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Abstract – The Arabidopsis thaliana gene orthologue to human SAP130 is contained in a perfect genomic duplication of
4.3 kb. The 1 217-aa AtSAP130 protein is 73 % similar to the human gene that is also present in theCaenorhabditis elegans,
Drosophila melanogaster andSacharomyces pombe genomes. The duplicated sequence includes the coding region, two introns,
a 32-bp segment in the 5’ non-coding region and 420 bp of 3’ non-coding region that contains an intron. Sequence homology
with ESTs suggests that at least one of the gene copies is transcribed. The presence of the 4.5-kb inverted duplicated sequence
has been verified in thirteen ecotypes ofA. thaliana. Size variation was detected relative to the Columbia ecotype and
corresponds to the deletion of a 3’ non-coding region that is flanked by a 110-bp tandem repeat. The AtSAP130 duplication
appears to be a recent event in theArabidopsis species evolution. © 2001 Éditions scientifiques et médicales Elsevier SAS

Arabidopsis thaliana / genomic duplication / spliceosomal associated proteins

aa, amino acids / DDB, DNA-damaged binding factor / EST, expressed sequenced tag / SAP, spliceosomal-associated
protein

1. INTRODUCTION

Arabidopsis thaliana, a member of the crucifer
family, has become an important model species to
study different aspects of plant biology. Its small
genome, 125 Mb, has made it possible to obtain the
complete sequence and join, as the first flowering plant
genome, the other eukaryotic sequenced genomes of
Sacharomyces cerevisiae, the nematode modelCae-
norhabditis elegans and Drosophila melanogaster.
The Arabidopsis genome contains 25 498 genes that
are spaced on average every 4.5 kb [21, 29]. Approxi-
mately 60 % of identified genes matched expressed
sequenced tags (EST).

As the Arabidopsis genome has been sequenced,
several different studies have pointed out the high
number of regions that are duplicated [2, 17, 19, 22].
These regions belong either to large segmental dupli-
cations or clustered gene families, and whether they

come from a possible ancient tetraploid genome or
from independent segmental duplication events is still
unclear [29]. This duplication rate is larger than any
reported in theC. elegans genome [30]. As gene
duplications are often accompanied by functional diver-
gence, the identification of such duplicated structures
in the plant lineage may help identify new gene
functions in plants. In Arabidopsis and probably in
other plants also, many of the duplications occurred in
tandem, generating closely linked gene families that
may provide the genome size variation in plants and
some of the allelic diversity that is useful in agricul-
tural differentiation.

RNA splicing is an essential cellular process that
occurs mainly in the spliceosome, the organelle in
which the splicing and excision reactions that remove
introns from precursor messenger RNA molecules
occur. The spliceosome is formed by five small nuclear
RNA molecules (U1, U2, U4, U5, U6) and a protein
complex that contains SF3 splicing factors and
spliceosomal-associated proteins (SAPs) [7]. Two
groups of splicing factors SF3a and SF3b have been
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cloned in mammals [15], and in yeast it has been
shown that the SF3a products are essential for viabil-
ity. The human SAP49, SAP130, SAP145 and SAP155
correspond to SF3b factors. Das et al. [7] have shown
that SAPs130, 145 and 155 of mammals are present in
a protein complex essential for splicing.

The organisation, function and regulation of splic-
ing in plants has a number of differential specificities
compared to the animal mRNA splicing process [3,
25]. The similarity of plant snRNPs (small nuclear
RiboNucleoProteins) with those from vertebrates has
been reported, and more specifically the homologues
of U6atac and U12snRNA have been found in A.
thaliana showing a complete conservation of sequences
and structures involved in splicing [24]. The splicing
factor SF2 detected in Arabidopsis, atSRp30, for
instance is 80 % similar to human SF2 [18]. In this
work, we show that in A. thaliana the gene orthologue
to human SAP130 is contained in a perfect genomic
duplication of 4.5 kb. This gene is also present as a
single copy gene in the C. elegans, D. melanogaster
and the S. pombe genomes. The analysis of the
duplication in thirteen ecotypes of Arabidopsis shows
size variation. The recent duplication of the SAP130
gene is discussed.

