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ABSTRACT Previous work has shown that, in the large
genomes of three Gramineae [rice, maize, and barley: 415,
2,500, and 5,300 megabases (Mb), respectively] most genes are
clustered in long DNA segments (collectively called the “gene
space”) that represent a small fraction (12-24%) of nuclear
DNA, cover a very narrow (0.8-1.6%) GC range, and are
separated by vast expanses of gene-empty sequences. In the
present work, we have analyzed the small (ca. 120 Mb) nuclear
genome of Arabidopsis thaliana and shown that its organization
is drastically different from that of the genomes of Gramineae.
Indeed, (i) genes are distributed over about 85% of the main
band of DNA in CsCl and cover an 8% GC range; (ii) ORFs
are fairly evenly distributed in long (>50 kb) sequences from
GenBank that amount to about 10 Mb; and (iii) the GC levels
of protein-coding sequences (and of their third codon posi-
tions) are correlated with the GC levels of their flanking
sequences. The different pattern of gene distribution of Ara-
bidopsis compared with Gramineae appears to be because the
genomes of the latter comprise (i) many large gene-empty
regions separating gene clusters and (ii) abundant trans-
posons in the intergenic sequences of gene clusters. Both
sequences are absent or very scarce in the Arabidopsis genome.
These observations provide a comparative view of angiosperm
genome organization.

Previous investigations on the nuclear genomes of angio-
sperms showed that (i) they are characterized by a composi-
tional compartmentalization (1-3) and (if) that the vast ma-
jority of genes from three Gramineae (maize, rice, and barley)
are clustered in long DNA stretches that are separated by vast
expanses of gene-empty DNA (4, 5). The long gene clusters
were collectively called the “gene space” (4, 5). Since the gene
space represents only 12-24% of nuclear DNA in the three
Gramineae investigated, gene density is four to eight times
higher in the gene clusters compared with a uniform gene
distribution in those genomes. In the plants tested, the gene
space only covers a 0.8-1.6% GC range (GC is the molar
fraction of Gua + Cyt in DNA), whereas the DNA bands in
CsCl density gradients cover a 20% GC range.

The narrow compositional range of the gene space is due to
the narrow compositional spectrum of intergenic sequences in
the long gene clusters. In the case of maize, these sequences are
largely formed by transposons (6). Since coding sequences
from Gramineae cover a broad compositional range, whereas
the gene space covers a very narrow range, a correlation is
barely detectable between the composition of coding se-
quences and that of flanking sequences. Very recent work on
a 60-kb stretch from the barley genome (7), although not
allowing any general conclusion because it only represents
0.001% of the genome, is in agreement with the gene clustering

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424/98,/9510044-6$2.00/0
PNAS is available online at www.pnas.org.

and the GC level previously described (5) for the gene space
of barley. It should also be mentioned that some seed storage
protein genes, such as zein genes, are located in DNA stretches
lower in GC than those hosting the other protein-encoding
genes, whereas ribosomal gene clusters are characterized by a
much higher GC level.

The gene distribution of a dicot, pea, was basically similar to
that found in Gramineae (A.B. and G.B., in preparation).
Indeed, most pea genes are located in a gene space covering
a 2% GC range and representing less than 20% of the genome
(ribosomal genes being again located in very GC-rich frac-
tions). It appears, therefore, that the presence of a gene space
is not an exclusive property of Gramineae (Whose genome sizes
range from 415 megabases (Mb) for rice to 2,500 Mb for maize
and to 5,300 Mb for barley; ref. 8), since it is shared at least by
pea, a dicot endowed with a large genome, 5,000 Mb.

The possibility that the presence of a gene space is a property
associated with the large amounts (50-80%) of repeated
sequences in the genomes mentioned above was investigated
here by analyzing the gene distribution in the genome of
Arabidopsis thaliana. This dicot has an extremely small ge-
nome, about 120 Mb, which contains only about 20%-30% of
repeated sequences, half of which are highly repetitive, the
other half being moderately repetitive (9). Moreover, the
Arabidopsis genome contains very few retrotransposons (the
Ta and Athila families occur in 15 and 150 copies, respectively;
ref. 10) and is endowed with a very low methylation level (less
than 6% of all Cyts are methylated; ref. 11).

