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RESEARCH 

Genome DNA Sequencing Around the EF-IoL 
Multigene Locus of Arabidopsis thaliana Indicates 

a High Gene Density and a Shuffling of 
Noncoding Regions 

Dominique Tremousaygue, ~ Claude Bardet, Patrick Dabos, Farid Regad, 
Florence Pelese, Rana Nazer, Eugene Gander, and Bernard Lescure 

Laboratoire de Biologie Moleculaire des relations Plantes-Microorganismes, unite mixte de recherche 
(UMR) 0215, Centre National de la Recherche Scientifique (CNRS)-Institut National de la Recherche 

Agronomique (INRA), BP 27, 31 326 Castanet Tolosan, France 

in Arabidopsis thaliana, EF-lc~ proteins are encoded by a multigene family of four members. Three of them are 
clustered at the same locus, which was positioned 24 cM from the top of chromosome 1. A region of DNA 
spanning 63 kb around these locus was sequenced and analyzed. One main characteristic of the locus is the 
mosaic organization of both genes and intergenic regions. Fourteen genes were identified, among which only 
four were already described, and other unidentified are most likely present. Functionally diverse genes are 
found at close intervals. Exon and intron distribution is highly variable at this locus, one gene being split into at 
least 20 introns. Several duplications were found within the sequenced segment both in coding and noncoding 
regions, including two gene families. Moreover, a sequence corresponding to the S' noncoding region of the 
EF-IoL genes and harboring a S' intervening sequence is duplicated and found upstream of several genes, 
suggesting that noncoding regions can be shuffled during evolution. 

[The sequence data described in this paper have been submitted to GenBank under accession no. U63815.] 

The model plant Arabidopsis thaliana has been cho- 
sen to elucidate plant  genome organizat ion at 
nucleotide level in an international sequencing ef- 
fort (Goodman et al. 1995). Partial cDNA sequenc- 
ing was initiated first to access the transcribed part 
of the genome (H6fte et al. 1993; Newman et al. 
1994; Cooke et al. 1996). This approach proved to 
be extremely powerful and supplied to date >20,000 
expressed sequence tags (EST) to public databases 
such as dbEST (Boguski et al. 1993). In addition to 
providing tags for new genes (Herv6 et al. 1996), it 
indicates clearly that many A. thaliana proteins are 
encoded by multigene families with tissue or devel- 
opmental-specific expression patterns and demon- 
strates that genetic redundancy is a common occur- 
rence in plants. Nevertheless, tags for genes ex- 
pressed at very low levels or in some specific 
conditions may escape detection by this approach. 
After completion of the yeast genome, sequencing 
of the entire A. thaliana genome (no more than five 

1Corresponding author. 
E-MAIL tremou@toulouse.inra.fr; FAX 33-561-28-50-61. 

times bigger than Saccharomyces cerevisiae) was con- 
ceivable. A global view of the organization of coding 
and noncoding regions of the genome undoubtedly 
would enhance our understanding of the biological 
processes involved in its architecture, expression, 
and evolution. The European biotechnology pro- 
gram ESSA (for European Scientists Sequencing Ara- 
bidopsis) supported this approach for the analysis of 
large regions of A. thaliana chromosome 4 and some 
other loci of the genome. Herein, we extend our 
interest from EST (H6fte et al. 1993; Cooke et al. 
1996) to genomic DNA sequencing; we have deter- 
mined the sequence around a region containing 
three duplicated genes coding for the translation 
elongation factor-lc~ (EF-I~). 

A. thaliana EF-I~ is a cytoplasmic eukaryotic 
counterpart of EF-tu described in bacteria, a protein 
that binds and delivers aminoacyl tRNA to the ribo- 
some. These genes provide a model for the under- 
standing of the mechanisms involved in the regu- 
lation of the expression of genes encoding compo- 
nents of the translation apparatus (Axelos et al. 
1989; Liboz et al. 1989; Curie et al. 1991, 1993; Re- 
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gad et al. 1995). In A. thaliana, they are encoded by 
a small family of four genes residing in two different 
loci. In the present work the locus containing the 
three A 1 - A 3  genes has been mapped, and 63.1 kb of 
the DNA sequence around them has been deter- 
mined. A high gene density is observed. Some genes 
are split into numerous exons, and a number of par- 
tially conserved repeated sequences are found inter- 
spersed in the noncoding regions. The implications 
of this kind of pilot program are evaluated. 