2. RESULTS

2.1. A 4.3-kb duplication in BAC T26I12
from chromosome 3

In the course of sequencing the BAC T26I12 from
the genomic project of A. thaliana chromosome 3 long
arm [11], a perfect inverted duplication was detected.
The duplication is 4 290 bp long and is separated by a
1 919-bp fragment. The identity between the dupli-
cated sequences is higher than 99.98 %. Two frag-
ments of 4.5 kb were amplified separately with spe-
cific primers designed from the flanking regions and
sequenced separately by primer walking and the pres-
ence of the duplication has been verified with PCR
amplifications and sequences in the genomic DNA of
the Columbia ecotype (data not shown).

This duplicated region contains a putative coding
sequence (1 214 amino acid (aa) residues long), 32 bp
of 5’ -region, two introns in the coding region, and a
fragment of the 3’ non-coding region (420 bp), includ-
ing part of an intron of this 3’ non-coding region
(figure 1). The 3’ non-coding region contains a 110-bp
sequence that is repeated 400 bp downstream of one of
the copies (figure 1, copy A). The repetition of this
sequence is the main difference observed between the

two copies as we have found only two nucleotide
differences in the coding region. The first one is
located in the codon for residue 557 of the protein (see
figure 2), where an A is substituted by a C producing
a Ser to Arg change. In the single EST detected in this
region by searching the databases (see below), the
nucleotide found in this position is A. The second
difference is in residue 721 where a G is substituted by
a T, but the change is conservative in the amino acid
sequence. No EST sequences have been found in this
region of the gene. The proximal 5’ -region, 32 bp
long, is present in the two copies described of the
duplicated gene. The 5’ -distal region including posi-
tion –33 to –200 shows 70 % homology between the
two copies. The two putative coding regions (figure 1,
copies A and B) have been annotated as T26I12_100
and T26I12_80 in EMBL Acc. No. AL132954. The
sequence of BAC T26I12 is involved in a large
duplication region between chromosomes 3 and 2
[29]. However, there are no copies of the AtSAP130
gene in chromosome 2.

2.2. Characterisation of AtSAP130

Public databases, both protein and nucleotide, were
searched for similar sequences using a 4.3-kb frag-
ment, corresponding to one of the duplicate regions.
The Blastx program found significant similarities with
a family of spliceosomal proteins. We identified a
Homo sapiens SAP130 gene coding for a protein of
1 217 aa (CAB56791) that shows a 55 % identity and
73 % similarity with our sequence. The full-length
human cDNA was cloned after screening with a
peptide product of protein SAP130 digestion [7]. A
similar level of identity (48 %) was detected with a
gene from C. elegans chromosome 3, coding for a
1 220-aa protein (AC 044985), and D. melanogaster
gene (AE003469), both obtained in the corresponding
genomic sequence project. The sequence also shares
identity with cDNA sequences matching this region.
Moreover, the gene Prp12p/SAP130 of S. pombe
(BAA86918) coding for a 1 206-aa protein shows
40 % identity and 60 % similarity with the Arabidopsis
sequence. This yeast protein has been described as
SAP130-like. Only plant ESTs were found to have
similarity with the Arabidopsis sequence.

The clustal alignment of the AtSAP130 protein,
with the human SAP130, the D. melanogaster, the C.
elegans and Prp12p from S. pombe (figure 2) shares an
average 50 % identity and 70 % similarity, both at the
amino acid level. Moreover in three defined regions,
the sequence is highly conserved: between residues 100
to 220, 80 % identity; between residues 425 to 625,
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55 % identity; and also the C-terminal region from
residue 1137 to the stop codon has 60 % identity.

