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Abstract. Several species have genomes in which
the four nucleotides are not equally represented
(Glöckner 2000). Interestingly, shifts to very high A/
T or G/C levels can occur in several distinct branches
of the tree of life. The underlying reasons for these
shifts therefore may be of different origin. Now entire
chromosome sequences from two different A/T-rich
genomes, Dictyostelium discoideum and Plasmodium
falciparum, are available (Bowman et al. 1999;
Gardner et al. 2002; Glöckner et al. 2002). This gives
us the opportunity to investigate how a high A/T
content may influence the signals that are the land-
marks for gene specification. We found that, in con-
trast with most known metazoan and plant genomes,
splice signals contain, little information other than
the canonical GT–AG dinucleotides. Intron lengths
in A/T rich organisms, on the other hand, are com-
parable to those of other lower eukaryotes. Intergenic
regions show, dependent on the orientation of adja-
cent genes, a size pattern with a ratio of 1 (3¢–3¢) to 2
(3¢–5¢) to 3 (5¢–5¢). Overall, gene organization pat-
terns seem not to be influenced by the A/T bias.
Surprisingly, the slightly higher A/T content of the
P. falciparum genome compared to that of D. dis-
coideum (80.1 versus 77.4%) is not achieved by in-
creased A/T richness in intergenic regions. Instead
both the shift of the nucleotide usage in coding re-
gions to A/T-rich codons and the longer intergenic
regions make an equal contribution to the higher A/T
content in this organism.

Key words: A/T rich — Splice sites — Gene density
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Introduction

To date several genomes in diverse evolutionary
branches have been sequenced and many more will
follow. Yet compared to their richness of diversity,
lower eukaryotes are underrepresented in this selec-
tion. Thus, we are only at the dawn of the under-
standing of genomic organization in this large group
of organisms. Here we attempt to describe common
genomic features of lower eukaryotes with compa-
rable high A/T contents. The different theories on
why nucleotide biases in genomes occur were re-
viewed by Glöckner (2000).

The extraction of the genomic information content
of the cell, in particular, the localization and structure
of protein coding genes, is a challenge since no simple
rules exist for this purpose. Even though the mecha-
nisms by which gene structures are specified in
eukaryotic genomes appear to be quite general, each
genome seems to have its singular signature for gene
recognition that was and is shaped by selective pres-
sures during evolution (Gentles and Karlin 2001).
This implies that gene structures and the transcrip-
tion and translation apparatus in each species are
coadapted to the same extent to enable the cell
appropriate transcription and translation of eachCorrespondence to: Gernot Glöckner; email: gernot@imb-jena.de
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gene. Deviations from a given signature may pinpoint
sequence domains and genes that are introduced into
a given genome from a foreign source (Karlin 2001).
Thus, analysis of gene signatures of a species’ genome
not only provides tools for the most accurate pre-
diction of gene structures but also may shed light on
the common mechanisms underlying gene specifica-
tion and its evolution. In addition, they may also be
useful to resolve conflicting phylogenies and to track
down horizontal gene transfers, genetic drift, and
other evolutionary events.

Despite the sometimes obvious differences of for-
eign genes to the original genes of an organism, the
cellular machinery is able to transcribe, translate, and
use these genes seemingly without difficulties. Only in
highly biased genomes artificially introduced genes
with no adaptation to the host are not expressed
(Fuhrmann et al. 1999). Computed probabilities for
the existence and structure of a gene rely on the
similarity of the gene structure to be detected to well-
defined gene structures of a given organism. This
statistical approach implies the prediction of false
positives and inability to detect true genes. The ability
to correctly use all the information content of a gen-
ome despite deviations of particular genes from the
mean signatures distinguishes the cellular recognition
of genes from gene detection by bioinformatic means.