RESULTS 

Mapping of the Locus 

Specific primers were used in PCR amplification ex- 
periments with two different yeast artificial chro- 
mosome (YAC) libraries to select clones carrying EF- 
1~ A1 gene sequences. The Erwin Grill 
(EG) library (Grill and Somerville 1991) 
was screened in our laboratory, and the 
Ceph/Inra/Cnrs (CIC) library (Creusot et 

A al. 1995) was screened by David Bouchez's t_u 
group in Versailles. A positive clone was 
found in each library and yeast DNA from 
these clones was analyzed on pulse-field 
gel electrophoresis (PFGE) as shown in 
Figure 1A. YAC clones  EG22C6 and  
CICXC9 are 120 and 480 kb in length and 
bo th  hybr id ized  to an EF-l~-specif ic 
probe in a Southern blotting experiment 
(Fig. 1B). The YAC EG22C6 had been 
shown to contained the PAIl (phosphori- 
b o s y l a n t h r a n i l a t e  i somerase)  probe ,  C MW 
which was mapped previously in position 
24 on chromosome 1, 3 cM above marker a 
m488 (Li et al. 1995). We have verified 1.6 
that the A1 and PAll  genes were also as- 1 

sociated in YAC CICXC9 (Fig. 1C). Be- kb 

cause the two YAC clones selected for the 
presence of A1 gene also contain the PAll  
gene, and YAC EG22C6 is only 120 kb in 
length, our results indicate that the A1 
and PAIl genes are separated by <120 kb 
on chromosome 1 (see Fig. 1D). 

Sequence Determination and Basic Analysis 

Two k clones containing the A 1 - A 3  genes 
have been selected previously in our labo- 
ratory and partially sequenced (Axelos et 
al. 1989; Liboz et al. 1989). A ~ contig of 
five clones was constructed step by step 
by screening a genomic library with sub- 

fragments corresponding to the ends of each newly 
selected clone. To permit rapid progress in walking 
between X clones, the ends of the selected clones 
were sequenced, then new oligonucleotide pairs al- 
lowing amplification of DNA fragments at the clone 
extremities were chosen, thereby minimizing clone 
overlap in the subsequent steps. Using both strands 
from five X clones (see Methods), a contiguous se- 
quence of 63,093 bp was read, with at least a four- 
fold redundancy. The presence of both ends of the 
contig in YAC CICXC9 was checked by PCR ampli- 
fication with specific primers, suggesting that there 
was no recombination in the selected X clones (data 
not shown). A preliminary analysis of the sequence 
data was performed and the results are shown be- 
low. The 63,093-bp sequence presented here has 
been deposited in the GenBank database and as- 
signed accession number U63815. 

The overall percentage of A + T is -61.6%, 
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Figure 1 Characterization and mapping of YAC clones containing 
the EF-lc~ A 1-A3 genes. EG22C6 has been selected in the EG library 
(Grill and Somerville 1991 ). CICXC9 was found by screening the CIC 
library (Creusot et al. 1995), done by the David Bouchez group 
(INRA). (A) EtBr staining of a 1% agarose PFGE. The gel was run in 
0.5 × TBE at 12°C for 20 hr with a 50 sec/50 sec pulse. The positions 
of the YACs are indicated by open arrowheads. The yeast chromo- 
somes are numbered at right. (LL) X ladder. (B) Autoradiograph ob- 
tained after hybridization of a Southern blot of the gel with a probe 
containing a specific region of gene A 1. (C) PCR amplification with 
specific primers to the PAl 1 gene. (P1, 5'-AGAGGATTGAGCT- 
TAAGGC-3'; P2, 5'-AAAGCAGCACGcGAACC-3') of DNA from A. 
thaliana, ecotype Columbia (lane 1); YAC EG22C6 (lane 2); YAC 
CICXC9 (lane 3); yeast strain AB1 380 (lane 4); control without DNA 
(lane 5). (D) The asterisk (*) indicates the map position on chromo- 
some 1. The scale is in centiMorgans. 
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which is slightly higher than the estimated content 
of the genome (58.6%) (Meyerowitz 1994), and in- 
cludes some very A + T-rich regions (<71.7%). Typi- 
cal microsatellite sequences described in A. thaliana 
(Depeigne et al. 1995) were searched within the se- 
quence. A 20-bp poly(A) sequence is observed in po- 
sition 2149, a 15-bp poly(T) sequence in position 
5840, and two trinucleotides motifs, (CTT) s in po- 
sition 2287 and (CAC)s in position 61,438. 

