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ABSTRACT

Two classes of genes were identified in three Gramineae (maize, rice, barley) and six dicots (Arabidopsis,
soybean, pea, tobacco, tomato, potato). One class, the GC-rich class, contained genes with no, or few,
short introns. In contrast, the GC-poor class contained genes with numerous, long introns. The similarity
of the properties of each class, as present in the genomes of maize and Arabidopsis, is particularly
remarkable in view of the fact that these plants exhibit large differences in genome size, average intron
size, and DNA base composition. The functional relevance of the two classes of genes is stressed by (1)
the conservation in homologous genes from maize and Arabidopsis not only of the number of introns
and of their positions, but also of the relative size of concatenated introns; and (2) the existence of two
similar classes of genes in vertebrates; interestingly, the differences in intron sizes and numbers in genes
from the GC-poor and GC-rich classes are much more striking in plants than in vertebrates.

UKARYOTIC genomes cover a large spectrum of

haploid sizes [or C values; for angiosperms see
Bennett and Smith (1991) and http:#Zwww.rbgkew.
org.uk/cval/databasel.html]. It has been realized for
quite some time that, except for the case of polyploidy,
the variation in genome size is essentially due to changes
in the amount of noncoding (mainly intergenic) se-
guences (see Cavalier-Smith 1985, for a review).

In the case of vertebrates, this was demonstrated by
showing that the very small genome (400 Mb) of Ar-
othron diadematus, a fish belonging to the order Tetra-
odontiformes, is characterized by very small amounts of
highly and moderately repetitive sequences (Pizon et
al. 1984). Since Tetraodontiformes is a very recent fish
order derived from Perciformes, which is characterized
by genome sizes two to three times as large (Bernardi
and Bernardi 1990), there can be little doubt that the
small C value of Tetraodontiformes is the result of a ge-
nome contraction.

As far as introns are concerned, it was shown (Bren-
ner et al. 1993; Mason et al. 1995) that genes from the
small genome of Fugu rubripes, another fish belonging to
the order Tetraodontiformes, are characterized by shorter
introns compared to human genes; incidentally, this is
also the case for avian genes compared to human genes,
as expected from the smaller genome size of birds com-
pared to mammals (Hughes and Hughes 1995). A com-
parison of homologous genes from Fugu and human
showed that size differences are especially large for hu-
man GC-poor (GC is the molar ratio of guanine +
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cytosine in DNA) compared to human GC-rich genes
(Bernardi 1995), a point recently confirmed on a
larger set of genes (Villard et al. 1998). Since GC-
poor genes from vertebrates are characterized by longer
introns compared to GC-rich genes (Duretet al. 1995),
these results indicate that GC-poor genes are subject
to more extensive contraction/expansion phenomena
compared to GC-rich genes.

In the case of plants, phenomena of genome contrac-
tion/expansion are also known to occur. To cite just
one example, a wide range of genome sizes is known
in Gramineae, C values ranging from 415 Mb in the
case of Oryza sativa to 12,600 Mb in the case of Avena
sativa. However, no investigation has been reported so
far on intron sizes as related to GC richness.

In this work, we explored plant genomes from three
Gramineae (maize, rice, barley) and six dicots (Arabi-
dopsis, soybean, pea, tobacco, tomato, potato) to see
whether intron size and GC richness are correlated with
each other in these genomes, as is the case for the
genomes of vertebrates. The plants studied were chosen
S0 as to explore genomes characterized by two different
compositional situations. Indeed, the genomes of Gram-
ineae are GC rich and their coding sequences cover a
broad compositional range, whereas the genomes of the
dicots studied are GC poor and their coding sequences
cover a narrow GC range (Salinas et al. 1988; Matassi
et al. 1989; Carels et al. 1998).