Gene detection in prokaryote genomes is compa-
rably easy. Here the open reading frames (ORFs)
framed by appropriate translation start and stop
signals very often equal the genes themselves. Yet
overlapping genes and the potential of small ORFs to
be meaningful for the cell are obstacles to a
straightforward strategy for gene detection in prok-
aryotes. Thus, even in the simplest systems not all
true genes can be detected and not all predicted genes
are biologically meaningful. Therefore, gene predic-
tion can only lead to an approximation of gene
content and genome complexity.

Eukaryote genomes pose even more problems for
gene detection. Here a gene is not only one block of
information from translation start to stop but may be
distributed over several exons separated by introns
that can span several kilobases of genomic sequence.
In addition, in contrast to the densely gene packed
prokaryotic genomes, eukaryotic genes are separated
from each other by large intergenic regions. These
characteristics of eukaryote genes make it even more
difficult to define correct gene structures than in
prokaryotes. To overcome these limitations, eukary-
otic gene prediction programs attempt to integrate
the different species-specific gene signatures into
likely candidate gene models (Hooper et al. 2000;
Makarov 2002; Mathe et al. 2002; Rogic et al. 2001;
Zhang 2002).

In the analysis presented here we focus on the
analysis of Dictyostelium discoideum gene features

and gene predictions. This organism belongs to the
amoebozoa, a branch believed to have diverged early
in evolution, perhaps before the separation of ani-
mals and plants (Baldauf and Doolittle 1997; Baldauf
et al. 2000). This species therefore may be best suited
for the identification of ancient genomic features.
Moreover, it has a compact genome that makes it
easier to study gene features than in large genomes,
where these characteristics may be hidden in large
regions of, from our current point of view, seemingly
senseless DNA. The genome examined is unusual
with respect to nucleotide distribution since it is
shifted toward a very high A/T content of nearly
80%. Why a genome is forced to develop such ex-
treme nucleotide disparities is still unclear.

Extreme values of such biases in the same direction
in different organisms may affect gene signatures in
similar ways. To address this question we compare
the results obtained with D. discoideum to those with
Plasmodium falciparum, the causative agent of ma-
laria. This organism has also a very A/T-rich genome
(Gardner et al. 2002) that apparently evolved inde-
pendently. This independent acquisition of the A/T
bias is underlined by the deep branching of the
organisms (Plasmodium, Alveolata > Apicomplexa
> Haemosporida > Plasmodium; and Dictyosteli-
um, Mycetozoa > Dictyosteliida > Dictyostelium)
in the eukaryote phylogeny. Since we now have large
amounts of A/T-rich sequences from these two highly
biased genomes, we can identify common features of
genes in these organisms. We here discuss also whe-
ther nucleotide biases may have a measurable impact
on the evolution of gene features.

Materials and Methods

Gene Prediction Programs

The following gene prediction programs were used: geneid (http://

www1.imim.es/geneid.html), GlimmerM (http://www.tigr.org/tdb/

glimmerm/glmr_form.html) trained for prediction in P. falciparum,

and GenScan (http://genes.mit.edu/GENSCAN.html) trained for

A. thaliana gene predictions. To measure accuracy we used the

statistics described by Burset and Guigo (1996) and Reese et al.

(2000).

Data Sets

To obtain a data set for the training of geneid, we extracted full-

length entries of Dictyostelium discoideum genes from the GenBank

database. The gene structures should be derived from nuclear

genes, not being of mitochondrial origin. Furthermore, each gene

we included in the data set was unique, i.e., it did not share more

than 80% identity on the nucleotide level with other genes in the

data set. The final Dictyostelium discoideum training set contains

140 genes, 38 corresponding to single-exon genes and 102 mul-

tiexonic genes containing 180 introns. The genes, which were pre-

dicted on chromosome 2 after training of geneid with the above set,

were then used for further analysis.
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The P. falciparum data set was constructed from the annotated

sequence of chromosome 3. This annotation was carried out by the

Sanger Institute group using manual curation of the output of

different software packages (Hall et al. 2002). The sequence cor-

responding to this chromosome contained 234 genes, 98 corre-

sponding to single-exon genes, and 136 multiexonic genes

containing 379 introns.