Gene Identification and Structure 

Public databases were searched for DNA similarity or 
homology with the BLASTN program (Altschul et al. 
1990). The predicted genes were then analyzed fur- 
ther, using the BLASTX program, compairing the 
predicted amino acid sequences to protein data- 
bases and to a translation of the nucleic acid data- 
base GenBank. In addition to this preliminary work, 
the analysis carried out at Matinsried Institut f(ir 
Protein Sequence (MIPS) used BLASTN or BLASTX 
programs against specialized databases, such as 
those containing small RNA sequences or corre- 
sponding to a translation of A. thaliana EST se- 
quences. A BLASTX search was performed specifi- 
cally for each long open reading frame (ORF) (>100 
amino acids) against all the databases. Compilation 
of all the analyses suggest that, altogether with the 
three EF-I~ genes, at least 14 genes are included in 
the sequenced area. The genes are all positioned on 

a schematic representation of the locus (Fig. 2). 
They have been named from AT.I.24-1 to AT.I.24- 
14, because of their location on chromosome 1 in 
position 24. Gene prediction programs were also 
run at MIPS. Among the different programs used to 
predict coding regions, GENEFINDER was found to 
be the most adaptable. Figure 3 illustrates the pre- 
diction reliability of this program for one gene that 
has a very complex organization of introns and ex- 
ons (see the description of AT.I.24-9 gene, below). 
From the GENEFINDER program at least nine more 
genes are proposed to be encoded in the area; how- 
ever, they were not considered further in our analy- 
sis. Details of characterization of the genes and their 
main structural features are described below. 

AT.l.24-1 

The product of this gene has a slight similarity to 
Ricinus communis glutaredoxin. Glutaredoxins are 
member of a superfarnily of proteins that catalyze 
the reduction of disulfide bonds using glutathione 
as a cosubstrate (Homlgren 1976). In the AT.I.24-1 
gene the two cysteines of the active site are con- 
served. 

AT.I.24-2 

The protein encoded by this gene shows similarity 
to prokaryotic uridylyltransferase, an enzyme that 
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Figure 2 Organization of the 63.1-kb sequenced DNA fragment. Solid arrows indicate the location and orienta- 
tion of the genes or putative genes. Solid boxes indicate the localization of duplicated sequences related to the 
leader intron of the EF-loL genes (IDS). A number is associated with each IDS, as explained in the text, arrowheads 
show the orientation of the duplication; open circles underline the inverted repeated 30-bp sequences; the asterisks 
correspond to the largest degenerated palindromes. 
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regulates the uridylylation or deuridylylation of 
protein PII involved in the adenylation process of 
glutamine synthetase (Merrick and Edwards 1995). 

AT.!.24-3 

The amino acid sequence derived from this gene 
presents similarity with a tomato protein. This type 
of protein contains two regions of similarity: (1) to 
the alcohol dehydrogenase family consensus se- 
quence (with conservation of a tyrosine residue 
known to be involved in catalytic activity), and (2) 
to similar to several reported glucose dehydroge- 
nases (Picton et al. 1993). 

AT.i.24-4 

This gene encodes putatively a transcription factor 
related to the sporamin factor 1 (SPF1) protein 
cloned from sweet potato (Ishiguro and Nakamura 
1994). The region of homology corresponds to the 
DNA-binding domain of the protein. 

AT.l.24-S and AT.!.24-6 

These two genes are obviously members of the same 
family and present similarity to rice ESTs of un- 
known function. 

AT.!.24-7 

The probable protein corresponding to this gene has 
slight similarity to a hypothetical protein F402 of 
Esherichia coli (Sofia et al. 1994). The cognate cDNA 
clone was sequenced and complete structure of the 
gene was obtained. The similarity to protein F402 is 
not restricted to a localized region of the gene, but 
spread all along the sequence. This similarity is op- 
timized when a program allowing gaps in the align- 
ment is used (17.3% identity and 37.5% positives on 
555 amino acids). 

AT.!.24-8 

This gene was identified by homology to a previ- 
ously identified cytosolic ascorbate peroxidase gene 
of A. thaliana (Kubo et al. 1993). 

AT.l.24-? 