MATERIALS AND METHODS

Using the Infobiogen server (see http:#www.infobiogen.fr),
we extracted genomic DNA sequences encompassing com-
plete genes from angiosperms (excluding seed-storage protein
genes) from release 108 (August 1998) of GenBank with the
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ACNUC/QUERY retrieval system (Gouy et al. 1985). The se-
quences were then analyzed for their exon and intron sizes, as
well as for their base compositions, the latter being determined
using ANALSEQ (Gautier and Jacobzone 1989). In Arabi-
dopsis thaliana, complete sequences were also extracted from
contig sequences in GenBank (release 111, March 1999). Se-
quences with self-contained CDS (coding sequence) fields
(features) were retained if they had a total coding sequence
length > 220 bp. ATG and stop codons implied by the feature
specifications were checked, and the corresponding “com-
plete” coding sequences were also checked to ensure that they
contained an integral number of codons. Sequences without
ATG or stop codons in the expected positions were not in-
cluded in the analysis. Likewise, pseudogenes were excluded.
To allow automation, only introns interrupting the coding
sequences of genes were investigated. Obvious gene redundan-
cies were eliminated on the basis of identity of sequence sizes
and similarity of descriptions and base composition (within
2% GC) in the three codon positions.

Homologous gene pairs were obtained as previously de-
scribed (Carelset al. 1998), except for maize and Arabidopsis
in which the nonredundant sample of maize genes was used
to recover the orthologous coding sequences from Arabidopsis

using TFASTX (Pearson et al. 1997). The orthology of gene
pairs was estimated as described in Carels et al. (1998).

Genes available for each organism were ordered according
to GC levels and divided into two classes by taking as the
cutting point the mode of their distribution (unless two classes
were already obvious, as in the case of Gramineae).

All GC-poor and GC-rich genes were analyzed for size, num-
ber, and GC level of exons, introns, and coding sequences.
The statistical significance of the differences was analyzed
using the Student’s test (Student 1908, 1925) at « = 0.05.

RESULTS

The compositional distribution of genes from maize
and other Gramineae: The compositional distribution
of coding sequences of maize is very broad, 45-75% GC
and at least bimodal (Figure 1; see also Salinas et al.
1988; Matassi et al. 1989; Carels et al. 1995, 1998). A
clear bimodality was found in introns and in genes (ex-
ons + introns). In the case of introns, a major peak was
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centered at ~40% GC, a minor peak at 53% GC. In the
case of genes, GC-poor and GC-rich genes covered the
40-55% and the 55-75% GC range, respectively. Similar
features were found in the other two Gramineae that
could be tested, rice and barley, by analyzing homolo-
gous genes (Figure 2). Not surprisingly, slight differ-
ences were found in the GC level of the boundary be-
tween the two classes of maize genes, as derived from
the different (and rather small) gene sample investi-
gated. For instance, the boundary of coding sequences
from the gene (exons + introns) sample of Figure 1 is
at 62-65% GC, that from the genes homologous to rice
genes (Figure 2) is at 57-60% GC.

The two classes of maize genes are characterized by
distinct features, which are presented in Figure 3 and
Table 1 and can be summarized as follows. GC-rich
genes contain exons that are short relative to exons of
vertebrates, no introns in 43% of the cases, and very
few, short introns in those genes that contain them. In
contrast, GC-poor genes contain even shorter exons and
more numerous, longer introns. Interestingly, the dif-
ference in average exon size between the two classes of
genes is not accompanied by a significant difference in
average size of whole coding sequences (see below).
Needless to say, the features just described for GC-rich
and GC-poor genes account for the bimodality of the
compositional distribution of maize genes. Moreover,

in GC-rich genes, GC levels of exons and introns are 67
and 48%, respectively, whereas in GC-poor genes, exons
and introns exhibit GC levels of 56 and 40%, respec-
tively. The GC levels of GC-rich genes were also found
to be significantly higher than those of GC-poor genes
by as much as 5, 9, and 20% for first, second, and third
codon positions, respectively (see Table 2). These large
compositional differences of introns and exons are typi-
cal of plants, the corresponding differences in verte-
brate genes being much smaller (Carels et al. 1998).

The compositional distribution of genes from Arabi-
dopsis and other dicots: In contrast with maize, coding
sequences, introns, and genes from Arabidopsis are
characterized (Figure 1) by unimodal distributions and
by smaller compositional differences of exons (45 and
49%) and introns (31 and 33%) in GC-poor and GC-
rich genes, respectively (Table 1; see also Salinas et al.
1988; Matassi et al. 1989; Barakat et al. 1998; Carelset
al. 1998). Higher GC levels in the three codon positions
were, however, also observed for GC-rich genes relative
to GC-poor genes of Arabidopsis, although to a lesser
degree compared to maize genes (Table 2). Indeed, the
differences were found to be of only 2, 3, and 4%, on
the average, in first, second, and third codon positions,
respectively.