Splicing and Translational Signals

Donor and acceptor sites were extracted from the D. discoideum

chromosome 2 data set. The information content of each position

around the signal was computed as by Burge et al. (1999). The

positions taken for each site were )2 to +5 for donors )15 to )1
for acceptors, and )6 to +5 for the translation start side (0 being

the first position downstream between coding and noncoding

junction and )1 being the first position upstream). Background

probabilities have been computed in the same positions around

every minimal conserved nucleotide for each site (corresponding to

GT for donors, AG for acceptors, and ATG for start sites) in the

training set sequences not annotated as functional sites. The final

score for each site was computed as a log-likelihood ratio of the

frequencies of the real annotated sites versus the frequencies of the

bases around the nonannotated minimal sites (assuming that the

nonannotated sites in these sequences correspond to the distribu-

tion of the nonreal sites). Compositional properties were computed

as by Guigo (1999) and Parra et al. (2000).

Evaluation of available prediction programs for their ability to

predict correct D. discoideum gene structures was performed using

the training set. All data sets used in this study with geneid and the

parameters inferred are available at http://genome.imim.es/data-

sets/D.discoideum/ and http://genome.imim.es/datasets/P.falcipa-

rum/.

Results

Gene Prediction in D. discoideum

Investigation of determinants of gene structures re-
quires an experimentally confirmed data set consist-
ing of as many complete gene structures as possible.
For D. discoideum we obtained a data set of 140 genes
after filtering for a number of features (see Materials
and Methods).

With this data set we examined the performance of
three gene prediction programs without prior training
geneid (Blanco et al. 2003), GenScan (Burge and
Karlin 1997) with Arabidopsis thaliana parameters,
and a version of GlimmerM (Salzberg et al. 1999)
designed for gene prediction in Plasmodium falcipa-
rum. We observed that the three programs worked
similarly well on this data set, with GlimmerM being
more sensitive than geneid, and geneid more sensitive
than GenScan (supplementary material).

Next, we tested a version of geneid specifically
trained for gene prediction in D. discoideum. This
version showed great accuracy, with 99% of the
coding nucleotides correctly predicted and 97% of the
nucleotides predicted as coding actually being coding
(that is, at the nucleotide level, sensitivity was 0.99
and specificity 0.97). With the trained version of ge-
neid, even small annotated exons missed by the other
programs could be detected (Fig. 1). The accuracy of
the geneid predictions in D. discoideum is clearly
superior to that in human (here the sensitivity as
measured in human chromosome 22 is 0.8 and the
specificity 0.63; data not shown).

Predicted Genes

On chromosome 2 of D. discoideum geneid predicted
2799 genes (>40 amino acids [aa]) (Glöckner et al.
2002). Since the statistical probability to be a true
gene increases with the length of the predicted gene,
the low threshold chosen may have led to a slight
overestimation of gene numbers. Of the predicted
genes 109 (3.7%) were incomplete at the 5¢ end and 56
(1.9%) were incomplete at the 3¢ end. Since EST data
for D. discoideum are scarce, especially for the 5¢ end,
we could only determine the real gene structure for a
minor part of the predicted incomplete genes. In
many cases the lack of completeness at the 5¢ end may
be due to very short portions of coding sequence on

Fig. 1. Comparison of gene prediction programs. The programs were GeneScan, GlimmerM, untrained geneid, and trained geneid. The
figure shows the analysis of the D. discoideum genomic sequence accession No. AB009080 representing the D. discoideum gene product
TRFA. Where applicable the score values for predicted exons are given as the height of the rectangles representing the exons.
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the first exons. Incompleteness at the 3¢ end results
from artificial prediction of a splice donor site shortly
before the real stop codon. Generally, the analysis of
the incomplete predicted genes showed that the bor-
dering sequences exhibit a very high A/T content in
which no obvious coding potential could be detected.
Thus, we conclude that only very small portions of
the coding region of these partially predicted genes
are missed.