The Blastn analysis within A. thaliana EST sequences
has found seven ESTs that perfectly match our region
(figure 1) in exon one (Acc. No. N96231, at position
1374 of the coding sequence; Acc. No. T42903 and
AA650848 at position 2334 of the coding sequence),
and exons two, three and the 3’ non-coding duplicated
region (Acc. No. AA395122, AV523424, AV538570
and AI992647 at position 3300) (figure 1). No homol-
ogy was found with otherArabidopsis genomic regions.
The analysis around other plants show homology with
ESTs from tomato (AW031626), cotton AI728111 and
Medicago (AW694651) with a similarity of sequences
around 80 %.

The homology with human, D. melanogaster, C.
elegans and S. pombe genes, and Arabidopsis ESTs
allowed to define the intron and exon boundaries and
amino- and carboxy-ends of the protein that is formed
by 1 214 aa residues. The distribution of introns is
very different between A. thaliana (two introns) and C.
elegans (24 introns) and D. melanogaster (six introns).
No evidence of a duplication event has been found in
the complete genomic sequence of D. melanogaster or
C. elegans.

AtSAP130 also shows similarity (27 %) with a
group of proteins, members of a family of UV-damaged
DNA repair binding complex that are defective in

xeroderma pigmentosum group E patients. Studies on
the human sun-sensitive cancer-prone disease, xero-
derma pigmentosum, with various levels of DNA
repair deficiency suggest that a multienzyme complex
is required for efficient repair in eukaryotes [5]. One of
the compounds of DNA repair complex is a DNA-
damaged binding factor (DDB). A family of cDNAs
(DDB1 and DDB2) similar to this DNA binding factor
of monkey cell line are found in human Hela cells, and
have been localised to human chromosome 11 [9]. In
this group of proteins, genes from human [1] and
monkey [27] are described but only one gene in plants,
the A. thaliana UV-damaged DNA-binding protein-
like (CAA17529) gene that has 27 % similarity with
the AtSAP130 duplicated gene. The AtSAP130 region
between residues 425 and 625 is conserved with the
same region of UV-damaged DNA-binding proteins.
DNA polymerases form a large protein family that has
been proposed to have evolved after gene duplication
during the evolution of eukaryotic and archeal bacteria
[10].

2.3. Sequence analysis of the 1.9-kb region
between the AtSAP130 duplication

A segment of 1.9 kb unique sequence is located
between the duplicated sequence. It contains a gene
with three exons (figure 1), coding for a 280-aa protein
similar to the one encoded by the Petunia hybrida

Figure 1. Schematic drawing of structural organisation of the duplicated 4.5-kb region of BAC T26I12. Boxes A and B indicate the duplicated
AtSAP130 spliceosomal protein sequence. The 110-bp tandem repeat around the deleted region in some Arabidopsis ecotypes is marked by t. The
central region contains the NAM gene. The roman numerals show the EST sequences: I: N96231; II: AA650848 and T42903; III: AV523424,
AV538570, AI992647 and AA395122.
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NAM (no apical meristem) gene. The NAM protein is
required in Petunia for pattern formation in embryos
and flowers and is expressed at meristem and primor-
dia boundaries [26].

The sequence of BAC T26I12 is involved in a large
duplicated region that contains one copy of the NAM
gene in chromosome 2 but, as it has previously been
mentioned, no AtSAP130 gene. Moreover in the Ara-
bidopsis whole genome, we have found another copy
of the NAM-like gene (AB0012243) in chromosome 5,
and one corresponding Arabidopsis EST (AA395122).

2.4. Polymorphism within the genomic
duplication in thirteen ecotypes of A. thaliana

The presence of the AtSAP130 duplication in
genomic DNA of A. thaliana Columbia ecotype was
verified with PCR amplifications of the two copies
separately. To detect the presence of this duplication in
other ecotypes of Arabidopsis, we amplified the two
copies separately from twelve ecotypes of this species.
When we compared the 3’ -end regions with the same
region of gene AtSAP130 sequenced in the Columbia
ecotype, we detected some differences in size (figure
3).