A 3-kb cDNA clone containing the 3' end of the 
AT.I.24-9 gene was selected in the AC16H library 

A. THALIANA GENOME SEQUENCING 

(Regad et al. 1993). Twenty exons constitute the 3' 
end of the gene, the shortest of them being only 32 
bp long. Details about the structural features of this 
gene are shown in Figure 3. A leucine zipper motif 
follows a rather basic domain of the protein (Fig. 3), 
which is reminiscent of transcription factor struc- 
ture. Northern type hybridization with the cognate 
cDNA revealed a very low expression of a 4.5-kb- 
long mRNA in cells at different growing stages (data 
not shown). 
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Figure ] Structure of the AT.I.24-9 gene. The 20 ex- 
ons of the gene are represented by shaded boxes. The 
asterisk shows the position of the leucine zipper motif 
of the deduced protein. (A) The exon position is de- 
duced from comparison of eDNA and genomic se- 
quences. The position within the 63093 bp is indicated 
for each 5' and 3' extremity of exons. (B) The exon 
position is predicted by GENEFINDER. An underlined 
number indicates a wrong prediction of the exon end. 
A question mark indicates that an exon is omitted by 
the prediction program. 
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AT.l.24-10, AT.l.24-11, and AT.!.24-12 

These genes encode different copies of the transla- 
tion EF- 1~. 

AT.!.24-13 

The protein possibly encoded by AT.I.24-13 gene 
has similarity to a hamster protein disulfide isom- 
erase, which catalyzes thiol-disulfide interchange in 
the folding of many proteins within the endoplas- 
mic reticulum (Shorrosh and Dixon 1991). The 
amino-terminal end of the protein is very hydro- 
phobic and may correspond to a signal peptide but 
the carboxy-terminal end of the protein does not 
show the KDEL signal responsible for the retention 
in the lumen of endoplasmic reticulum (Denecke et 
al. 1992). 

AT.!.24-14 

This gene was localized by homology  to an A. 
thaliana EST. Information about the putative pep- 
tides that were detected are summarized in Table 1. 
The genes described in this work display completely 
different structures, from 2 to >20 exons. The great 
majority of splicing sites localized within the genes 
correspond to the consensus sequences (GT-AG). 
The only exception is for the intron in the 5' non- 
coding region of the AT.I.24-13 gene, where TT is 
found as splicing acceptor site. Unexpectedly, 5 of 
the 14 genes possess an intron in their 5' untrans- 
lated region. 

Sequence Duplications 

Taking into account their different localizations and 
the relative divergence of their nucleot ide se- 
quences, it has been suggested that the EF-lu A4 
gene and EF-I~ A1, A2, and A3 genes constitute two 
distinct subfamilies within the A. thaliana genome 
(Axelos et al. 1989; Liboz et al. 1989). The duplica- 
tion leading to the formation of the two loci prob- 
ably preceded the recent duplication events at the 
A1, A2, A3 locus. The coding regions of the EF-I~ A1, 
A2, A3 genes are indeed highly conserved (>99% 
similarity). The unique intervening sequence of the 
A1 and A3 genes are identical and nearly homolo- 
gous to that of the A2 gene, and even the 5' and 3' 
flanking regions are also strongly conserved. More- 
over, the intervening sequences detected within the 
5' noncoding region of the A1, A2, A3 genes appear 
to be well conserved (60% on -500 bp). Surpris- 
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ingly, a FASTA search on the 63-kb sequence led to 
the identification of an almost perfect duplicated 
sequence sharing 92.3% similarity on 405 bp with 
the leader intron sequence of the A3 gene. This du- 
plication located 10 kb upstream of the A1 gene was 
called IDS29 (for intron duplicated sequence) be- 
tween positions 28,000 and 29,000 within the 63-kb 
fragment (see Fig. 2). In addition to the intron du- 
plication, the promoter sequence of the A3 gene, 
from the start point  of transcription to position 