Exon–Intron Structure, Splice Signals, and
Intergenic Regions

On average the introns of the predicted genes from
chromosome 2 comprise 177 bases. D. discoideum
genes also have a relatively small number of introns
per gene, comparable to that of Schizosaccharomyces
pombe but more than that of Saccharomyces cerevi-
siae (Deutsch and Long 1999; Kriventseva and
Gelfand 1999; Wood et al. 2002). Interestingly, this is
a significantly higher value than that of the training
set, with 132 bases on average. The average number
of introns per gene is 1.28. The maximum number of
introns in one gene was 15; overall 48 genes (1.7 %)
have more than 4 introns.

In contrast to most known metazoan and plant
genomes, D. discoideum splice signals carry little
information other than the GT–AG canonical dinu-
cleotides (Fig. 2). Only the A nucleotide in position
+2 of the donor site (+0 being the first position in the
intron, occupied by the canonical G) and a G at
position +4 appear to be clearly overrepresented with
respect to the expected values.

Due to the high number of genes in a relatively
small genome, the intergenic regions are short. Here
we count the entire space between putative translated

gene loci from the start or stop signals of one gene to
that of the next as intergenic, not taking in account
the untranslated but transcribed regions (UTRs) of a
gene. On chromosome 2 these ‘‘intercoding’’ regions
(ICRs) have an average length of 786 bases on
chromosome 2. A similar average size was found for
the ICRs of chromosome 1. We therefore think that
these values are valid for the whole genome. We
found that the average size of ICRs differs dependent
on the orientation of the adjacent coding regions
(Table 1). The translated portions of the genes with
neighboring 5¢ ends are separated from each other by
three times more space than translated portions of
genes with neighbouring 3¢ ends. We then tried to
estimate the length of the untranscribed intergenic
regions using available EST data and a set of man-
ually annotated genes. Of the 36 genes analyzed, 18
were randomly chosen, and 18 belong to the rasGEF
family of proteins (supplementary information). We

Fig. 2. Splice site signatures in predicted genes of chromosome 2 from D. discoideum. The height of the base letters at each position is
proportional to their respective occurrence at this specific position. The black line between donor and acceptor site signature images gives
the median intron length. Additional figures are given in the supplementary material.

Table 1. Comparison of intercoding regions (ICRs) between dif-
ferent species

Species

Orientation of

adjacent genes

(left–right)

Number of

intergenic

regions Mean size Median size

D. discoideum 3¢–5¢ 1427 704 560

3¢–3¢ 752 331 246

5¢–5¢ 712 963 815

P. falciparum 3¢–5¢ 96 1966 1540

3¢–3¢ 61 1079 810

5¢–5¢ 60 2830 2463

S. cerevisiae 3¢–5¢ 357 564 409

3¢–3¢ 208 350 249

5¢–5¢ 186 642 500

A. thaliana 3¢–5¢ 2170 2416 1340

3¢–3¢ 1004 2001 708

5¢–5¢ 1006 2981 1958
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found that the 36 genes tested have a 3¢UTR of 74
bases on average from the end of the coding region to
the poly(A) tail, with a standard deviation of 58
bases. Since ESTs of D. discoideum do not represent
the 5¢ ends of the genes very well, we did not analyze
the 5¢UTR lengths.

Comparison to Organization in Other Species

To analyze the influence of nucleotide biases on gene
properties we compared the results obtained with
D. discoideum to a second A/T-rich genome, that of
Plasmodium falciparum. For this purpose we used the
previously annotated chromosome 3 (Bowman et al.
1999). We found the same restriction of the splice
signal to the canonical GT–AG motifs with some
weak preferences for certain nucleotides near the
canonical motifs (supplementary material). This may
be partially caused by the extreme A/T values. The
mean intron length of 209 bases as well as the A/T
content of 87% is in the same range as D. discoideum.

Figure 3 shows the G/C distribution in introns and
coding regions in D. discoideum and P. falciparum.
Interestingly, in coding regions of D. discoideum the
G/C values follow a Gaussian distribution, whereas

the P. falciparum distribution is characterized by a
long extension toward higher G/C values.