With an internal primer of the 3’ -region and a
primer of single sequence, it is possible to amplify the
A and B copies of gene separately. This amplification
in several ecotypes produce amplified bands of differ-
ent sizes (figure 1). The B copy (amplified with
primers 9 and 19) produce the same (800 bp) size
fragment in all ecotypes (figure 3A). However, copy A
(primers 14 and 19) amplification produces a fragment
approximately 400 bp shorter than expected in ecotypes
Cnt, Co4, Est, Gc-0, Nd-1, Tsu-0, rld and ws in
relation to the copy A fragment amplified from Arabi-
dopsis Columbia ecotype (1 100 bp) (figure 3B). The
sequence obtained of the shorter fragments amplified
shows a deleted region (compared to Columbia ecotype)
of 378 bp flanked by a 110-bp tandem repeat sequence
(figure 4). This short tandem repeat sequence is present
once in the 3’ non-coding region of AtSAP130 gene in
every duplicated sequence, both A and B, and again
near the 3’ non-coding region of gene A, but not in
gene B (figure 1). In the ecotypes Cnt, Co4, Est, Gc-0,
Nd-1, Tsu-0, rld and ws, where the sequence between
the tandem repeat is deleted (related to Columbia
ecotype), the tandem repeat is only present once. This

deleted sequence contains part of the 3’ -end of the
gene present in the EST AA395122 (figure 4).

3. DISCUSSION

A perfect genomic duplication of 4.5 kb that con-
tains a coding sequence (AtSAP130) similar to human
spliceosomal-associated protein SAP130 has been
found in BAC T26I12 that is positioned in a non-
centromeric or paracentromeric and non-telomeric
region of the long arm of chromosome 3 of Arabidop

Figure 2. CLUSTAL alignment of A. thaliana AtSAP130 (T26I12_100), human spliceosomal protein SAP130 (CAB56791), D. melanogaster
(AE003469), C. elegans K02F2.3 (O44985) and S. pombe Prp12p (BAA86918). Both identical and similar amino acids in the five proteins are
boxed in black and when only in three or four proteins are boxed in grey.

Figure 3. PCR amplification in EtBr stained gel of Arabidopsis
ecotypes: Cnt-1, Co-4, DijonG, Est-0, Ge-0, Kas-1, Ms-0, Nd-1,
Tsu-0, col (Columbia), L (Landsberg erecta), rld, and ws, C (PCR
control). Autoradiograph of 15 min exposition of the nylon membrane
hybridised at 65 °C with a genomic specific probe of BAC T26I12. A,
PCR amplification with primers 9–19 corresponding to gene B (figure
1. B, PCR amplification with primers 14–19 corresponding to gene A
(figure 1).
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sis thaliana. The human SAP130 is part of a protein
complex with SAP49, SAP145 and SAP155, that
within U2snRNP, is present in nuclear extracts as a
component of the spliceosomal protein complex SF3b
[7]. The function of this spliceosome is to splice a rare
class of introns [28]. Another duplicated gene related
to splicing is a U3RNA small nucleolar RNA protein
essential for growth in yeast and is required for very
early pre-RNA processing events in yeast and in

mammals. In human chromosome 17p11.2, there are
three U3 genes, with two located within an inverted
duplication of nearly 45 kb. The U3 genes also share
significant upstream and downstream similarity sug-
gesting a recent evolutionary origin [12].