MATERIALS AND METHODS

Plant and DNA Preparation and Fractionation. A. thaliana
ecotype Columbia was obtained from the Institut National de
la Recherche Agronomique (Versailles, France) and the In-
stitut de Biotechnologie des Plantes (Orsay, France). Nuclear
DNA was prepared from etiolated seedlings using the method
of Jofuku and Goldberg (12) with minor changes. Some
contaminating mitochondrial and chloroplast DNAs were,
however, present in the DNA preparation. The average mo-
lecular weight of the latter was 50 kb, as determined by
pulsed-field gel electrophoresis.

DNA Fractionation and Gene Localization. Fractionation
and localization were performed as already described (5). The
GC level of the fractions in which genes were localized was
calculated from their buoyant densities.

Probes. Twenty-five expressed sequence tags were obtained
from the Arabidopsis Biological Center (Columbus, OH).

Abbreviation: Mb, megabase.
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These were amplified using universal and reverse primers
(Pharmacia) and used as radioactive probes.

Compositional Distribution of Coding Sequences. Complete
coding sequences from Arabidopsis were obtained from Gen-
Bank release 103 (October 15, 1997) using the ACNUC system
(13). Redundancy was eliminated using the CLEANUP pro-
gram (14) and by visual inspection. The final data set com-
prised 2,490 sequences. These also included ORFs found in
large DNA sequences (from the Arabidopsis genome project)
that were annotated as coding sequences in GenBank. In
addition, 89 Arabidopsis sequences larger than 50 kb were
analyzed. These represented about 10 Mb of DNA, namely,
about 8% of the genome.

RESULTS

Compositional Distribution of DNA. Fig. 14 shows a CsCl
profile of Arabidopsis DNA. The whole profile covers a 25
mg/cm? range of buoyant density corresponding to a range of
25.5% GC. However, the main band only covers a 12 mg/cm?
(15.3% GC) range, from 1.690 to 1.702 g/cm? (namely, from
30.6 to 42.8% GC) and shows a modal buoyant density of 1.696
g/cm?, corresponding to 36.7% GC.

The difference between the GC ranges of the whole profile
and main band is due to a high-density shoulder (Fig. 14, s)
and to a series of peaks that comprise contaminating mito-
chondrial, ribosomal, and satellite DNAs. Indeed, Arabidopsis
mitochondrial DNA has a GC level of 44.8% (15) and can,
therefore, be identified with the first satellite peak (Fig. 14).
Ribosomal DNA, estimated to represent 6—8% of nuclear
DNA (16), has a buoyant density of 1.707 g/cm3, corresponding
to 47.9% GC, as indicated by hybridization on DNA fractions
(not shown). The shoulder probably corresponds to chloroplast
DNA, because chloroplast DNAs from other Brassicaceae
show a buoyant density barely higher than nuclear DNA (17).
The three other unidentified DNA components are likely to
comprise two families of repeated sequences which represent
together about 2% of nuclear DNA and are part of the
paracentromeric chromatin (16). If all of these heavy DNA
components are neglected because they contain no protein-
coding nuclear genes, the main CsCl band of Arabidopsis DNA
corresponds to about 90% of the nuclear genome, namely, to
about 108 Mb.

Compositional Distribution of Large Sequences. Fig. 1B
shows the compositional distribution of 89 sequences larger
than 50 kb. This distribution covers a 6% GC range comprised
between 33 and 39% GC and is centered on 36.5% GC. This
range is narrower than that of the CsCl main band. The mode
of the distribution at 36.5% is, however, in excellent agreement
with that derived from the CsCl profile, 36.7% GC.

