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The DEAD box RNA helicase (RH) proteins are homologs involved in diverse cellular functions in all of the
organisms from prokaryotes to eukaryotes. Nevertheless, there is a lack of conservation in the splicing pattern
in the 53 Arabidopsis thaliana (AtRHs), the 32 Caenorhabditis elegans (CeRHs) and the 29 Drosophila melanogaster (DmRHs)
genes. Of the 153 different observed intron positions, 4 are conserved between AtRHs, CeRHs, and DmRHs, and
one position is also found in RHs from yeast and human. Of the 27 different AtRH structures with introns, 20
have at least one predicted ancient intron in the regions coding for the catalytic domain. In all of the organisms
examined, we found at least one gene with most of its intron predicted to be ancient. In A. thaliana, the large
diversity in RH structures suggests that duplications of the ancestral RH were followed by a high number of
intron deletions and additions. The very high bias toward phase O introns is in favor of intron addition,
preferentially in phase O. Results from this comparative study of the same gene family in a plant and in two
animals are discussed in terms of the general mechanisms of gene family evolution.

The conservation of the intron-exon organization or gene
structure in homologous genes is commonly high enough to
show the lineage of introns in evolution (Hardison 1996).
When observed, partial departures from the common struc-
ture in the duplicated genes may be attributed either to dele-
tions, insertions, or both. The intron early theory suggests
that the extant gene structures originated prior to the diver-
gence of prokaryotes and eukaryotes through exon shuffling
(Doolittle 1978; Gilbert 1987; Gilbert et al. 1997). In its ex-
treme form, this hypothesis has been used to explain differ-
ences in intron distributions between homologous genes by
independent intron losses from an ancestral gene containing
introns at all of the observed positions in modern genes
(Bagavathi and Malathi 1996; Robertson 1998). It has been
argued that the diversity in individual intron positions, ob-
served in some of the extensively studied families (Stoltzfus et
al. 1997), is rather indicative of the recent origin of introns,
that is, the intron late hypothesis (Cavalier-Smith 1985;
Logsdon and Palmer 1994; Stoltzfus et al. 1994). Thus, ran-
dom insertions of introns have been documented (Palmer and
Logsdon 1991; Patthy 1996; Cho and Doolittle 1997; O’Neill
et al. 1998; Tarrio et al. 1998). Therefore, it has been postu-
lated that duplications of ancestral mosaic genes have been
followed by more recent gains and losses of introns (Trotman
1998). The two latter processes are believed to be very slow, as
gene structures are often well recognizable between evolu-
tionary distant homologs. However, in some cases, the data
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indicate drastic steps leading to subgroups of homologous
genes, clearly identified by their intron patterns (Gotoh 1998;
Paquette et al. 2000; Sanderfoot et al. 2000). The most striking
situation is when genes without introns are clear homologs of
a family of duplicated genes with a high number of conserved
introns (Rzhetsky et al. 1997; Charlesworth et al. 1998; Au-
bourg et al. 1999; Koch et al. 2000; Paquette et al. 2000; Ta-
vares et al. 2000; Tognolli et al. 2000).

Until now, the question of gene structure evolution was
mainly examined either by statistical approaches on the
whole set of introns in a given organism or by comparisons of
homologous genes from different and often distantly related
species. There is one report on small groups of genes belong-
ing to different families of paralogs (for review, see Cho and
Doolittle 1997). Therefore, the assumption is made that the
evolution of gene structures follows the same rules in all of
the organisms and in all of the gene families. However, there
are many reasons to suspect the existence of specific evolu-
tionary pressures at these different levels of integration (Rob-
ertson 1998). The DEAD box RNA helicase family (RH)
presents a number of advantages for studying the evolution of
gene structures as follows: (1) a high number of paralogs in
higher eukaryotes, (2) a high enough conservation of protein
sequences between homologous genes to assign safely the po-
sitions of introns, (3) a high number of introns per paralogous
families in order to support clear conclusions, (4) a high di-
vergence rate in structures together with a minimum number
of shared introns ascertaining the homology, and (5) a dis-
crimination between structures obtained by experimental
methods (sequencing of mRNA and gene-mRNA sequence
comparisons) of those only predicted. In this work, we pre-
sent data on RH introns from Arabidopsis thaliana, Caenorhab-
ditis elegans, and Drosophila melanogaster and compare them
with previous data on whole sets of introns from the three
organisms.

Genome Research 2101
www.genome.org



Boudet et al.

Helicases are involved in a large number of genetic pro-
cesses, entailing the unwinding of single-stranded and
double-stranded regions of DNA and RNA (Schmid and Linder
1992). The RHs contain a catalytic domain, from 290 to 360
amino acids long, exhibiting 8 specific motifs (Gorbalenya et
al. 1993). The most studied RH is the translation initiation
factor EIF-4A, known to interact directly with mRNAs and to
have an ATP-dependent RNA helicase function (Schmid and
Linder 1992). Genomes from prokaryotes contain from one to
five RHs and there are 26 genes in the Saccharomyces cerevisiae
nuclear genome (Linder 2000). We previously characterized
32 RHs in A. thaliana (AfRH genes; Aubourg et al. 1999). We
now report an exhaustive comparison of the RH structures in
three phylogenetically distant eukaryotic genomes, namely
the genomes of A. thaliana (Arabidopsis Genome Initiative
2000), C. elegans (the C. elegans Sequencing Consortium
1998), and D. melanogaster (Adams et al. 2000).

The divergence of RH structures in A. thaliana, C. elegans,
and D. melanogaster are strongly indicative of an evolution of
the splicing pattern, independent of the amino acid sequence
divergence, massive losses of introns by reverse transcription,
and deletion/addition of novel introns. The timing and the
relative importance of each of these events in the evolution of
RH structures are tentatively evaluated.