- 143, is also duplicated in 5' position of IDS29 (Fig. 
4A). Within the duplication a fragment of 57 bp 
i n c l u d i n g  the TATA box and  a pu ta t ive  cis- 
regulatory element of EF-I~ genes, the telo box, is 
deleted (Axelos et al. 1989). Conversely, the tef box, 
a ubiquitous element conferring overexpression of 
genes in dividing cells (Regad et al. 1995), is still 
present in the duplication (Fig. 4A). Additional de- 
generated duplicated sequences, IDS2, IDS16, and 
IDS23 are observed (see Fig. 2). These additional du- 
plications present 51.8% to 53.4 % similarity with 
each other in regions o f -400  bp. Strikingly, the po- 
sition of IDS23 corresponds to the position of the 5' 
intron of the gene coding for ascorbate peroxidase 
(Fig. 4A). Sequences that present an homology to 
IDS29 were also looked for using the FASTA program 
in plant  sequences from GenBank, but  the se- 
quences found showed only weak similarities to 
IDS29 (data not shown). In Figure 4B, the nucleo- 
tidic sequence of IDS29 was compared to the se- 
quences of the leader intron of the EF-I~ A1, A3 and 
the ascorbate peroxidase genes. To avoid artifacts 
attributable to a peculiar composition of the intron 
sequence, a shuffled composition of the same se- 
quence was used against the same databases, but 
this control did not lead to similar results. Besides 
the EF-I~ gene family, another gene family of two 
copies, AT.I.24-5 and AT.I.24-6, was found. They 
present significant nucleic acid (63.3%) and amino 
acid (80.8%) similarities and are related to three 
similar rice ESTs. 

Concerning the intergenic regions, our analysis 
revealed the presence of 28 palindromic sequences, 
ranging from 10 bp (half palindrome size) with 90% 
similarity to 400 bp with 50.2% similarity. The de- 
tected repeats are degenerated and their degree of 
similarity is in general inversely proportional to the 
length of the repeat. Interestingly one of these ele- 
ments is located between the EF-I~ A1 and A2 in- 
verted repeated genes (see Fig. 2). The half palin- 
drome shows 49.3% similarity on 300 bp and could 
reflect duplication events in this region. Further 
analysis is required to validate and elucidate the bio- 
logical significance of this observation. Among nu- 
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Figure 4 Comparison of IDSs. Alignment of the IDS29 sequence with related elements corresponding to the 
sequences of the EF-/c~ A3 gene (IDS50) (Liboz et al 1989), the A7 gene (IDS40) (Axelos et al. 1989:), ancl the 
oscorbate peroxidase gene (Kubo et al. 1993). (A) A schematic illustration of the duplicated elements is represented 
with solid lines. The location of each element within the 63-kb sequence is indicated. Broker lines indicate a deleted 
region within the duplication. When it is known, the structure of the gene is shown from the start point of 
transcription; the location of the leader intron is dotted. The shaded area corresponds to part of the duplications 
compared in B. (B) Similarity among IDS29 sequence and the intron sequences of the EF- lo~ A3 gene (IDS50) (Liboz 
et al. 1989), the A1 gene (IDS40) (Liboz et al. 1989), and the ascorbate peroxidase gene (Kubo et al. 1993). The 
sequence of IDS29 is shown. Solid boxes indicate conserved bases. The mismatched bases are shown, and gaps are 
indicated by dots. In many cases, the sequence of IDS23 is identical to that of IDS40 and not to that of IDS29; 
the + symbol indicates these identities. The open arrowhead indicates the position of the splicing donor site within 
IDS40 and IDS50. 
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merous small repeated sequences, we observed a 30- 
bp inverted repeat downstream to IDS29 (see Fig. 2). 
Hybridization experiments and databases searches 
with the 2-kb sequence lying between the two 30-bp 
repeats did not reveal significant homology with 
other sequences of the Arabidopsis genome (data 
not shown), suggesting that this structure could be 
attributable to a local rearrangement rather to a 
mechanism implicating transposition of a mobile 
element. 

DISCUSSION 

A 63-kb fragment containing three of the EF-I~ 
genes from the A. thaliana genome was cloned and 
fully sequenced. This work was done during the pi- 
lot program for genomic sequencing of the A. 
thaliana genome, which is now initiated on a large 
scale both by the European Communi ty  programs 
and at the Stanford genome center (USA). This pro- 
gram will be informative about coding regions, but 
the sequencing of model organisms will also in- 
crease our knowledge about plant genome structure, 
its expression, and evolution. Comparing genetic 
linkage maps, based on a common set of markers, 
has allowed the direct identification of colinear 
chromosome segments in different species (Ahn 
and Tanksley 1993; Moore et al. 1993; Kurata et al. 
1994). Short range comparative mapping  in A. 
thaliana and Brassica has been initiated recently us- 
ing a 1.5-Mb contig of A. thaliana DNA surrounding 
the CO locus on chromosome 4 (Lagercrantz et al. 
1996). Striking colinearity has been revealed at this 
locus, suggesting that gene organization within im- 
portant portions of chromosomes might be con- 
served. 