Compositional Distribution of Coding Sequences. Fig. 1C
shows the distribution of the GC; values (the average GC levels
of third codon positions of coding sequences; see the top scale
in Fig. 1C) of 2,490 coding sequences (including ORFs; see
Materials and Methods). These values range from 18 to 82%
and have an average of 45.2%. If coding sequences and ORFs
from Arabidopsis contigs are neglected to avoid possible
assignment errors in these sequences, the remaining sequences
(representing about half of the data set) show an average GC;
of 44.8%, indicating that the possible pollution of coding
sequences from contigs does not influence the results of Fig.
1C. In this case, the common GC abscissa in all plots in Fig. 1
represents the GC values of the DNA fractions comprising
coding sequences and ORFs (as derived from the correlation
of Fig. 2).

Gene Distribution in the Arabidopsis Genome. Arabidopsis
DNA was fractionated by centrifugation in shallow CsCl
gradients (ref. 18; see Fig. 2 of ref. 5 for an example).
Twenty-five expressed sequence tags, corresponding to known
genes (listed in Table 1), were chosen so as to cover most of

Proc. Natl. Acad. Sci. USA 95 (1998) 10045

the GC; spectrum of the Arabidopsis genes and ranged from 29
to 69% GC;. These expressed sequence tags were hybridized
on the DNA fractions, providing results which were used in
constructing Table 1. Table 1 shows that the 25 genes analyzed
were localized in DNA fractions having buoyant densities
comprised between 1.695 g/cm? (35.7% GC) and 1.700 g/cm?
(40.8% GC) and covering, therefore, a broad, 5% GC, com-
positional range.

The results of Table 1 allowed the construction of Fig. 2,
which correlates the GCs values of the genes with the GC
values of the DNA fractions in which genes were localized. This
correlation has a very good coefficient (r = 0.9) and a high
slope (s = 8.2). In fact, coding sequences exhibiting GC; values
as low as 18% and as high as 82% are known in the Arabidopsis
genome (see above and Fig. 1C). If these points are introduced
in Fig. 2 (solid circles), the GC range of the regions containing
genes is extended from 5% (see above) to 8%, namely, from
34% to 42% GC. In turn, if this range is superimposed on the
CsCl profile, it defines the DNA range in which the protein-
encoding genes are located. This range covers about 85% of
the main band, namely, 92 Mb, of Arabidopsis DNA (see Fig.
1A4). As expected, the GC values of the same coding sequences
are also correlated with the GC values of the corresponding
DNA fractions, the slope being, however, only 3.5 (not shown).

Finally, the distribution of ORFs in the long sequences from
Arabidopsis indicated a fairly uniform gene density. Indeed,
maximal and minimal values of ORF density were comprised
(Fig. 3) within a twofold range (from 15 to 32 ORFs per 100
kb), and the average ORF concentration only varied by +15%
in 1% GC bins.

DISCUSSION

Compositional Distribution of DNA Molecules. As far as the
centrifugation in a CsCl density gradient is concerned, Arabi-
dopsis DNA is characterized by a narrower main band (Fig.
1A4) compared with the DNAs from Gramineae. Indeed, the
GC range of the main band of Arabidopsis DNA is only 12%
vs. 20% GC in the case of maize, rice, and barley (5). The
modal buoyant density of Arabidopsis DNA, 1.696 g/cm?,
corresponds to 36.7% GC, and is significantly lower than the
values, 41.4% and 40.3%, that were previously estimated from
melting temperature measurements (11) and fluorochrome
binding (19), respectively. The 36.7% GC value is in excellent
agreement with the modal value, 36.5% GC, found when
analyzing long (>50 kb) Arabidopsis sequences present in the
GenBank (Fig. 1B). The lower buoyant density of Arabidopsis
DNA compared with DNAs from Gramineae (1.7019 g/cm? for
barley, 1.7023 g/cm? for maize and 1.7026 g/cm? for rice and
wheat; see refs. 1 and 5) account for the fact that rDNA (which
has the same buoyant density in all these genomes) appears as
a separate peak in Fig. 1A4.