RESULTS

AtRH, CeRH, and DmRH Family Organization

The AtRH family is composed of 55 different genes (Table 1),
of which 2 are disrupted. The structure of the 55 genes was
characterized and shown to contain between 0 and 18 introns
(Fig. 1A). The AfRHs are quite evenly dispersed on the five
chromosomes of the A. thaliana genome (Table 1), except for
the genes AfRH25 and AtRH26 that are in tandem and sepa-
rated by only 450 bp. The 32 CeRHs (Table 2A) map to the five
chromosomes of C. elegans with an even repartition, whereas
the 29 DmRH genes (Table 2B), are absent from chromosomes
4 and Y. Interestingly, as for AfRHs, the CeRHs and the DmRHs
exhibit a relatively large diversity of structures with a number
of introns per gene ranging from 1 to 13 for CeRHs and from
0 to 11 for DmRHs (Fig. 1B, C).

The large majority of both AtRHs, CeRHs, and DmRHs are
transcribed, but show large differences in the level of tran-
scription as indicated by the numbers of cognate ESTs found
in dbEST (Tables 1 and 2) and by PCR experiments using vari-
ous cDNA libraries from A. thaliana (see Aubourg et al. 1999).
Although there is no indication of transcription for 9 AtRHs,
6 CeRHs, and 2 DmRHs, these 17 genes are probably func-
tional, because they all code for at least a complete catalytic
domain not interrupted by stop codons or frame-shifts. Two
disrupted RHs, that is, AtRH54 and AtRHS5S resulting appar-
ently from a duplication of AtRH2 and AtRH49, were identi-
fied in the complete genomic sequence of A. thaliana. Five of
the six introns of AtRH2 are missing in AfRH54. Notably, the
sequence coding for the conserved PTREL region is altered
and the ORF is interrupted twice. In the second putatively
nonfunctional RH, namely AtRHS5S5, the gene structure of
AtRH49 is conserved but three deletions were observed, re-
spectively, of 3, 31, and 291 bp. These deletions do not inter-
rupt the ORF, but some of the conserved amino acids are
missing, especially those present in the HRIGR motif, shown
to be essential for RNA binding (Schmucker et al. 2000).
Hence, AtRHSS5 is a nonprocessed pseudogene resulting from
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a gene duplication, whereas AtRH54 is a processed pseudo-
gene resulting from a reverse transcription from a mRNA. The
two pseudogenes were not used in the present analysis. It is
worth noting that the intronless genes AtRH21, AtRH42 and
AtRH47, and DmRH16 and DmRH23 encode a protein with a
complete catalytic domain and have cognate ESTs.

RH proteins have long stretches of sequence similarities
and many conserved residues (Table 3). Such a level of con-
servation in protein sequences is strongly in favor of homol-
ogy (Gogarten and Olendzenski 1999). Nevertheless, the high
divergency observed in the structures of the paralogous
AtRHs, CeRHs, and DmRHs (Fig. 1) compelled us to consider
the possibility that extant DEAD helicases arose through a
very unexpected process of convergent evolution (Doolittle
1994). This question was addressed by characterizing all of the
RH introns, with a particular emphasis on the estimation of
the number of introns at identical positions.

Intron Number

The mean number of introns per gene is seven in AtRHs, six in
CeRHs, and three in DmRHs (Fig. 2). This is higher than the
mean value observed in A. thaliana, C. elegans, and D. mela-
nogaster, with, respectively, 5.2, 4.2, and 2.2 introns per gene
(Blumenthal and Spieth 1996; Deutsch and Long 1999; Ara-
bidopsis Genome Initiative 2000). Our results reveal that the
intron number distribution per RH gene is clearly different in
the three organisms. In AtRHs, the distribution is biphasic
with a maximum at O to 1 and at 8 to 9 introns per gene,
whereas there is only one strong maximum of 4 to § introns
per gene in CeRHs and of 2 to 3 in DmRHs (Fig. 2).

Intron Length

The distribution of intron length in RHs was not different
from that observed for all of the other A. thaliana (Goodman
et al. 1995; Arabidopsis Genome Initiative 2000), C. elegans
(Blumenthal and Spieth 1996), and D. melanogaster introns
(Deutsch and Long 1998; data not shown).

Intron Positions

Figures 1A, B, and C present, respectively, the structures of all
of the AtRH, CeRH, and DmRH genes and point out the posi-
tions used by at least two introns. Altogether, of 345 introns,
244 were found at a strictly identical position in the catalytic
region of at least two genes (introns are numbered from 1 to
244 in Fig. 1). After comparison of the structures of the region
coding for the catalytic domain, four classes of genes were
defined, and based on the following criteria: (1) class I genes
exhibit completely identical or partially identical, but not
equivocally related, structures, (2) class II genes share at least
one intron at an identical position with one other gene of the
class, (3) class III genes do not share intron positions with any
other gene, and (4) class IV genes are intronless. At the top of
Figure 1A and B are illustrated 11 groups of AfRHs and four
groups of CeRHs. They belong to class I, contain from two to
five genes, and share a complete or a high degree of structural
similarity. There is no gene belonging to class I in DmRHs.
There is no couple of genes with an identical structure in two
different species. Further, for the analysis of the divergence of
the structures, each of the 16 groups of class I genes with a
similar structure will only be represented by the gene contain-
ing the highest number of introns. Hence, the number of
different gene structures is reduced to 28 for AtRHs, 23 for
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Table 1. Summary of the GenBank Relevant Information for the 53 AtRH Genes and the two AtRH Disrupted Genes

