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Abstract The vast majority of genes of maize, rice, barley and
wheat are contained in long gene-rich regions (collectively called
the `gene space') separated by long gene-empty regions. The gene
space covers a narrow, 0.8^1.6%, GC range, possibly because of
the presence of abundant transposons. Here we report that the
gene space is not an exclusive property of Gramineae, because it
also exists in the large genome of pea (5000 Mb). Moreover, the
gene space is not just dependent upon genome size, since a gene
space is found in rice (415 Mb), but not in Arabidopsis (120 Mb),
nor in two other plants investigated in the present work, date
palm (250 Mb) and tomato (1000 Mb).
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1. Introduction
Previous investigations showed that the nuclear genomes of
maize, rice, barley and wheat exhibit an unexpected distribution of genes, the vast majority of them being contained in
long gene-rich regions (collectively called the `gene space')
separated by long gene-empty regions [1,2]. In the cereals investigated so far, the gene space only covers a 0.8^1.6% GC
range (GC is the molar fraction of guanine+cytosine in
DNA), and only represents 12^24% of the genome. The concept of gene space refers to the fact that genes are not distributed over all or, at least, over most of the genome, but are
restricted to some genome regions, which are characterized by
a narrow compositional distribution.
In contrast, in the very small (ca. 120 Mb) genome of Arabidopsis, (i) genes cover a broad, 8%, GC range and are distributed over about 85% of the CsCl main band of DNA; (ii)
open reading frames (ORFs) are fairly evenly distributed in
the long sequences ( s 50 kb) available; moreover, (iii) the GC
levels of coding sequences (and of their third codon positions,
GC3 ) are correlated with the GC levels of their £anking sequences [3].
The di¡erent pattern of gene distribution of Gramineae
(cereals) compared to Arabidopsis is understood [3]. Indeed,
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in Gramineae (i) the genome comprises many large geneempty regions (made up of repeated sequences) separating
long gene-rich regions (the gene space), as already mentioned;
and (ii) the base composition of the intergenic sequences of
the long gene clusters, possibly comprising abundant transposons [4], is responsible for the narrow compositional distribution of the gene space (which contains coding sequences
covering a very broad compositional spectrum). In contrast,
in the genome of Arabidopsis, repeated sequences and transposons are absent or very scarce, leading to a continuity of
gene-rich regions and to an absence of the in£uence of transposons on the buoyant density of these regions. A scheme of
the gene distributions just described is presented in Fig. 4 in
Barakat et al. [3].
An interesting question raised by these observations is
whether gene distributions similar to those found in Gramineae and Arabidopsis are speci¢c to given families of plants.
Another question concerns the possible correlation of the existence of a gene space with genome size and with the abundance of repeated sequences. In order to answer these questions, we have investigated the gene distribution in the
genomes of tomato (1000 Mb) and pea (5000 Mb), in which
repeated sequences represent about 20% [5,6] and 70% [7,8] of
the genome, respectively, as well as in the small genome (250
Mb; B. Benslimane, personal communication) of a non-graminaceous monocot, date palm.
2. Materials and methods
2.1. DNA preparation
Seeds from pea (Pisum sativum var. ¢nale) and tomato (Lycopersicon esculentum var. monolabo) were obtained from Andrë Blondeau,
Bersëe, France, and from the Station d'Amëlioration des Plantes Maraiche©res, INRA, Montfavet, France, respectively. Nuclear DNA was
prepared from etiolated seedlings using the method of Jofuku and
Goldberg [9] with minor changes. Date palm (Phoenix dactyliphera
L.) was from the Institut de Biotechnologie des Plantes (IBP), Universitë Paris Sud, Orsay, France. Nuclear and total cellular DNAs
were prepared from date palm embryos and etiolated leaves using
the methods of Jofuku and Goldberg [9] with minor changes, and
of Dellaporta et al. [10] with several modi¢cations [11], respectively.
2.2. DNA fractionation
Nuclear DNA fractionation was performed using equilibrium centrifugation in Cs2 SO4 /BAMD gradients [12]; BAMD is 3,6-bis(acetatomercurimethyl)-1,4-dioxane. The buoyant density of the fractions in
which genes were localized was determined by analytical ultracentrifugation in CsCl gradients. In the case of date palm, total cellular
DNA was used with the shallow CsCl gradient technique [13].
2.3. Probes
Probes used for pea and tomato were Arabidopsis thaliana ESTs
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Fig. 1. CsCl pro¢le of nuclear DNAs from pea, tomato and date palm as obtained by centrifugation in an analytical density gradient. The
black areas corresponds to the gene space.
(expressed sequence tags), obtained from the Arabidopsis Biological
Center, Columbus, OH, USA, and from Abdellah Hamel (IBP, Orsay). Some of the ESTs used corresponded to unknown genes (accession numbers are available upon request). Probes for date palm were
maize ESTs obtained from T. Musket (Columbia, MO, USA). Sequences encoding pea legumins (leg J) were ampli¢ed according to
[14].
2.4. Gene localization
Gene localization was performed by hybridization of probes on
DNA fractions, as already described [2].