The discrepancy in the GC range of the distribution of long
(>50 kb) sequences from GenBank (6% GC) and of DNA
molecules (12% GC) seems to be essentially due to a lack of
representation of GC-poor DNA in the sequences available so
far, which only correspond to 8% of the genome. This may be
not surprising because the GC-poor DNA is likely to corre-
spond to gene-empty regions of repeated sequences, which
have not been cloned or investigated. A spreading of the CsCl
band due to the brownian diffusion of the Arabidopsis DNA
sample may also contribute, to a small extent, to the discrep-
ancy.

Gene Distribution. Coding sequences from Arabidopsis (Fig.
1C) are characterized by a wide range of the GC; distribution
(18-82%), in agreement with previous data (1, 4). The average
GC level, 45.2%, is higher than the average GC level of main
band DNA, about 36.5%, and all points are well above the
unity slope line, so that coding sequences stand out, like
islands, from the intergenic sequences (increasingly so with
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FiG. 1. (A) Absorbance profile of Arabidopsis nuclear DNA as
obtained by centrifugation in a CsCl analytical density gradient. The
shoulder (s) may correspond to contaminating chloroplast DNA, the
following small peaks to contaminating mitochondrial DNA (p = 1.706
g/em3), IDNA (p = 1.707 g/cm?), and to three satellite DNASs (see text).
The shaded area corresponds to the DNA fractions containing nuclear
protein-encoding genes (see legend of Fig. 2). (B) Compositional
distribution of large (>50 kb) GenBank DNA sequences from Ara-
bidopsis. (C) Gene distribution obtained by plotting the relative
number of Arabidopsis genes against their GC3 values (top scale); 2,490
sequences from GenBank (release 103; October 15, 1997) were used
to construct the histogram. In C, the common GC abscissa of the three
plots represents the GC values of the DNA fractions containing the
genes (as derived from Fig. 2).
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FiG. 2. Plot of GC;s of genes (circles) versus GC values of DNA
fractions corresponding to the hybridization peaks (from the data of
Table 1). The solid circles represent the two extreme GC3 values of
Arabidopsis genes as found in GenBank. The vertical broken lines
indicate the GC range of the DNA fractions containing the genes. This
was used to define in Fig. 14 (shaded area) the DNA range in which
genes are located.

increasing GC of coding sequences; this feature was previously
found in the human genome; ref. 20).

Arabidopsis genes are distributed over DNA compositional
fractions which cover an 8% GC range (Fig. 14). This GC
range is much larger than that found for the gene space in the
genomes of Gramineae, 0.8-1.6% GC, or pea, 2% GC, even
though these plants have CsCl bands covering a GC range
almost twice as broad as the Arabidopsis main band. As
expected, Arabidopsis DNA fractions containing genes corre-
spond to a much larger percentage of main band DNA
compared with Gramineae (85% vs. 12-24%).

In Arabidopsis there is an evident correlation between the
GG; levels of genes and the GC level of the DNA fractions in
which genes are localized (Fig. 2). Because of their very narrow
gene spaces, this correlation can barely be detected in Gra-
mineae. The slope of the correlation is much steeper compared
with that found (21) in the human genome, 8.2 vs. 2.9. This can
be understood if one considers that all Arabidopsis genes are
comprised in DNA fragments covering a 8% GC range,
whereas human genes are comprised in DNA fragments
covering a 25% GC range. The ratio of slopes is very close to
the ratio of the ranges, 3.1. Likewise, the slope, 3.5, of GC of
coding sequences versus GC of DNA fragments containing
them is larger than that, 1.4, exhibited by human coding
sequences (20).

As far as gene density is concerned (as derived by ORF
density), its variation is very small in Arabidopsis compared
with that found in the human genome. Even if extreme values
are considered, the overall range of ORF density is only about
twofold, a value 10 times lower than that found in the human
genome (21). This twofold range of coding sequence densities
may be a consequence of the distribution of interspersed
repeated sequences, which is known not to be uniform in
Arabidopsis (22).