The other distinguishing features between the two
classes are similar to those described above for maize
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(see Table 1 and Figure 3). Indeed, the proportion of
intron-less genes in GC-rich genes of Arabidopsis (38%)
is close to that of maize (43%), and intron numbers are
also similar in both classes of genes in the two genomes.
The smaller intron sizes in GC-poor genes (but not in
GC-rich genes) were to be expected because of the
much smaller genome size of Arabidopsis (~~120 Mb)
compared to maize (~2500 Mb).

The features described for Arabidopsis genes were
also found in the genes of other dicots, soybean, to-
bacco, tomato, and potato (see Table 1), with minor
differences, probably due to differences in the gene
samples.

As far as homologous genes from Arabidopsis and
maize are concerned, intron number and the size of
concatenated introns are correlated with coefficients of
0.96 and 0.68, respectively (Figure 4). In contrast, the
GC levels of concatenated introns of these homologous
genes are not correlated (data not shown). This is not
surprising in view of the very narrow compositional dis-
tribution of introns in Arabidopsis genes (Carels et al.
1998). Finally, as already mentioned, the lower GC level

2.5 5

Coding sequence
length, (kb)

of introns compared to exons appears to be a general
feature of plant genes, the difference between exons
and introns being, however, larger for GC-rich genes,
especially in Gramineae.

Statistical analysis: All data of Table 1 were found to
be significantly different between the two classes of
genes, except for coding sequence size and GC level of
concatenated introns. In the case of coding sequence
size, the Student’s test indicated no significant differ-
ence whatever the species under consideration. More-
over, exons were significantly shorter, on the average,
in GC-poor genes compared to GC-rich genes in all
angiosperms tested (Table 1). Differences in GC levels
between GC-poor and GC-rich genes were also found to
be statistically significant for maize as well as Arabidopsis
when individual codon positions were compared (see
Table 2). The GC levels of concatenated introns were
found to be different between the two classes of genes
from Gramineae, but the situation was less clear in di-
cots. In tobacco and tomato, GC levels of concatenated
introns were found to be different on the average, but
this was not the case in the other dicots. This situation
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TABLE 1
Some features of genes in angiosperms
Gramineae . Fabaceae Solanaceae
Brassicaceae:
Maize  Rice Barley  Arabidopsis Soybean  Pea  Tobacco Tomato Potato
GC-poor genes
Coding sequences
Size, kb 1.3 12 1.0 1.4 12 1.1 1.0 1.2 0.9
GC, % 55.8 54.2 55.2 43.4 45.8 41.9 41.8 41.7 39.9
Exons
No. per gene 75 53 4.3 7.6 4.5 51 3.3 4.5 4.0
Size, kb 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3
Introns
No. per gene 6.5 43 3.3 6.6 35 4.1 2.3 35 3.0
No. per gene with introns 6.7 4.8 3.7 6.7 3.7 4.5 25 3.7 3.8
Size, kb 0.5 0.4 0.6 0.4 0.4 0.5 0.6 0.5 0.3
Size per gene, kb 2.0 14 14 1.8 1.1 1.3 1.2 15 1.2
GC, % 39.8 35.6 36.9 31.4 27.1 26.1 30.1 28.0 27.1
Sample size 30 54 28 740 37 24 32 42 39
GC-rich genes
Coding sequences
Size, kb 1.0 1.0 1.0 14 0.9 1.0 11 1.2 11
GC, % 67.4 67 66 46.6 49.1 44.9 47.4 47.2 46.4
Exons
No. per gene 25 2.0 2.2 3.2 14 2.6 1.6 2.3 3.2
Size, kb 0.6 0.6 0.5 0.7 0.7 0.5 1.0 0.8 0.7
Introns
No. per gene 15 1.0 12 2.2 0.4 1.6 0.6 1.3 2.2
No. per gene with introns 2.6 1.9 1.9 3.3 1.6 2.7 2.0 2.8 4.6
Size, kb 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2
Size per gene, kb 0.3 0.3 0.3 0.3 0.3 0.4 0.5 0.5 0.6
GC, % 48.0 40.5 447 33.5 30.0 29.3 32.7 30.8 325
Sample size 49 36 45 610 48 22 44 31 33

is probably due to several factors, such as the low levels
of genome heterogeneity and rather small sample sizes.