Accession no. of the

Position of gene in

Accession no. of

Gene name genomic fragment Chr. the genomic fragment associated cDNA EST no.
AtRHT 797339 \% 170118-173400 Y11154 0
AtRH2 AP000417 11} 70507-73330 AJ010456 23
AtRH3p AF058914 \% 109702-111767 AJ010457 32
AtRH4 AB019229 I 17945-20999 X65052 116
AtRHS AC079041 I 6430-9220 AJ010458 8
AtRH6 AC004665 I 37310-40316 AJ010459 3
AtRH7 AB019235 \Y 1750-5329 X99938 21
AtRH8 AF058919 v 62389-66000 AJ010460 12
AtRH9 AB022215 11l 7628-10500 AJ010461 3
AtRHT0 AB008269 \% 57004-59719 AJ010462 2
AtRHT1 AL137082 11} 34109-36962 AJ010463 9
AtRH12 AL137898 11l 54356-57749 AJ010464 11
AtRHT3 AB028608 I 24793-28802 AJ010465 1
AtRHT4 AC009325 11} 35013-38140 AB010259 11
AtRH15 AL360314 \% 27738-30548 AJ010466 8
AtRH16 AL161586 v 86352-89788 AJ010467 5
AtRH17 AC007660 I 19186-21962 AJ010468 1
AtRH18 AB010692 \Y 63383-66642 AJ010469 6
AtRHT9 AC005287 | 31341-33516 X65053 20
AtRH20 AC073944 | 34572-37079 AJ010470 2
AtRH21 U78721 Il 20826-23027 — 5
AtRH22 AC005966 | 18043-20689 AJ010471 4
AtRH23 AC010926 | 30447-32447 AJ010472 2
AtRH24 AC002337 I 63359-65893 — 2
AtRH25 AB006697 \Y% 62049-65177 AJ010473 2
AtRH26 AB006697 \Y% 57864-61582 AJ010474 1
AtRH27 AB018108 \% 15059-17975 AJ012745 0
AtRH28 797341 v 131027-126677 AJ010475 6
AtRH29 AC002291 | 66898-70477 — 0
AtRH30 AB008265 \Y 27602-30706 AJ010476 1
AtRH31 AB005234 \Y% 25529-28905 AJ010477 0
AtRH32 AB005232 Vv 57573-60722 — 1
AtRH33 AC004483 I 53840-58000 — 2
AtRH34 AC006085 | 100551-102558 — 0
AtRH35 AB023044 \% 75219-77408 — 0
AtRH36 AC006341 I 23779-25496 — 0
AtRH37 AC007087 I 495-3857 — 2
AtRH38 AL132958 11} 12036-14491 — 2
AtRH39 AL049482 \% 34597-37826 — 3
AtRH40 AC011623 11} 2630-6599 — 3
AtRH41 ACO011664 I 48468-50201 — 1
AtRH42 AC007369 | 59030-62530 — 4
AtRH43 AL035678 \% 32979-34715 — 0
AtRH44 AC021044 | 10042-11981 — 0
AtRH45 AC016661 | 50081-47528 — 0
AtRH46 AL163792 \% 48191-51630 — 2
AtRH47 AC025417 | 102230-103986 — 4
AtRH48 AC022355 I 42451-45758 — 0
AtRH49 AC016163 | 76692-78835 — 3
AtRH50 AC016827 I 40624-43921 — 4
AtRHS5 1 AP001303 11l 28847-32160 — 1
AtRH52 AL137082 I 50600-53853 — 7
AtRH53 AB022215 11} 12887-15391 — 0
AtRH54-pseudo AC011436 1 79075-80353 — —
AtRH55-pseudo AC016162 | 70712-72602 — —

CeRHs, and 24 for DmRHs. From these different structures, a
scaffold gene, containing all of the different observed intron
positions, has been designed for each species (data not
shown). The AtRH, CeRH, and DmRH scaffold genes contain,
respectively, 83, 66, and 32 introns, of which four intron po-
sitions are in common.

As shown in Figure 1, class II is composed of genes with
at least one identical intron position. The latter is shared with
at least one other gene either in the same or in the other

organism. Class II genes are illustrated by the following ex-
amples. The first example reveals that the six intron positions
of AtRHI10 are independently present in six different genes,
namely five AfRHs and one CeRH. In the second example, the
five introns of DmRH4 are present in five different genes,
namely two AfRHs, two CeRHs, and one human gene, BATI.
In DmRH4, the positions 231, 233, and 234 are identical to
positions 157, 158, and 159 in AtRH15 and the positions 231-
235 correspond to the first, third, fourth, fifth, and sixth in-
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Figure 1 Schematic representation of the AtRH (A), CeRH (B), and DmRH (C) gene structures. Boxes represent exons and lines introns. Lengths
are roughly at scale. (Gray) Regions coding for catalytic domains; (white) regions encoding the amino- and carboxy-terminal ends (see Aubourg
et al. 1999 for a representation of 32 AtRH protein primary structures). The conserved intron positions are numbered starting from the top. Classes
based on the conservation of the structures of the genes (see text for details) are separated by an alternative shading. Large CeRH and DmRH genes
are on several lines and broken lines have been used in large introns that are not drawn to scale.

trons in the BATI gene (data not shown). In the third ex-
ample, the positions 220 and 221 in CeRH20 are also inde-
pendently present in two different genes, AtRH14 and
CeRH24. In addition, two remarkable intron positions were
evidenced in class II. First, the position 116 in AtRH1 is iden-
tical to one position in eight other genes in A. thaliana and
four in C. elegans. Second, one intron is at an identical posi-
tion in different eukaryotic phyla. This intron is present in
AtRH20 (pos. 127), AtRH30 (pos. 133), CeRH26 (pos. 224),
DmRHS (pos. 236), DmRHS (pos. 237), DmRH25 (pos. 241), in
the yeast DBP2, and in the human Hsp68 and Hsp72. In S.
cerevisiae this intron is really unusual both for its position near
the 3’ end of the ORF and for its large size (1001 nucleotides)
and is unique in the 26 ScRHs. A possible role in the autoregu-
lation of DBP2 transcription has been attributed to this intron
by Barta and Iggo (1995).