If the number of Arabidopsis genes is assumed to be 20,000,
their average density in 85% of the 108-Mb genome comprised
in the main band, namely, in 92 Mb, would be about 4.6
kb/gene, a value higher than those, 2-3 kb, found in some small
(10-24 kb) regions (23-26) but equal to that reported for a
81-kb region (27) and for a 1.9-Mb contig (28) of the Arabi-
dopsis genome.
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Table 1. List of genes localized on CsCl bands of Arabidopsis DNA

Buoyant density,

Expressed sequence tag probes* GGCs g/cm? GCt %
ATHB-2 28.8 1.6950 35.71
UBC4 314 1.6957 36.42
AIR synthase 34.6 1.6960 36.73
KAS-1 35 1.6967 37.44
P5csB 355 1.6960 36.73
posF21 36.8 1.6970 37.75
Cystathione B-lyase 37.2 1.6967 37.44
Amidophosphoribosyltransferase 38.7 1.6960 36.73
ACO 40.1 1.6960 36.73
CST1-2 42.6 1.6967 37.44
Sat-1 433 1.6967 37.44
PAL2 44.7 1.6955 36.22
B-fructofuranosidase 46 1.6975 38.26
trpB 48.4 1.6975 38.26
TIF4A-1 511 1.6972 37.95
S-adenosylmethionine 52.8 1.6975 38.26
DWF1 532 1.6975 38.26
Oxygen-evolving protein 55.3 1.6981 38.87
PUR2 58.6 1.6977 38.46
STP1 59.5 1.6980 38.77
Elongation factor la 60.2 1.6977 38.46
Geranylphosphate synthase-related protein 62.1 1.6983 39.08
ATS3B 63.7 1.6985 39.28
Albumin 2S subunit 2 precursor 64.9 1.6986 39.38
ROC1 68.8 1.700 40.81

*Abbreviations of Arabidopsis probes: ATHB-2, DNA-binding protein; UBC4, ubiquitin-conjugating
enzyme; AIR synthase, 5'-phosphoribosyl-5-aminoimidazole synthase; KAS-1, 3-ketoacyl carrier protein
synthase 1; p5csB, pyrroline-5-carboxylate synthase B; posF21, DNA-binding protein transcription
factor; ACO, aconitase; CST1-2, acetolactate synthase; Sat-1, serine acetyltransferase; PAL2, phenyl-
alanine ammonialyase; trpB, tryptophan synthase B subunit; TIF4A-1, eukaryotic translation initiation
factor 4A-1; DWF1, Dwarfl; PUR2, glycinamide ribonucleotide synthetase; STP1, glucose transporter;
ATS3B, ribulose-1,5-biphosphate carboxylase small subunit; ROCI, cytosolic cyclophilin.

fGC of the CsCl fraction corresponding to the hybridization peak.

Differences Between the Genomes of Gramineae and Arabi-
dopsis. Two major differences distinguish the genomes of
Arabidopsis from those of Gramineae. The first one concerns
gene distribution. As shown in Fig. 4, in the large genomes,
genes are present in long gene clusters separated by long
gene-empty regions. The ensemble of long gene clusters forms
the gene space which corresponds to 12-24% of the large
genomes studied so far. Interestingly, this organization is
basically the same over a more than 10-fold range of genome
sizes, adding one more basic property to those shared by the
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FiG. 3. OREF density (number of ORFs per 100 kb) in large (>50

kb) DNA segments from Arabidopsis (circles). Average values were
also estimated for each 1% GC bin (horizontal bars).

genomes of Gramineae, like the collinearity of genetic maps
(29) and the compositional correlations among orthologous
genes (30). In contrast, in Arabidopsis, genes are fairly evenly
distributed over regions amounting to about 85% of the
genome, whereas gene-empty regions are greatly reduced and
may just consist of the repeated sequences localized in cen-
tromeres and telomeres.