The gene density in P. falciparum is much lower
than that of D. discoideum. Here the mean distance
between the coding regions is around three times the
distance in S. pombe and D. discoideum. Since the
mean gene and intron lengths differ only slightly be-
tween both organisms, only different mean lengths of
ICRs are causative for the different observed gene
densities. We found that as in D. discoideum the
average size of ICRs differs dependent on the orien-
tation of the adjacent coding regions (Table 1).

Interestingly, for both organisms the A/T content
of ICRs is the same, at 86%. In contrast, the coding
sequences (CDS) in P. falciparum exhibit a more ex-
treme bias toward the usage of codons with A and T
nucleotides (data not shown). This preference results
in a lower G/C content in CDS in P. falciparum (24
%) than in D. discoideum (27%).

We examined the ICRs of two further organisms,
Arabidopsis thaliana and S. cerevisiae. The plant
species exhibits a gene density comparable to that of
P. falciparum, at 4.4 kb/gene (The A. thaliana Gen-
ome Initiative, 2000), albeit S. cerevisae constitutes
an extreme, at 1.8 kb/gene (Goffeau et al. 1996). The

Fig. 3. G/C distribution in introns and coding regions of D. discoideum and P. falciparum. (A) Distribution in introns. (B) Distribution in
coding regions.
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A/T content of both species does not reach the ex-
tremes as in D. discoideum or P. falciparum. For our
analysis of ICRs we used A. thaliana chromosome 4
and S. cerevisiae chromosome 4. As can be seen Ta-
ble 1 the ICR length depends on the gene orientation
in all genomes irrespective of the gene density. The
ratio of the ICR lengths can be roughly given as 1 (3¢/
3¢):2 (3¢/5¢):3 (5¢/5¢) for all organisms but S. cerevisiae,
if we take the median instead of the mean values into
account (Table 1).

Discussion

Since research on Dictyostelium discoideum focuses
mainly on cytoskeleton, signal transduction, and
development, the described genes and therefore the
gene features of the training set for this organism may
not represent the average gene of this organism.
Previous studies are limited by the preselection of
certain gene families (Rivero 2002). Future gene
predictions and genome analyses have to include also
genes from the primary metabolism and other func-
tional groups. This way, gene prediction will become
more accurate and efforts at manual curation of the
predicted gene data set will be minimized. Despite
these limitations the analysis presented here gives
some insight into the gene organization of lower
eukaryotes with a high A/T bias.

A bias toward a preferred use of A and T nucle-
otides can be found in several organisms belonging to
well-separated branches in the tree of life (Glöckner
2000). These organisms evolved these more or less
pronounced biases in the same direction indepen-
dently. This genomic bias also shows local effects in
that it overlays the gene features that are common to
all organisms. The D. discoideum genome exhibits one
of the most pronounced biases, with an A/T content
of more than 78%. This value is only surpassed by
that of P. falciparum, with an A/T nucleotide content
of 80%.

Despite the clear similarities in gene specification
and gene organization between the two A/T-rich ge-
nomes, gene signatures still appear to be quite spe-
cific. Table 2 shows the accuracy on P. falciparum
sequences of the version of geneid trained on

D. discoideum sequences, and vice versa. Surprisingly,
predictions using the D. discoideum version of geneid
on P. falciparum sequences were substantially worse
than predictions using the P. falciparum version of
geneid on D. discoideum sequences. This could be
attributed to the more Gaussian distribution of G/C
content in D. discoideum, indicating more homoge-
neous gene features in this species than in P. falci-
parum. A/T richness alone thus may not be a key
feature that influences gene structure signals.

Cells are also able to transcribe and translate
foreign genes if they do not have a very different base
composition as can be seen from cross-species com-
plementation. Evolutionary constraints therefore led
to a well-conserved transcription/splicing/translation
machinery. This conservation should enable a general
approach for gene detection in unknown sequences.
Yet currently available software tools have to be
individually trained for a given organism for optimal
performance. This analysis shows that, even if ex-
treme compositional biases are shared between
organisms, training for the specific organism is
indispensable. Thus, gene recognition in the cell is
different from bioinformatic approaches and may use
more widespread, not yet detected signals.