The intron positions of all of the RHs belonging to class
II from A. thaliana, C. elegans, and D. melanogaster are detailed
in Figure 3. Altogether, in the three sets of nonredundant
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structures of RHs, there are 41 positions occupied by at least
two introns from two nonredundant structures. Therefore,
[25% of the positions of the scaffold genes for the three spe-
cies are occupied by at least two introns from different RHs
and 17 positions are occupied by three or more introns. In-
trons are located at position PTREL-48 in 13 of 75 structurally
different RHs. At three other positions, namely GKT-27, RIV-
36, and RIV-45, an intron was identified in five different RHs.
There are 13 positions that are at least present in two AtRHs,
two positions in at least two CeRHs, one position in two
DmRHs, 20 in at least two RHs, and four in three RHs.

Class III groups genes contain all of their introns at a
position not used by any other intron from both species. Most
of the AfRH and DmRH genes of class III have no or only one
intron in the catalytic region. In contrast, some CeRH genes of
class III have many introns in this region. Finally, three
AtRHs, three DmRHs, and no CeRH are completely devoided of
introns in the catalytic region as well as in the amino- and
carboxy-terminal extensions (class IV, Fig. 1).
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Figure 1 Continued.

Introns at Close Positions

The scaffold gene of 1021 bp built with AtRHs, CeRHs, and
DmRHs contains 153 different intron positions. Therefore, it
is not surprising that a number of intron positions are sepa-
rated by only a few nucleotides. For example, three different
introns in AtRH28 are located 2 bp from three different posi-

tions; one position is not conserved, whereas the other two
are, that is, RI-32 and HRIGR-6, respectively, present in
AtRH7, AtRH(49,51) and AtRH(10,13,27,51) (Fig. 3). The third
intron, CeRH2S, is located 1 bp from the position PTREL-48,
where an intron is present in 10 AtRHs and 3 CeRHs. There are
two conserved positions, HRIGR-51 and DEAD-14, that are at
only 1 bp, respectively, from two other conserved positions,
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Table 2. Summary of the GenBank Relevant Information for the 32 CeRH (A) and the 29 DmRH (B) Genes

Accession no. of the

Position of gene in

Accession no. of

Gene name genomic fragment Chr. the genomic fragment associated cDNA EST no.
A. CeRHT(GLH-T) AF000197 | — 119948 3
CeRH2 U13876 ] 3968-5420 Z12116 9
CeRH3 729115 1] 667-2700 — 1
CeRH4 L17337 1] 72-3427 — 1
CeRH5 722177 1] 29517-32386 — 3
CeRHé6 U53141 \Y 16276-18110 — 0
CeRH7 ugo447 | 1359-4540 — 1
CeRH8 U64840 \Y 24231-25600 — 0
CeRHY (GLH-2) AC006625 | 32092-35382 U60194 5
CeRH10 754327 Il 7936-9710 u08102 13
CeRHT1 781449 1] 15640-22126 — 7
CeRH12 AF025451 1l 5348-10655 — 9
CeRH13 781094 \Y 5559-9108 — 7
CeRH14 AC006661 1l 6622-11298 — 0
CeRH15 775546 | 19715-21790 — 3
CeRH16 7250071 Il 22054-26452 — 16
CeRH17 (GLH-3) AF003145 | 20991-23452 AF079509 2
CeRH18 AF045641(1) \% 244-6828 — 17

AC024743(2) 6983-11678 =
CeRH19 AC006665 | 9308-11991 — 7
CeRH20 U13070 1] 6571-10890 — 9
CeRH21 AC024810 | 174-2693 — 8
CeRH22 U13876 1] 13723-15571 Z12116 0
CeRH23 AF039720 | 33547-34913 — 7
CeRH24 AC006605 1] 12520-14052 — 22
CeRH25 AC024844 | 11854-17095 — 0
CeRH26 781555 \Y% 24571-27287 — 28
CeRH27 AF125963 \Y 40937-43739 — 0
CeRH28 AF067608 | 91-2919 — 8
CeRH29 p AC024830(1) v 48090-52906 — 13
AF100655(2) 25103-27179 —