3. Results
3.1. Compositional distributions of DNAs from pea, tomato
and date palm
Fig. 1 displays the CsCl pro¢les of nuclear DNAs from pea
and tomato. Pea DNA ranges from 1.686 to 1.705 g/cm3
(corresponding to ca. 40^49% GC, after correction for methylation; see [15]) with a maximum at 1.696 g/cm3 (about 44%
GC). Tomato DNA ranges from 1.685 to 1.702 g/cm3 with a
maximum at 1.693 g/cm3 , corresponding to ca. 35^42% GC (if
methylation is ignored; real values are likely to be 2^4% higher). The CsCl pro¢le from date palm (Fig. 1) ranges from
1.685 to 1.715 g/cm3 , approximately corresponding to 35^
55% GC (not corrected for methylation) with a maximum at
1.697 g/cm3 . Table 1 summarizes these values.
3.2. Gene distribution in the genome of pea
Twenty-¢ve ESTs corresponding to Arabidopsis genes
whose GC3 values covered a 29^69% range [3] were hybridized on pea DNA fractions from Cs2 SO4 /BAMD gradients
digested by EcoRI. Because of the similarity of the gene distributions of pea, tomato and Arabidopsis and of the correlation between the GC3 of homologous genes from dicots [16],
one can consider that the probe sample used in this study
covered the whole range of the gene distribution of pea and
tomato. The results obtained (see Fig. 2, for an example)
show that the hybridization maxima corresponded to fractions 4 and 5, having modal buoyant densities of 1.6961 and
1.6966 g/cm3 (corresponding to 50^51% GC). These fractions

represent 20% of the pea genome. The results obtained with
the ESTs mentioned above were con¢rmed by localizing 30
additional Arabidopsis ESTs corresponding to unknown
genes. rDNA genes were localized in a GC-rich fraction having a buoyant density of 1.705 g/cm3: Genes encoding legumins were localized in fractions 4 and 5, except for one gene
which was found in fraction 8.
3.3. Gene distribution in the tomato genome
Hybridization of the 25 Arabidopsis ESTs mentioned above
showed that tomato genes are localized in Cs2 SO4 /BAMD
fractions 2^7 (see Fig. 3 for an example) which cover a 5%
GC range (between 1.688 and 1.693 g/cm3 ) and represent 60%
of the genome.
3.4. Gene distribution in the date palm genome
Twenty-one maize ESTs corresponding to the genes listed in
Table 2 and ranging in GC3 values from 37% to 95% [1] were
hybridized on DNA fractions obtained by centrifugation in
shallow CsCl gradients [13]. The results showed that the genes
analyzed were localized in DNA fractions having buoyant
densities between 1.698 and 1.7035 g/cm3 covering a broad,
6% GC, compositional range (Fig. 1). The mean of the distribution is 1.698 g/cm3 , a value close to the maximum of the
DNA fragment distribution. rDNA genes were localized in a
GC-rich fraction having a buoyant density of 1.705 g/cm3 .
4. Discussion
4.1. The plant DNAs
The modal buoyant density of pea nuclear DNA (1.6956
g/cm3 ) is close to that (1.6961 g/cm3 ) previously reported [15]
and slightly higher than that (1.6945 g/cm3 ) reported in [17].
In the case of tomato (1.693 g/cm3 ) and date palm nuclear
DNAs (1.697 g/cm3 ), buoyant densities were not previously
reported.
It should be noted that the average GC levels of coding
sequences of pea, 44.0%, and tomato, 44.9% (see [16]), are
very close to those of the corresponding CsCl peaks, about

Table 1
CsCl analysis of nuclear DNA
Pea
Tomato
Date palm
a

b, modal (g/cm3 )

b, range (g/cm3 )

GC (%)

GC range (%)

1.696
1.639
1.697

1.685^1.705
1.685^1.702
1.685^1.715

44

40^49
35^42a
35^55a

Not corrected for methylation; actual values will be slightly higher.
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Fig. 2. Localization of a cDNA sequence corresponding to heat
shock protein (HSP 76) on pea DNA fractions. Arrows (Kb) indicate hybridization bands. Lanes: P, pellet; 1^13, fractions.

Fig. 3. Localization of three ESTs on tomato DNA fractions. Arrows indicate hybridization bands. Lanes: P, pellet; 1^13, fractions.