The results obtained in this study predict that a 
high proportion of the sequenced region codes for 
protein products. Fourteen genes were positioned 
within the sequence and mapped on chromosome 
1. Considering the haploid genome size of 120 Mb, 
including heterochromatin,  and the presence of 
15,000 to 33,000 genes (Gilson and Somerville 
1993), the coding capacity of the locus is probably 
underestimated. According to the gene prediction 
program GENEFINDER, nine additional genes could 
be encoded in the fragment, but only genes with 
cognate EST sequences were positioned. Intergenic 
distances can be very short. For example, the poly- 
adenylation site of the AT.I.24-9 gene and the tran- 
scription start point of the EF-I~ A1 gene are only 
separated by 300 bp. This small region contains cis 
elements involved in the regulation of EF-lcx gene 
expression (Curie et al. 1993; Regad et al. 1995). 

A. THALIANA GENOME SEQUENCING 

Compared to mammals, genes in plants are very 
compact. Introns, as well as 5'- and 3'-untranslated 
regions, are short and promoter elements are usu- 
ally located near the transcription initiation site 
(Luehrsen et al. 1994). Sensitivity to breakage is pro- 
portional to gene length. Consequently, a conden- 
sation of functional regions would result in a higher 
degree of tolerance of plant chromosomes to breaks 
and translocations (Walbot 1996). The locus ana- 
lyzed in this study is in favor of such a situation. 

The complementarity of the two approches of 
cDNA and genomic DNA sequencing is illustrated 
by the complex mosaic structure of the AT.I.24-9 
gene. The latter approach provides access to intron 
sequences, whereas the former permits their local- 
ization. It would have been impossible to position 
the 20 exons forming this gene without the identi- 
fication and characterization of a cognate cDNA 
clone. Clearly, they are not all accessible by the use 
of gene prediction programs (Fig. 3). Such split 
genes are already described in A. thaliana; for ex- 
ample, the second largest subunit of RNA polymer- 
ase II contains 24 introns, although the homolo- 
gous genes from yeast and Dmsaphila contain no 
intron and three introns, respectively (Larkin and 
Guifoyle 1993). This observation seems to be quite 
common in A. thaliana, as reported by other partici- 
pants in the ESSA project. Alternative splicing of 
messengers might be involved in expression regula- 
tion of this kind of genes, as already demonstrated 
for some genes in plants (Kopriva et al. 1995; Mon- 
tag et al. 1995). 

BLASTN or BLASTX results were analyzed to at- 
tribute a putative function to all of the genes located 
on this locus. Nevertheless no putative function 
could be found for AT.I.24-5, AT.I.24-6, A T.I.24-7, 
AT.L24-9, and AT.L24-14 genes. There is no obvious 
functional grouping of genes in this area. However, 
two enzymes similar to those encoded by AT.L24-1 
and AT.L24-13 genes (glutaredoxin and protein di- 
sulfide isomerase) have a synergistic effect in E. coli 
(Lundstrom-Ljung and Holmgren 1995). Unlike 
their bacterial counterparts, EF-tu genes, which in E. 
coli belong to large transcription units containing 
other genes coding for ribosomal protein or tRNA 
(Jaskunas et al. 1975; Hudson et al. 1981), there is 
apparently no association of such genes with the 
EF-lc~ genes. The AT.I.24-5 and AT.I.24-6 genes are 
members of the same multigene family (63.3% simi- 
larity at DNA level), as they encode distinct but 
similar proteins (80.8% similarity). Such genes 
would be difficult to clone by conventional DNA 
hybridization techniques. Indeed, even low strin- 
gency washes would not allow cross-hybridization 
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between the two genes (McGrath et al. 1993). Exist- 
ence of small multigene families with overlapping 
functions leads to genetic redundancy and could be 
a compensatory mechanism to chromosome alter- 
ations. Redundancy has been demonst ra ted  be- 
tween homologous genes arising from sequence du- 
plication, but also between nonhomologous genes 
that can affect the same developmental  process, 
whereas in other cases they possess independent  
function (Pickett and Meeks-Wagner 1995 and ref- 
erences therein). Increased knowledge of gene struc- 
tures and of their genomic environment will help to 
evaluate the level of redundancy in the genome and 
to approach molecular mechanisms underlying the 
process of duplication. The transcription levels of all 
the genes are not related. For example, the highly 
expressed housekeeping EF-I~ genes are closely 
linked to the gene AT.I.24-9, which is specifically 
regulated as it shows a very low basal expression in 
cell cultures (data not shown). 