The second difference concerns the nature of intergenic
sequences. In the large genomes, intergenic sequences within
gene clusters (see Fig. 4) are compositionally very homoge-
nous, possibly because largely formed by transposons (6).
Indeed, all transposons investigated so far, which include
Mu(tator), Ac(tivator) and the majority of Cin4 elements, are
exclusively located in the same class of isochores as the ADH-1
gene, i.e., within the gene space (31). This is also true for the
many transposons localized near the ADH-1 gene by San
Miguel et al. (6). Maize transposable elements appear, there-
fore, to be located in gene-rich, transcriptionally active regions.
Interestingly, this is in agreement with previous observations
on transcribed proviral sequences that also integrate into
transcriptionally active regions of mammalian genomes (32)
and suggested a correlation between integration and transcrip-
tional activity. As a consequence, compositional correlations
between coding and flanking sequences are barely detectable.
In contrast, in the Arabidopsis genome, which comprises a
negligible amount of transposons (10), intergenic sequences
are compositionally well correlated with coding sequences.

Two implications of the differences just discussed are (i) that
the genomes of Gramineae only differ from the genome of
Arabidopsis in having many very large gene-empty regions
made up of repeated sequences and large amounts of trans-
posons in the intergenic sequences of their gene clusters and
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GENOME ORGANIZATION AND
GENE DISTRIBUTION IN PLANT GENOMES

A. Gramineae (415-5,300 Mb)

GENE SPACE

A

GENE CLUSTER

GENE CLUSTER

—|u|:|u|:lunl:|u|]|:|unul:||::

TRANSPOSON

GENE-EMPTY

REGION

B. Arabidopsis (120 Mb)

—uu[|m|:|m|:n|]mn||u:|m:uu[|n|:|u—

INTERGENIC
SEQUENCE

F1G.4. A scheme of genome organization and gene distribution in plant genomes. (4) In the large genomes of Gramineae, genes (large vertical
boxes) are present in long gene clusters, which are separated from each other by gene-empty regions formed by repeated sequences (thick solid
line). The ensemble of gene clusters forms the gene space. The intergenic sequences are compositionally very homogenous because largely formed
by transposons (small horizontal boxes in the intergenic sequences). (B) The small genome of Arabidopsis essentially differs from the genomes of
Gramineae because of (i) the disappearance (or very strong reduction) of gene-empty regions; (ii) the practical absence of transposons in intergenic

sequences; and (iii) the higher gene density.

(i) that the genome of Arabidopsis shares with the human
genome the basic property (33) of a compositional correlation
between coding sequences and intergenic sequences. These
observations provide a comparative view of angiosperm ge-
nome organization.

Evolutionary Considerations. The fact that other members
of the Brassicaceae family (which diverged very recently from
Arabidopsis; ref. 34) are endowed with large genomes (ref. 19)
supports the view that the small genome of Arabidopsis is the
result of a marked contraction, in which all (or most) of the
large gene-empty regions separating the gene clusters disap-
peared, as also did most transposons located in intergenic
sequences. The opposite viewpoint, that the genome of Ara-
bidopsis was at the origin of the large genomes of other plants,
is much less parsimonious. The contraction undergone by the
Arabidopsis genome is reminiscent of that shown by the
genomes of the fish order Tetraodontiformes. In this case,
highly and moderately repeated sequences were greatly re-
duced (35) compared with the genome of the ancestral order
Perciformes, and introns also underwent a contraction (36),
especially in GC-poor genes (33). Similar phenomena have
been observed in the Arabidopsis introns (N. Carels and G.B.,
in preparation).

We thank the Arabidopsis Biological Resource Center for the gift of
probes, Abdellah Hamal (Institut de Biotechnologie des Plantes,
Batiment 630, Université Paris Sud, F-91405 Orsay, France) for the gift
of DNA, Oliver Clay and Gabriel Macaya for discussions, Michel
Delseny for communicating results prior to publication, and Nicolas
Carels for his help in analytical ultracentrifugation.
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