44%, and about 42% (the latter being an estimated value; see
Section 3). These levels are much lower than those found (59^
61% GC) in Gramineae [16,18,19].

unlike those of Gramineae, were found in the gene space,
except for one gene which was localized in a fraction higher
in buoyant density than that of the gene space.

4.2. The gene distribution in the pea genome
Hybridization experiments showed that almost all the pea
genes detected by heterologous hybridization with Arabidopsis
ESTs are located in DNA fractions covering a very narrow,
1%, GC range. Incidentally, these results are in agreement
with previous very limited data [20], which showed that all
genes tested (glutamine synthase, ribulose 1,5-bisphosphate
carboxylase, alcohol dehydrogenase and legumin A, with the
exception of the sequence encoding chlorophyll a/b binding
protein) were located within a 1% GC range. These fractions
correspond to 20% of the genome and represent the `gene
space' of pea genome. Seed storage protein genes (legumins),

4.3. The gene distribution in the tomato genome
Tomato presents a di¡erent gene distribution compared to
pea in that genes were localized in fractions covering a broad,
5%, GC range and representing 60% of the genome (see Fig. 3
for an example). This broad compositional distribution is associated with a lower level (20% of the genome under high
stringency) of repeated sequences [5,6] in its genome compared to pea, and with a high level of non-transcribed single-copy sequences [6]. Sequences encoding ribosomal genes
were localized in a fraction which was GC-richer (fraction
9) than the gene space. This fraction also contains satellite
DNA that, together with ribosomal genes, represents 5% of
the genome [21]. This colocalization is in agreement with earlier results [22].

Table 2
Genes localized in compositional fractions of date palm DNA
Name

Gene GC3

DNA b (g/cm3 )

Kinase
GTP1
Clx1
mdh4
RPL19
Grx1
rnp1
ATPase 1
NDME
Enolase
POD
GAPDH
Sucrose P S
Knotted
Cab
LHCB
T12669
T12730
T12654
T12735
T12718

37
41
46
46.5
50
51
53
56.5
59
60
69
72
78
80
94
95
^
^
^
^
^

1.700
1.698
1.699
1.699
1.699
1.698
1.700
1.699
1.699
1.702
1.7015
1.703
1.702
1.702
1.7035
1.7025
1.702
1.700
1.703
1.702
1.701

4.4. The gene distribution in the date palm genome
Date palm presents a widespread gene distribution relative
to other monocots, like Gramineae. Indeed, genes detected by
intergeneric hybridization with maize ESTs are located in
DNA fractions again covering a broad, 6%, GC range and
representing 41% of the genome.
5. Conclusions

GTP1, GTP-binding protein; Clx1, calnexin; mdh4, malate dehydrogenase 4; RPL19, ribosomal protein L19; Grx1, glutaredoxin;
rnp1, RNA binding protein 1; NDME, NADP-dependent malic enzyme; Enolase, enolase 1; POD, pyruvate orthophosphate synthase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase 1; Sucrose P
S, sucrose phosphate synthase; Cab, light-harvesting chlorophyll a/b
binding protein; LHCB, light-harvesting protein. T12669, T12730,
T12654, T12735, T12718, unknown functions (C. Baysdorfer, 1993,
personal communication to the Maize Genetic Database).

The present results provide answers to the questions raised
in Section 1 and add to the picture previously reported [3] of
genome organization and gene distribution in angiosperms.
Indeed, the gene distribution found in the genome of pea is
similar to those previously reported for Gramineae, showing
that the existence of a gene space is not con¢ned to Gramineae. A ¢rst reason for this situation is that genes occupy only
20% of the large (5000 Mb) pea genome. This does not account, however, for the narrow compositional distribution of
the gene space. A possible explanation for this might be the
narrow compositional distribution of coding sequences of pea
[16]. This cannot, however, be the explanation because the
compositional distribution of coding sequences from pea is
similar to that of tomato [16], which does not show the narrow gene space of pea. An alternative explanation is that, as
in the case of Gramineae, abundant transposons in the intergenic sequences of the gene space are responsible for it. The
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giant Cyclops transposons, present in 5000 copies in the pea
genome [23], are likely to be the explanation, since their base
composition is 42% GC.
In the case of tomato, the situation is di¡erent in that genes
occupy a larger fraction of the relatively small (1000 Mb)
genome, and repeated sequences are relatively scarce, nontranscribed single-copy sequences are abundant, and transposons do not appear to contribute to the compositional homogenization of this fraction. In contrast, this seems to be the case
for the smaller (415 Mb) genome of rice. The gene distribution
of other dicots might be similar to, or intermediate between,
those found in the genomes of pea and tomato, because of the
homology between their coding sequences, the colinearity of
their genomes [24^26] and the similarities of their isochore
patterns [19].
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