)
Zea mays 91 76.6 — — 0.26 0.55
(corn) 23.4 (<0.02) (< 17)

Significance levels are shown in parentheses; the empty cells are because optimal codons are not known for the corresponding species.
Sequences were extracted from GenBank (only the complete ones). Genes were checked for duplicates on the ground of gene names. The
intron/exon boundaries were taken from annotations.

comparison, no correlation was found between the rategsed as estimate of codon bias (Wright 1990). The lower
of nucleotide substitutions in the intervening and theENC, the higher codon bias is.

coding DNA (Hughes and Yeager 1997). Codon usage bias is positively correlated with the

The bias in codon usage (an unequal use of differenintron length or relative intron length (ratio of interven-

codons for the same amino acid) is supposed to relate tmg to coding sequence lengths) in some unicellular or-
the abundance of the corresponding isoacceptor tRNAganisms and negatively in some multicellular ones (Fig.
and the efficiency of translation (Sharp et al. 1995; Xial, Table 1; correlation of CAl and CBI, where available,
1996), as well as to some other factors (Karlin andwas qualitatively the same as of FOP). The most pro-
Mrazek 1996). In several organisms it was shown thanhounced link was observed in baker’s yeast (Fig. 1A). In
the optimal codons occur most frequently in the highlythis organism, intron length is definitely related to the
expressed genes (Sharp et al. 1995; Chiapello et aFOP (Table 1) and the level of gene expression (Fig. 2).
1998). A number of parameters are used to estimate thk should also be stressed that for this organism nearly all
codon hias: frequency of optimal codons (FOP), codorgenes containing introns were analyzed, so there is no
bias index (CBI), and codon adaptation index (CAl) (Ike- sampling error.) It is mostly ribosomal proteins that con-
mura 1981; Bennetzen and Hall 1982; Sharp and Listitute a group of highly expressed genes with the longer
1987). In those organisms where the optimal codons ar@trons. It can be suggested that their introns may play a
not known, the effective number of codons (ENC) can berole in the positive regulation of these genes as it was
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al. 1998). Therefore, introns may serve to increase the
ability of genic DNA to bend. The reverse of the link at
the evolutionary transition from the unicellular to the
multicellular level may be connected to the appearance
of a tighter chromatin condensation caused by the need
to permanently turn off the tissue-specific genes. Thus,
the maximum chromatin condensation is fivefold lower

: in yeast as compared to mammals (Russell and Nurse
0177 o 1986). The intervening sequences are also significantly
» « e shorter in the unicellular organisms (Vinogradov 1999).

It is possible that interplay of both effects—the necessity

for longer introns in the more condensed chromatin and
the direct participation of introns in gene regulation—
leads to the apparent absence of the overall link between

_ N _ » intron length and codon bias in some organisms.
Fig. 2. The relationship between intron length and transcription fre-

quency of the corresponding genes (i.e., the number of transcripts .

produced per unit of time) determined by the microarray experiments irf\Cknowledgment. This work was supported by a grant from the Rus-
the baker's yeast. The data on the transcription frequencies are takefian Foundation for Basic Research (RFBR).

from the work by Holstege et al. (1998) using the yeast intron database

(Lopez and Seraphin 2000).
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