CeRH30 AL034488 1l 25330-32313 — 5
CeRH31 (GLH-4) AF039718 | 13970-18076 AF079508 7
CeRH32 p AF099926 v 32801-37939 — 0
B. DmRHI AE003442 X 121862-124936 — 6
DmRH2 (EIF-4A) AE003612 2L 26712-28832 AF0145621 454
DmRH3 (ME31B) AE003628 2L 2590-5260 M59926 48
DmRH4 AE003610 2L 100868-103158 X79802 107
DmRH5 AE003560 3L 253987-259042 — 56
DmRH6 AE003679 3R 224119-228338 — 21
DmRH?7 (DBP73D) AE003526 3L 134357-136470 — 14
DmRH8 (RM62) AE003601 3R 36608-40658 X52846 287
DmRH9 AE003588 2L 107096-108768 — 2
DmRH10 (HLC) AE003568 X 133175-135266 — 55
DmRH11 AE003505 X 177770-185431 — 12
DmRH12 (DDXT) AE003597 3L 69846-72205 — 13
DmRH13 AE003792 2R 40556-43229 — 0
DmRH14 AE003506 X 85547-88101 — 20
DmRH15 (PIT) AE003737 3R 80600-83045 = 9
DmRH16 AE003678 3R 68411-70249 — 4
DmRH17 AE003522 3L 263833-265729 — 10
DmRH18 (DBP45A) AE003834 2R 223722-225584 — 8
DmRH19 AE003659 2L 189794-192322 — 11
DmRH20 AE003468 3L 4016-9725 — 25
DmRH21 AE003838 2R 140941-143499 — 18
DmRH22 (DHH1) AE003548 3L 97064-100208 — 8
DmRH23 (ABS) AE003607 3R 33704-35563 — 1
DmRH24 AE003669 2L 132007-133776 — 22
DmRH25 (VAS) AE003646 2L 69330-75084 — 6
DmRH26 AE003677 3R 151098-153380 — 28
DmRH27 AE003547 3L 9256-11628 — 0
DmRH28 AE003678 3R 113745-115120 — 18
DmRH29 AE003498 X 254832-259105 — 26
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Table 3. Sequence Comparisons between the 10 Most Conserved Regions of RH Proteins
A.
% GKT PTREL TPGR DEAD SAT RI Ril RIll RIV HRIGR
AtRHs Id. 44-52 24-41 17-66 25-38 24-46 22-22 23-39 33-48 60-65 39-65
Sim. 68-72 41-62 27-83 53-62 55-55 43-50 41-59 55-55 80-90 61-74
CeRHs Id. 28-42 21-62 20-46 31-53 30-39 29-29 15-31 26-43 40-85 48-74
Sim. 54-58 38-83 39-63 53-69 55-64 36-36 41-51 52-57 60-90 65-82
DmRHs Id. 35-82 — 20-31 24-33 19-19 — 24-38 40-70 — 61-67
Sim. 73-96 — 65-67 79-79 58-66 — 64-70 85-95 — 78-89
AtRHs/ Id. 39-59 37-53 20-37 19-78 21-48 29-43 23-71 36-64 48-86 65-65
CeRHs Sim. 51-80 53-63 27-46 41-84 55-78 43-50 40-89 50-81 57-90 65-83
AtRHs/ Id. 28-58 71-71 34-49 24-48 26-36 — 17-43 23-23 50-55 61-83
DmRHs Sim. 72-82 93-93 52-78 70-79 71-73 — 52-67 46-46 90-90 89-100
CeRHs/ Id. 36-56 50-50 20-56 30-45 18-79 — 12-31 22-22 40-90 53-61
DmRHs Sim. 64-80 75-75 57-88 70-79 59-94 — 44-52 43-43 85-100 74-84
B.
GKT At GaerPT plQAaABPBBBX)GTr)D BRBGaArTGSGKTLAFIPBBEeXBXXXXX
Ce gixtPTplQaa alPXBBe())Gr)D PBRBGCGXAXTGSGKTLAMBPBRxx Bl dxxx
Dm GexxP T plQ axal P BBLX()GTr(D BBIXAXTGSGKTIAFIP BIXxXx BXXXXX
PTREL At aprALI x aPTRELAXQVX()XXX XX Bakxx
Ce glqgAVI BVPTRELAXQIfQOKETf Ilklgdyl
Dm XxXxXALV BaPTRELAXQIX() XXX XXXXXXX
TPGR At gBrvxyv B GGaxxpXxQxRx L xrG(Op 3l BVaTPGRBXDhBEXa
Ce NBkvxc alGGgkldEqgqiadIlkG(ae BVVaTPGRBID BRBgkyg
Dm XxBrx a B BGCGGaxxxgxxxx | xxg(Qxdi BRBRaTPGRIBDBPB XXX
DEAD At LdnLk vy LVBDEADRBLAdX xX()O)G(O)Fedqgq PBxxBRBgxpP
Ce Ixx Br y LVBDEADRRMIdAd x()Og(O)FEdg BxxBxnx BP
Dm IxxBxy LVLDEADRMLAE X ()G()Fexx BXXixxx Bx
SAT At pxRQTI LFSATxpseVx()x LxL arfk dPVKixxv
Ce xqkQTB LFSATFPrepq()x fAK kx pBddPBeVmVg
Dm xxrqt B BFSATBpxxvx()x lax xxLx dpPBXBXBa
RI At xtxxg() BxQefvv x x
Ce kpterQVeQvvymVP
Dm Xaaxx() BXxXgXx BXxXXx B X
RII At xekkx x L IxIL BxOKx Bl FecxTKrxvdxLxx
Ce deKkak BBelLknO)Kv BI FcgTKrdVDa BAe
Dm dxxkxx x| BxI Bx()x Bxi Fc &tkxx Bdxl ax
RIII At ILxxlI G() BkAxxPBHGdIBtQ sxRIkaLxxFRaGxxxxL BATDVA
Ce BBRsgG()BpaBsPpPHGAdgd Q eeR dxalLnqFKsGkyqgqBBBATDVA
Dm XxxaBx G () BxxxXx BHGdIB X Q xe R J3IXXBXXFr d3gxxx BLBRATDVA
RIV At ARGBDV(OPxVxIVVQY 81 P nd
Ce aRGIDV()gDVXLVINYD B P nN
Dm aRGLDB() BxvxxXxVINYDXx P xx
HRIGR At sEdYPBH RVGRtGR aGrkG
Ce IEDYIHRIGRTGRa GkK G
Dm xedYbH RBGRTGRB Gxx G

Minimum and maximum identities and similarities are given. The consensus sequences of the 10 regions have been obtained from multiple
alignments of the proteins translated from the 3 nonredundant sets of genes with intron in the 10 regions. The accepted conservation is: «,
A/T/G/S: B, I/L/M/V; 8, D/E/N; v, F/Y/W. The letter x denotes any amino acid. Brackets indicate gaps inserted in the alignment to build up the
consensus. A dash denotes the absence of a sequence with intron in these conserved regions.

namely HRIGR-52 and DEAD-15. Of the 153 different intron
positions in the scaffold genes, 15 positions are at +/— 1 bp,
23 at +/— 2 bp, 30 at +/— 3 bp, and 54 at +/— 5 bp from an
other intron position.