In comparison with cDNA and genomic se- 
quences, our data show that five of the identified 
genes possess a leader intron within their 5' un- 
translated region. In plants, such a configuration 
appears much more frequently than initially ex- 
pected. Many reports have described the critical role 
played by leader introns that modulate the expres- 
sion of eukaryotic genes by influencing transcrip- 
tional or post-transcriptional processes (Luehrsen 
and Walbot 1991; Kuhlemeier 1992; Bovy et al. 
1995). Thus, in A. thaliana, a 5' intervening se- 
quence contains cis-acting elements involved both 
in quantitative and tissue-specific expression of the 
EF-lc~ A1 gene (Curie et al. 1991). The presence of a 
perfect duplication of a large part of this intron, 
IDS29, located 10 kb upstream of the EF-I~ A1 gene 
(Figs. 2 and 4) is of particular interest. Considering 
the slight divergence between this sequence and se- 
quence from A3 gene, probably IDS29 arose from a 
recent duplication event that took place after dupli- 
cation of the EF-1 ~ genes. In addition to this perfect 
duplication, other duplicated sequences showing a 
weaker homology to the same intron sequence have 
been detected. Strikingly, one of them, IDS23, cor- 
responds perfectly to the intron in the 5' untrans- 
lated region of the gene coding for an ascorbate per- 
oxidase. This observation raises the question of a 
possible functional and evolutionary role of this 
type of duplication.  Interestingly, among  weak 
similarities of IDS29 found to other plant sequences 
we observed an overlap of 147 bp to the enhancer 
sequence 295-6 of A. thaliana (Ott and Chua 1990). 
Shuffling of nuclear protein-binding domains by 
transposable elements has been proposed (White et 

al. 1994; Oosumi et al. 1995). For example, "Tour- 
ist" and "Stowaway" elements have well-defined 
structures of mobile elements (Bureau and Wessler 
1994a,b) being located mainly in 3' ends of cDNAs 
or in 5' upstream regions of several genes. Degener- 
ated duplications of these elements have been iden- 
tified by computer-assis ted sequence similarity 
searches in databases. The structure of the dupli- 
cated element characterized in this study is not re- 
lated to any known mobile element. The putative 
mechan i sms  involved in mobi l i ty  remain  un- 
known. Accumulation of data provided in the A. 
thaliana genorne-sequencing project should gener- 
ate additional information to extend our observa- 
tion. In many cases, introns are very likely involved 
in exon shuffling during evolution of eukaryotic 
genes (Patthy 1991). They might be implicated in 
promoter  and enhancer  shuffling and therefore, 
contribute to the great adaptability of plant ge- 
nomes. 

The current report of the multinational Arabi- 
dopsis Steering Committee (Somrnerville 1996) pre- 
dicts completion of the total sequence of Arabidodp- 
sis genome by 2004. The preliminary results we ob- 
t a ined  by sequenc ing  and ana lyz ing  a 63-kb 
fragment encourage us to predict that this project 
will be of great importance for our understanding of 
plant biology. Our results suggest that sequence du- 
plication and subsequent divergence, supplying 
genes with regulatory sequences and facilitating 
gene duplications arise frequently in the clearly dy- 
namic plant genome. They confirm that an interna- 
tional effort in plant research on Arabidopsis includ- 
ing genomic  sequencing in coord ina t ion  wi th  
cDNA sequencing and mapping,  will largely in- 
crease our knowledge in plant genome organization 
and evolution. It is particularly exciting to imagine 
that new mechanisms involved in the genorne plas- 
ticity typical of plants might be revealed by this 
kind of approach. 