DISCUSSION

The main finding of this work is the identification in
plants of two classes of genes, which were first observed
in maize (Carels et al. 1998). In the case of maize, the

compositional distribution of genes is strikingly bi-
modal, and the two classes of genes, GC-rich and GC-
poor, are very distinct, in that the former exhibit either
no introns or very few, short introns, whereas the latter
are characterized by many long introns. In maize, the
two classes differ by 12% GC in their coding sequences
and by a 10-fold factor in intron size. Similar distinctive
features were also found not only in the other two Gram-

TABLE 2

Average GC composition in the three codon positions of genes from maize and Arabidopsis

Species n GC, GC, GC,
Maize
GC poor 49 57.7 (2.85) 41.0 (3.90) 68.6 (9.15)
GC rich 30 63.1 (8.22) 50.1 (10.74) 89.0 (10.58)
Difference 5.4 9.1 20.4
Arabidopsis
GC poor 740 49.8 (4.35) 39.0 (4.55) 41.2 (5.42)
GC rich 610 52.0 (4.70) 42.1 (6.16) 45.6 (6.81)
Difference 2.2 3.1 4.4

n is the number of sequences analyzed in each compositional class studied; GC,;, GC,, and GC; are the
average GC levels; the standard deviations in the three codon positions are given in parentheses.
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ineae, rice and barley, for which reasonably large se-
guence databases were available, but also in dicots,
which are characterized, in contrast to Gramineae, by
a very narrow compositional distribution of genes. The
most striking case is that of Arabidopsis, which is charac-
terized by a very compact genome. Even in this case, in
which the two classes differ by only 3% GC in their
coding sequences, intron sizes show a 4-fold difference.

The fact that genes are, on the average, interrupted
by either a large number of long introns or a small
number of short introns and that GC levels are different
in the two classes of genes is far from trivial for two
reasons. First, these properties are found not only in
angiosperms, but also in vertebrates (Duret et al. 1995)
and might, therefore, be quite general properties of
the genomes of multicellular eukaryotes. Second, total
intron sizes in homologous genes from maize and Arabi-
dopsis are correlated, as shown in Figure 4B. In other
words, the Arabidopsis genes that are homologous to
the genes having large total intron size in maize also
are endowed with large total intron sizes. Therefore,
in homologous genes, not only the number of introns
(Figure 4A) is conserved, as expected, but also the total
size of introns.

Moreover, GC-rich genes were observed to be, on the
average, richer in GC in all codon positions in all species
tested, but especially in Gramineae, compared to GC-
poor genes (Table 2). GC differences in second codon
positions obviously have repercussions on the amino
acid composition of the encoded proteins, a subject
currently under investigation.

As far as the functional meaning of the two classes of
genes is concerned, we would like to speculate that since
housekeeping genes were found to be associated with
GC-rich genes not only in Arabidopsis and maize (Chia-
pelloetal. 1998), but also in vertebrates (see Bernardi
1995, for a review), shortage and small sizes of introns
might be viewed as advantageous features for genes that

the points, and the broken
line is the diagonal.

Arabidopsis concatenated
introns, kb

are transcribed in a constitutive or at least in an exten-
sive way.

In the case of GC-poor genes, which are largely tissue
specific in vertebrates (Bickmore and Craig 1997), the
abundance and size of introns in these genes would be
favorable for alternative splicing, an important mecha-
nism of expression regulation of tissue-specific genes
(Bell et al. 1998).

The phenomenon of intron depletion described
here, which accompanies the increase in GC content
of genes, was already reported in vertebrates (Duret et
al. 1995), but it appears to be more general. In fact,
the phenomenon is more striking in plants than in
vertebrates: a comparison of the present data with those
for vertebrates shows that in plant genes the contrast
between intron lengths in GC-poor and GC-rich genes
is at least 15-20% larger than that in vertebrates.

We thank O. Clay for technical help and useful discussions.
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