Intron Phases and Exon Types
The percentages of intron phases were determined in the
complete RH sequences, (Table 4). The weak differences ob-

served between data from validated and predicted introns in-
dicates that our predictions are essentially correct.

Phase O is highly over-represented in AtRHs (69%), that
is, two times the expected value for an addition of intron with
an equal probability for the three codon sites. Phase O domi-
nates in CeRHs with 41%. In DmRHs, the numbers of introns
in the three phases are close to one-third, and no conclusion
can be deduced from small differences due to the small num-
ber of introns. Distributions of intron phases and exon types
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Figure 2 Repartitions of AtRH, CeRH, and DmRH intron number.

have been reported previously in A. thaliana, C. elegans, and
D. melanogaster (Long et al. 1998) (values between brackets in
Table 4). The above results show a larger bias toward phase 0
for the AfRH introns compared with the A. thaliana introns in
general. In contrast, there is no difference in the representa-
tion of intron phases between CeRHs and all of the other
genes from C. elegans. In A. thaliana, the observed bias of
intron phases was even higher when only the introns from
the catalytic domain of AtRHs were considered (data not
shown), because >76% of introns were in phase 0. Conversely,
the bias toward phase 0 in the amino- and carboxy- terminal
regions was slightly less than for A. thaliana introns in gen-
eral. Although the same tendency was observed in CeRHs, the
differences were only a small fraction of what was observed in
AtRHs. If the number of positions at a given phase is consid-
ered instead of the number of introns, the data are only
slightly changed, and the overall bias observed above is about
the same.

As a consequence of the high over-representation of in-
tron phase 0 in AfRH genes, symmetrical exons of type 0-0,
representing 48%, are largely in excess compared with sym-
metrical exons of type 1-1, (2%), or 2-2, (3%). In the case of
the CeRH genes, the percentage of symmetrical exons of type
0-0 and 1-1 represent, respectively, 18% and 15%, approxi-
mately double the symmetrical exons of type 2-2. In the case
of DmRH genes, the percentage of symmetrical exons of both
type 0-0 and 1-1 represent 11%, and 9% for symmetrical
exons of type 2-2. Another direct consequence of these per-
centages of symetrical exons is that a majority (54%) of AfRH
exons are 3N-bp long (N is an integer), only 20% 3N + 1-bp
long and 26% 3N + 2-bp long. Again, this excess of 3N-bp
long exons in AfRHs is higher than in A. thaliana introns in
general BN =0.44, 3N+1=0.29, 3N+2=0.30). In C. el-
egans, however, no difference has been observed between the
repartition of CeRH exons and C. elegans exons in the three
length classes (3N = 0.42 and 0.40, respectively; 3N + 1, 0.29,
and 0.32; 3N + 2, 0.29, and 0.28). Furthermore, the bias to-
ward 3N exons is less pronounced than in A. thaliana. In D.
melanogaster, no significant difference has been observed be-
tween the repartition of DmRH exons in the three length
classes (3N =0.35 and 0.40, respectively; 3N + 1, 0.32, and
0.32; 3N + 2, 0.33, and 0.28).

Intron Sequences

Each RH intron sequence has been compared by BLAST
against all other RH intron sequences. Only alignments with
both an e-value less than e-10 and a percent of identity >90%
were considered. As expected, the sequence comparisons of
AtRH introns did not allow validation of the hypothesis of an
ancestral relationship between close intron positions in dif-
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ferent genes. The evolution of intron sequences is rapid and a
significant conservation can only be observed in genes result-
ing from recent duplications. Therefore, only significant iden-
tities between introns at identical positions were observed in
three pairs of genes with similar structures. This type of se-
quence conservation may help to track down the timing of
the duplication events in groups of genes with a similar struc-
ture. In three groups of genes, high-sequence identity was
detected between conserved introns. For instance, the se-
quences of the AtRH33 introns are identical to those of
AtRH48, except for the first intron, which is absent from
AtRH48 and for the third intron of AtRH33 (72-bp long),
which shares only 40 identical basepairs with the 105 bp of
the second intron of AtRH48. Although these two genes be-
long to the same group of duplication as AtRH25-AtRH26 and
AtRH31, no intron sequence conservation has been observed
between the latter three and AfRH33 and AfRH48. These data
iindicate that the duplication event between AfRH33 and
AtRHA48 is the latest duplication that occurred in this group. In
the 5’ untranslated region of AtRH19 and AtRH4, the first
intron of both genes contains a conserved sequence of 49 bp.
The first intron of AfRH4 is 117-bp longer than the first
AtRH19, and the region of similarity is shifted by 117 bp from
the beginning of introns. Therefore, either a deletion or an
insertion event after the duplication of the genes is highly
likely. AtRH23 belongs to the same structural group as AtRH4
and AtRH19, but no significant conservation has been de-
tected between the first intron of AtRH23 and the first intron
of AtRH4 and AtRHI19. The lack of conservation could be due
to the fact that the duplication between AtRH19 and AtRH4 is
more recent than the duplication between AtRH23 and
AtRH4-AtRH19. Moreover, an identical sequence of 72 bp is
present in the third intron of AfRHI14, from 300 to 372 bp,
and in the third intron of AtRH46 from 1 to 73 bp. No se-
quence conservation was detected in the third intron of
AtRH40, which is the third gene of the duplication group.
This latter result suggests that the duplication between
AtRHI14 and AtRH46 is more recent than the duplication be-
tween AtRH40 and AtRH14-AtRH46. There are no significant
similarities in intron sequences between the different CeRHs
and between the different DmRHs. No significant stretches of
conserved sequences have been found in introns at identical
positions in both species and especially in the intron com-
mon to A. thaliana, C. elegans, D. melanogaster, human, and
yeast.