Like all other lower eukaryotes for which sequence
data are know, D. discoideum has only short introns.
Surprisingly, the mean intron length of the training
set was 132 bases, much shorter than that of all
chromosome 2 genes (177 bases). This difference is in
part due to predicted long (>1000 bases) introns in
cases where geneid was not able to resolve the correct
gene structure. Manual inspection of all 74 introns
larger than 1000 bases revealed that at least 90% of
them are artifacts. These artificial introns are the
main source of the observed difference between in-
tron lengths of the training set genes and those of the
chromosome 2 genes.

Although introns are small and rare in the D.
discoideum genome, they could slightly contribute to
the overall A/T bias of the genome. The canonical
GT–AG motif at the donor and acceptor sites of in-
trons is conserved with only small deviations
throughout the tree of life. In D. discoideum the
requirements for proper splicing seem to be almost
entirely restricted to this common motif. Besides

Table 2. Performance of GeneID in A/T-rich organisms

Species Parameter file SN SP CC SNe SPe SNSP ME WE

P.f. P.f. 0.98 0.98 0.95 0.70 0.71 0.70 0.13 0.11

D.d. D.d 0.99 0.97 0.97 0.76 0.75 0.76 0.06 0.06

P.f. D.d. 0.71 0.96 0.68 0.21 0.18 0.19 0.19 0.42

D.d. P.f. 0.96 0.96 0.86 0.52 0.52 0.52 0.17 0.16

Note. SN—sensitivity (nucleotide level); SP = specificity (nucleotide level); CC—correlation coefficient; SNe—sensitivity (exon level);

SPe—specificity (exon level); SNSP = (SNe+SPe)/2; ME—missing exons (fraction of true exons not predicted); WE—wrong exons

(fraction of predicted exons not overlapping any true exon); P.f.—Plasmodium falciparum; D.d.—Dictyostelium discoideum.
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these common sites, only weak preferences for A
nucleotides downstream of the donor site could be
detected in D. discoideum. The further positions are
only slightly favored by a (A/T)GT motif. A similar
picture was obtained when analyzing P. falciparum
splice sites (supplementary material). This is in con-
trast to metazoa and plants, where additional nucle-
otides strongly contribute to a consensus motif. The
splice apparatus therefore has to be able to correctly
detect and process these signals in spite of the relative
weakness of the signals compared to other organisms.
Possibly the difference in A/T content between intron
sequences and coding sequences as can be deduced
from the different nucleotide compositions is used by
the cell as additional signal. Due to their lack of
special requirements concerning sequence motifs, the
entire intron sequence is able to contribute to the high
mean A/T content in the genome of 78%.

For S. pombe as well as for S. cerevisiae it was
shown that there is a strong bias of intron positions
toward the 5¢ end of the genes (Sakurai et al. 2002).
This is also the case for the introns of D. discoideum.
The mechanism by which the preferred 5¢ localization
of introns is achieved is not yet entirely understood
(Fink 1987; Mourier and Jeffares 2003; Wood et al.
2002). Considering the early branching of the myce-
tozoa, to which D. discoideum belongs (Baldauf and
Doolittle 1997), this mechanism may be established
relatively early in evolution.

ICRs in D. discoideum are relatively short. The
length of these regions depends also on the orienta-
tion of the adjacent genes (Table 1). On average half
of the space between tail-to-tail-oriented coding re-
gions is occupied by the 3¢UTRs of the genes, as
could be identified using available EST data. Thus,
the real mean distance between transcribed units in
the tail-to-tail orientation is only 150 bases. The sit-
uation for 5¢ ends remains unclear since too few
confirmed full-length mRNA sequences are available.
But analyses from other organisms suggest that
5¢UTRs are shorter than 3¢UTRs (Jareborg et al.
1999). If this is also true for D. discoideum genes, the
function of the additional space of 300 bases/gene
required for genes in the head-to-head orientation
cannot be attributed to long 5¢UTRs.