Little is known about the splicing mechanism in
plants. Differences exist in the process of intron
recognition since animal introns are not processed in
plant tissues [4], but generally, it is assumed that the

Figure 4. Sequence of the 3’ -end region of the
gene amplified with primers 14–19 from the
Columbia ecotype, that correspond to the A gene.
Arrows indicate the primer position. Bold letters
correspond to the EST homologue sequence, capi-
tal bold letters correspond to the coding sequence,
the stop codon is marked by an asterisk, and small
bold letters correspond to 3’ non-coding sequence
present in the EST. Underlined letters are the
tandem repeat sequences, and italic letters corre-
spond to the deleted sequence in some ecotypes.
Normal letters correspond to single sequence.
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basic mechanisms are similar to yeast and human
splicing [16]. In the Arabidopsis genome, sequences
coding for the SF3a splicing factor, U2B and two
spliceosomal-associated proteins, SAP49 and SAP62,
have been found by similarity. The splicing factor
atSRp30 is 80 % similar to human SF2/ASF splicing
factor, indicating the high degree of conservation of
these gene sequences [18]. Similar identity has been
demonstrated for the helicase family between C. elegans
and human genomes [31]. The high similarity (70 %)
of SAPs of Arabidopsis, human, C. elegans, D. mela-
nogaster and S. pombe SAP130 genes demonstrate
that this is also a highly conserved family of proteins
in eukaryotic genomes. The homology between a
group of DNA repair polymerases, DDBs, and
AtSAP130 has also been detected. However, no DDB
protein has been found in the human spliceosomal
complex [7], suggesting a different function for the
human DDB and SAP130 genes.

The gene copy AtSAP130A has a putative TATA
box and it matches exactly with EST sequences, while
the AtSAP130B has one nucleotide difference with the
EST known sequence. These data would indicate that
the AtSAP130A is a transcribed copy, but it does not
exclude the possibility that both genes A and B are
transcribed under different conditions. The region
upstream of the 32-bp 5’ -duplicated sequence contains
a number of conserved short sequences. In any case,
Arabidopsis is the first genome where this gene
(SAP130) is duplicated, having been found only once
in human, D. melanogaster, C. elegans and yeast
genomes, indicating that it is not part of a multigene
family but an isolated genomic duplication event. It is
possible that this recent duplication has not included
most of the regulatory sequences and therefore only
one of the genes (copy A) is effectively transcribed.
The upstream and downstream regions of the genes do
not show any repetitive structure that would indicate
putative recombination regions that would have resulted
in this inverted duplication. The AtSAP130 duplica-
tion appears to be a recent event in evolution, since the
DNA sequence is highly conserved.

In spite of this recent event, the duplication hap-
pened before the definition of the different ecotypes.
Further variability appears after this duplication as
some of the ecotypes studied present a 3’ non-coding
deletion that make it possible to distinguish the two
copies of gene. A similar high level of conservation in
the A. thaliana genome is shown by the family of PAI
tryptophan biosynthetic genes present in four copies
and suggesting that the amplification of this gene
family has been a recent event in the evolution of the

species [20]. The DNA sequence is highly conserved
among the different members of these two families,
AtSAP130 and PAI genes. Differences and rearrange-
ments are found in both genes when a study in a broad
number of ecotypes is performed. These findings are in
agreement with the theory that Arabidopsis is a species
in expansion and of recent evolution [14].

This region is involved in a large duplicated region
between chromosomes 2 and 3. The almost perfect
inverted duplication (> 99.98 %) in a proximal region
(< 2 kb) indicates that it is a recent success of a
duplication in the genome. The inverted duplicate
sequence containing AtSAP130 is separated by a
fragment of 1.9 kb that contains an AtNAM-like (no-
apical-meristem) gene. It should also be noted that the
AtNAM-like gene and the regions adjacent to the
AtSAP130 genes are present in the duplicated region
in chromosome 2. The presence of the gene and its
duplication in this region of chromosome 3, or its
absence in chromosome 2, may be more recent than
the large genomic duplication occurring in Arabidopsis
and it might indicate that individual genes may jump
between different genomic regions of the plant.