DISCUSSION

Gene Structure Divergence

AtRH, CeRH, and DmRH genes exhibit a large diversity of
structures, although protein sequences in the catalytic do-
main are well conserved. To our knowledge, families of genes
with a relative number of different structures as large as the
one described in this work for the RH family have not been
reported previously. Even though a very conservative evalua-
tion of this diversity estimates 28, 23, and 24 different struc-
tures for AtRHs, CeRHs, and DmRHs, respectively. Interest-
ingly, these figures are similar to the number of yeast RHs, 26
genes with evidence for one recent duplication. This suggests
a link between the number of essential functions and the
number of different gene structures in the RH family. The
number of introns in the present-day genes ranges from 0 to
18 per gene. Results showing large differences in the struc-
tures of paralogs have been published recently for two other
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Table 4. Repartitions of Intron Phases in AtRHs, CeRHs, and DmRHs
Verified introns Predicted introns Mean value
Phase 0 1 2 0 1 2 0 1 2
AtRHSs % 67,5 12,5 20 71 13,5 15,5 69 {56} 13 {23} 18 {21}
intron nb 144 27 42 106 20 23
CeRHs % 40,5 36,5 23 41,5 31,5 27 41 {47} 34 {29} 25 {24}
intron nb 41 37 23 37 28 24
DmRHs % 32 36 32 48 24 28 37 {46} 32 {31} 31 {24}
intron nb 20 22 20 12 6 7

Numbers in brackets are values representing the complete sets of Arabidopsis thaliana, Caenorhabditis elegans, and Drosophila melanogaster

genes (Deutsch and Long 1998).

gene families of A. thaliana. A recent study of the 135 A.
thaliana cytochrome P450 (AtCYPs) showed that AtCYPs of
the A type may be classified into four different structural
groups with 0-6 introns and AtCYPs of the non-A type into six
structural groups with 0-13 introns (Paquette et al. 2000). The
24 A. thaliana syntaxins (AtSYPs), containing between 0 and
12 introns, are classified in 10 groups with different splicing
patterns (Sanderfoot et al. 2000). There is no apparent com-
mon characteristic between RHs, CYPs, and SYPs. Our work-
ing hypothesis proposes that the divergence of gene structure
of large families is associated with the expansion of the num-
ber of the members of the family from an ancient paralog.

Ancient Introns

Despite the lack of conserved structures in the AtRH, CeRH, or
DmRH genes, 4 identical intron positions have been identified
between homologs from A. thaliana, C. elegans, and D. mela-
nogaster and 20 intron positions are identical between ho-
mologs from two organisms. Introns whose positions have
been shown to be maintained in genes from organisms phy-
logenetically distant are generally considered as ancient in-
trons. Following this criterium, in 74 RH structures with in-
trons, 43 have at least one predicted ancient intron in their
catalytic region. This is a conservative evaluation of the num-
ber of positions with a common origin, as there are indica-
tions that intron sliding by one or two bases might well be a
real, although rare, phenomenon (Jellie et al. 1996; Stoltzfus
et al. 1997; Rogozin et al. 2000). Sliding can be defined as the
movement of the intron-exon boundaries over short dis-
tances. Thus, in the 21 positions observed at +/— 2 bp from
another position, at least some may well be due to exons
having slid from an ancient position. Two other data are in
favor of ancient introns in RHs. First, the three intron posi-
tions in AtRH14-AtRH40-AtRH46, as well as three of four in
AtRH50 and the five intron positions in DmRH4 are also pre-
sent in genes from another species. In DmRH4, three positions
are present in three different organisms and two in four. Fur-
thermore, the five DmRH4 positions are also observed in the
BATI human gene. Second, one intron present in AtRH20,
AtRH30, CeRH26, DmRHS5, DmRHS, and DmRH25 is also pre-
sent strictly at the same position, in one DEAD-box RNA he-
licase gene from . cerevisiae, and Homo sapiens. The conser-
vation of this intron between unicellular and pluricellular eu-
karyotes strongly suggests that it is an ancient intron, thus
present in an ancestor gene containing at least one intron.
This intron might have been maintained in one paralog in
each organism because of its regulatory role. Even if it may be
argued that some of the introns at identical positions in only

two species may have been inserted by chance and by inde-
pendent events (see discussion below), the four conserved in-
tron positions observed in three or more than three species
are strong evidence for ancient introns. Therefore, our data
confirm the assumption, on the basis of sequence compari-
sons, that the RH family has been formed by duplications of
ancient genes containing introns, followed by divergence of
the copies and not by formation of similar genes by conver-
gence events. Thus, the remaining question is how and why
did the RH structures diverge so drastically?

Recent Gene Duplications
and Reverse-Transcribed Genes
An overall comparison of the gene structures of AtRHs, CeRHs,
and DmRHs suggests that the same events could explain the
evolution of the gene structure of the family in these organ-
isms. Of course, some of these events predate the separation
of the plant phyla from the animal phyla. Nevertheless, the
presence of some completely and largely conserved structures
between paralogs and the possibility of finding some se-
quence conservation in introns indicate the occurrence of
relatively recent events of duplication in both organisms.
Consistently, the three distant trees (Fig. 3A,-C) show that the
genes with the same structures (except for AtRH1 and AtRH39)
are grouped in the same terminal branches, supported by very
high bootstrap values, although the length and sequence of
introns have diverged drastically. However, the bootstrap val-
ues drop drastically in the inner branches when the conser-
vation of the gene structures are no longer observed. Some
exceptions are remarkable because they indicate that a high
conservation in the protein sequences is not correlated with a
conservation of the gene structures. For instance, this is the
case for AtRH10 and AtRH36 or AtRH20 and AtRH14. More-
over, the distance trees show that genes without intron or
with no intron in the catalytic domain (AtRH21, AtRH24,
AtRH42, AtRH43, AtRH41, AtRH47) are generally not related to
any other gene in the tree except for the genes with only one
intron. For these genes, it is not possible to safely design by
sequence comparisons the paralog that would have been gen-
erated by the same event of duplication. This is possible only
in the case of the two disrupted genes, as sequence identity is
very high between AtRH2 and the disrupted AtRH54 and be-
tween AfRH49 and the disrupted AfRH55. Therefore, the genes
at the origin of the creation of the genes without introns
either have largely diverged from their coduplicated gene or
the latter has been deleted.