The orientation-dependent characteristic of inter-
genic spacer regions was also described for S. pombe
(Wood et al. 2002), an organism with the same high
gene density as D. discoideum. The respective values
for both organisms are in the same range, thus the
contribution of gene orientation to the size of inter-
genic regions is independent of nucleotide biases.
Interestingly, in S. cerevisiae with the highest gene
density among eukaryotes measured so far, the size of
the ICRs is practically not correlated with the ori-
entation of adjacent genes. This may be due to the
fact that this organism exhibits the highest gene

density so far measured and therefore a minimum of
ICRs.
P. falciparum has a considerably lower gene den-

sity than D. discoideum or S. pombe, but the CDS and
introns have a comparable size. Thus, longer ICRs,
which occupy around three times as much space in
P. falciparum as in D. discoideum, mainly cause the
lower gene density. For the ICRs we also found a
gene orientation-dependent size (Table 1). Interest-
ingly, for both organisms the ratios for the orienta-
tions 3¢–3¢, 3¢–5¢, and 5¢–5¢ follow the rule 1 to 2 to 3.
The same holds true for the A. thaliana ICRs, if we
calculate the median of the ICR sizes. Thus, for gene
densities between 2.5 and 4.8 kb/gene there seems to
exist a rule for proper gene spacing. The deviation of
the mean values from this rule may reflect the more
relaxed gene spacing in this genome. In fact, for the
human genome with its very large ICRs, we could not
detect such a rule (data not shown). S. cerevisiae as
the other extreme shows compressed ICRs and also
does not follow this rule.

If we view a genome as concatenated blocks of
gene regions, we can conclude that the 5¢ region down
to the start codon of such a block occupies two times
as much space as the 3¢ region from the stop to the
end, irrespective of the absolute length. Analysis of
further compact genomes, preferably of diverse pro-
tists, is required to determine whether the 1:2:3 size
distribution plays an important role in genome
organization or is an intrinsic property of a gene
block.

To achieve a higher A/T content than the D. dis-
coideum genome P. falciparum would have had sev-
eral possibilities: (i) extension of intergenic regions,
(ii) elevated A/T values in distinct sections of the
genome, and (iii) higher A/T values all over the
genome. The 3% higher overall A/T content of
P. falciparum compared to D. discoideum can be
attributed to the first and second possibilities, since
CDS show a higher A/T content, and the intergenic
regions are three times as long as in D. discoideum,
but show the same mean A/T content of 86%. Even if
the ICRs of D. discoideum were adjusted to match the
length of ICRs in P. falciparum, the A/T content of
this genome would be only 78.8%. Thus, about half
of the higher A/T bias in the P. falciparum genome
can be attributed to the longer intergenic regions; the
other half is caused by the nucleotide bias in CDS. It
is not easy to understand why, in the case of P. fal-
ciparum, a contribution of CDS nucleotide bias to the
overall genome bias was preferred over elongation or
achievement of higher A/T values for intergenic re-
gions. Due to the need to retain functionality, coding
sequences commonly underlie stronger evolutionary
pressures than intergenic regions. If natural selection
were the cause for nucleotide biases in genomes, the
organism would tend to minimize the costs of this
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shift. Therefore, one could speculate that a compact
genome was preferable to extended intergenic re-
gions. Additionally, the value of 86% A/T might be
the upper threshold which can be reached over sev-
eral kilobases of DNA.

Conclusion

Gene recognition patterns seem to be conserved over
large phylogenetic distances, but they also appear to
have some taxon-specific component. Moreover, gene
structure properties are only slightly influenced by
nucleotide biases in a genome. Intron and intergenic
size distributions show no differences in A/T-rich
versus normal genomes. Furthermore, space re-
quirements before and after genes seem to follow a
strict rule which is only weakened in large or very
compact genomes. Thus, A/T richness is only one
additional feature of a genome that is superimposed
on regular features found in all genomes.
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