The inverted duplicated sequence has a different
size in different ecotypes of A. thaliana caused by a
400-bp deletion or insertion in the 3’ non-coding
region. The deletion is flanked by a 110-bp tandem
repeat. In the case of AtSAP130A, only one copy of
this tandem repeat is present in some ecotypes that
present the deletion. The gene AtSAP130B has only
one copy of the 110-bp tandem repeat in all ecotypes
analysed. The deleted region approximately corre-
sponds to the intron present in the 3’ non-coding
region. The deletion of the sequence flanked by the
110-bp tandem repeat suggests the possibility that this
short sequence repeated in tandem could make a
secondary structure or a false match that resulted in a
deletion by a recombination, a situation often found
between short repetitive sequences. Recombination is
an important mechanism in evolution helping to create
genetic variation in sexually reproductive organisms
[6].

The nuclear genome of A. thaliana has an average
13 % of genes which are members of multigene
families. Gene duplications can occur on a gene by
gene basis, resulting in tandem repeats, or they can
result from the duplication of larger chromosomal
regions. As new genomic data is released and analy-
sed, duplication regions, insertions, deletions and tan-
dem duplications are found suggesting the role that
these events could have played in the evolution of this
genome [2]. A study of duplications in C. elegans
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genes shows that about 40 % of genes analysed are
involved in duplicated gene pairs [23], and 13 % of the
gene pairs were separated by fewer than five genes. In
Arabidopsis, 65 % of genes are present in more than
one copy, and 17 % are present in tandem arrays with
one unrelated gene as maximum among cluster mem-
bers [29]. The large duplication regions in the Arabi-
dopsis genome show a different copy number of genes,
in each region, sometimes the gene is duplicated in
tandem after region duplication, or it is lost. While
AtNAM-like is duplicated once in each region, the
AtSAP130 is absent in chromosome 2 but almost
perfectly duplicated in chromosome 3 at the DNA
(4.3 kb) and protein (1 214 aa) level. Gene duplica-
tions play a key role in genome evolution [13], but it
is not known in what proportion gene by gene dupli-
cation or large genomic duplications contribute to this
evolution. AtSAP130a and b, may be a good example
of the mechanisms used by organisms with small
genomes to generate different functions or different
types of gene regulation.

4. METHODS

The BAC clone T26I12 (included in ESSAIII project,
Arabidopsis genomic sequence chromosome 3) was
sequenced after shotgun subcloning, and the presence
of the duplicated region sequence was verified by
primer walking on BAC DNA. The DNA sequence
was assembled by the gap4 program from the STA-
DEN package. Similarities to the EMBL, SWISS-
PROT, and Arabidopsis ESTs were calculated using
the BLAST algorithm. The protein alignment was
made with the CLUSTALW program. DNA fragments
were amplified by PCR from thirteen different Arabi-
dopsis thaliana ecotypes, Columbia, Landsberg erecta,
rld, ws, Co-4, Cnt-1, Est-0, Ge-0, Nd-1, Tsu-0, DijonG,
Ms-0, Kas-1. Seeds of each ecotype were grown at
22 °C in a greenhouse with 8 h of light. Genomic
DNAs were extracted using the protocol of Dellaporta
et al. [8]. PCR amplifications were performed using
primers 14–19 and 9–19 (see sequences below) with:
20 ng genomic DNA, 20 pmol each primer, 2 mM
MgCl2, 0.2 mM each dNTP, in a total volume of
50 µL. The annealing temperature was 50 °C and
extension time 90 s. The PCR products were visualised
in 1 % agarose gels and transferred to a nylon mem-
brane (Schleicher and Schuell) by standard proce-
dures. The membrane was hybridised with a genomic
specific probe of BAC T26I12 and washed at high
stringency (20 mM Na2PO4, pH 7.2, 1 % SDS, 1 mM
EDTA at 65 ºC).

Primer sequences:
Primer 9: 5’ -GCAGGTACTTTTTAAGTC-3’
Primer 19: 5’ -GTGATGATGTGGATTTCTTC-3’
Primer 14: 5’ -GCAATGTTCTCCAAAACC-3’
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