METHODS 

YAC Manipulations 

The EG YAC library (Grill and Somerville 1991) was screened 
by PCR amplification of clone pools as described by Green 
and Olson (1990; Kwiatkowski et al. 1990) using specific prim- 
ers for the EF-I~ A1 gene (P1, 5'-ATTATITFATGTTAAAC- 
CCTAA-3', P2, 5'-AACGATCAGcAGACG-3'). High-quality 
yeast DNA was prepared for PFGE analysis in agarose plugs. 
Yeast cells were grown in liquid culture for 30 hr and har- 
vested. They were washed once in 50 mM EDTA (pH 7.5), 
resuspended at 3 × 108 to 5 × 108 cells/ml in 20 mM EDTA, 
then mixed 1:1 with a solution of 20 mM EDTA, 1% agarose 
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(Seakem) containing 0.08 mg/ml of Zymolyase 20T at 40°C. 
The cells were transferred to a plug mold to set. The plugs 
were transferred to one volume of 500 mM EDTA (pH 7.5), 7.5 
% f3-mercapto-ethanol overnight. Plugs were rinsed twice in 
two volumes of 50 mM EDTA (pH 9.5) and incubated for 2 
days at 45°C in 500 mM EDTA (pH 9.5), 1% lauroylsarcosine 1 
mg/ml of proteinase K. DNA in plugs was stored at 4°C for 
subsequent use. Southern blot hybridization on YAC DNA 
were performed according to standard protocols (Sambrook et 
al. 1989). 

Selection and Preparation of X Clones 

A X contig was constructed by screening a commercially avail- 
able library from Clontech (A. thaliana ecotype Columbia, no. 
FLIOO2J) using an EF-I~ probe and conventional hybridiza- 
tion procedures (Sambrook et al. 1989); then, from putative 
positives, isolation of a clone was performed by PCR amplifi- 
cation of X phage supernatant with specific primers. Lambda 
DNA was prepared with "Promega wizard prep" (no. A7290) 
according to manufacturer's recommendations.  

Sequencing Methodology 

The X clones were mapped using usual restriction enzymes 
and subcloned in Bluescript KS according to standard proto- 
cols (Sambrook et al. 1989). Exonuclease III digestions were 
used to create nested deletions from one end of the insert. 
Subclones in Bluescript KS were organized according to 
length, and clones overlapping by -200 bp of insert were cho- 
sen for PCR amplification from DNA of E. coli colonies. Tem- 
plate preparation of selected clones was done using the Pro- 
mega wizard prep kit (no. A7500). Cycle sequencing using Taq 
polymerase was performed according to ABI protocols with 
Perkin Elmer dye terminator kits (part 402079) and M13 uni- 
versal primers. One strand of the DNA sequence was thereby 
sequenced and a second strand was analyzed using primers 
deduced from the first strand sequence. Sequence informa- 
tion across the cloning sites was obtained by direct sequenc- 
ing of PCR fragments amplified from the phage insert. The gel 
was run on an ABI 373 A. Reading on both strands with at 
least a fourfold redundancy has been obtained, inconsisten- 
cies between the two strands have been reassessed systemati- 
cally. 

Data Analysis 

A Sun station was used for data analysis (X terminal). Staden 
package programs were used to assemble sequences and con- 
trol quality (Bonfield et al. 1995). GCG and Staden package 
programs were used to format the sequence and visualize 
ORFs, restriction cutting sites, and repeated sequences. To de- 
tect homology or similarity to known sequences, BLASTX and 
BLASTN (Altschul et al. 1990) searches were done on the NCBI 
server against a nonredundant  public library. In addition, the 
63-kb sequence was cut arbitrarily into 1-kb pieces and inter- 
nal repeats within the whole sequence were searched for and 
visualized using the FASTA program (Pearson and Lipman 
1988) for each subfragment against a database containing all 
the 1-kb subfragments. Links to AATDB were made through 
the World Wide Web. A systematic analysis was performed by 
the informatic coordination center (MIPS, Martinsried Ger- 
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many, under the direction of Stephan Klosterman and Nicolas 
Chalwaszis). In addition to public databases, specific data- 
bases were searched. For example, BLASTN was used against a 
database including small RNAs and BLASTX against TRES_at (a 
six-frame translation of dbEST_at). Regions predicted to code 
for a gene were evaluated by GENEID, GRAIL, GENMARK, and 
GENEFINDER, specifically adapted from Caenorhabditis el- 
egans to A. thaliana. 

Cognate cDNAs Characterization 

Cognate cDNAs, identified by BLASTN homology to ESTs, 
were obtained from the DNA stock center at National Center 
for Biotechnology Information (NCBI). In the absence of ho- 
mology or similarity the cDNA clones were selected by con- 
ventional screening (Sambrook et al. 1989) of the AC16H li- 
brary constructed in our laboratory (Regad et al. 1993), using 
a probe corresponding to a putative exon of the gene. Then, 
the cDNA insert was sequenced from both ends and internal 
primers were used to sequence the clone completely. 
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