An hypothesis that might help to organize all of the ap-
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parently conflicting data assumes two different mechanisms
of evolution for the above gene families. The first mechanism
involves the duplication of genes with the expected conser-
vation of the structures, whereas the second would be an
event of reverse transcription of mRNAs with recombination
of the synthesized cDNA in the genome. The latter mecha-
nism, formerly proposed by Lewin (1983), Fink (1987), and
Martinez et al. (1989), would explain the formation of genes
without intron from paralogous genes with introns. This hy-
pothesis has been discussed more recently by Liaud et al.
(1992), Frugoli et al. (1998), and Charlesworth et al. (1998).
Reverse transcriptase may have two different origins in the
cells, retrotransposons, and retroviruses. The sequence of the
nuclear genome of A. thaliana contains several hundred se-
quences, indicating the existence of present or past sequences
potentially coding for a reverse transcriptase. The impossibil-
ity to establish a clear relation between AfRHs without introns
and any other AfRH except for the disrupted genes suggests
that only events of reverse transcription followed by a ho-
mologous reinsertion were efficient. Hence, homologous re-
insertions place the cDNA always downstream of the pro-
moter of the cognate gene but only rarely in the case of a
heterologous reinsertion. The reverse-transcribed AtRHs, ex-
cept for AfRH54 and AtRHS55, are not what is generally called
processed pseudogenes; they are not subject to obvious dis-
ablements relative to their functioning homologs.

Intron Deletions

The data presented in this study shed new light on the con-
tribution of a reverse-transcription mechanism in the forma-
tion of large gene families. The biphasic characteristic of the
repartition of the number of introns in AtRHs is an indication
of the existence of two different populations of genes. First,
the genes with a relatively high number of introns are most
likely genes duplicated from an ancient gene formed by shuf-
fling of small exons (Gilbert et al. 1997), and thus contain
many introns. Thereafter, the genes have undergone indi-
vidual additions or deletions of introns. Second, the eight
AtRH genes with 0 or 1 intron have been generated by reverse
transcription and recombination, affecting either the whole
transcript or only a part of it. Deletions of different introns in
different paralogs, bringing about a concomitant increase of
exon size and number of intron positions in the scaffold
genes, might have been at the origin of a large part of the
presently observed diversity in RH structures. In compact ge-
nomes, the ratio between DNA loss and gain determines the
size of the genome (Kirik et al. 2000; Petrov et al. 2000). In A.
thaliana, C. elegans, and D. melanogaster, the intron length
repartitions indicate a tendency to reduce the size of introns,
which could explain a number of successful complete dele-
tions. Recombinations and conversions between reverse-
transcribed genes and genes with introns might also be a
mechanism for intron deletions (Clegg et al. 1997).

Intron Additions

New insertions of introns could have occurred through two
possible mechanisms. First, intron insertions may result from
a duplication of a pre-existing intron. Recent insertions have
been observed in the Xdh gene in Ceratitis capitata, C. willis-
toni, and C. saltans groups of Drosophila (Tarrio et al. 1998).
Second, intron insertions may also have occurred via trans-
poson insertions (Nouaud et al. 1999). Thus, in maize, (5% of
the transcripts of the Sh2 gene with a Ds insertion were cor-

2112 Genome Research
www.genome.org

rectly spliced (Giroux et al. 1994). Using sequence compari-
sons, we did not observe, either in AftRHs, CeRHs, or DmRHs,
any indication of a new addition of an intron resulting from
a duplication or from a transposon insertion event. It should
be noted, however, that intron sequences diverge rapidly as
indicated by the deletions/insertions of introns from dupli-
cated genes with a very high identity in their exon sequences.
Nevertheless, in the AtRH distance tree, the terminal branch
containing AtRH24, AtRH42, and AtRH45 (Fig. 3A) indicates
that the latter three genes derived from a reverse-transcribed
gene without introns and that AtRH45 recently acquired an
intron that is absent from both AtRH42 and AtRH24. The size
distributions of introns from AfRHs, CeRHs, and DmRHs are
similar to those observed in all of the other genes from their
respective organisms. Hence, there is no general indication of
a specific kind of intron linked to the rapid divergence of the
gene structures.

In AfRHs, the bias observed toward introns in phase O is
higher in AfRHs than in all of the other A. thaliana genes, 69%
and 56% respectively. This difference is even increased if only
introns in the catalytic region are considered (76.5% introns
in phase 0), but does not exist in the amino- or carboxy-
terminal extensions (51.5% introns in phase 0). This indi-
cates, as far as introns are considered, that the two regions of
the AtRHs have not been submitted to the same type of evo-
lution. In this family of genes, it is expected that the pressure
from the protein against intron addition (Fichant 1992) is
high in the catalytic domain and low or absent in the exten-
sions that are characterized more by a general composition in
amino acids than by a sequence (data not shown). Therefore,
the difference in the relative number of phase 0 introns be-
tween the catalytic domain and the extensions might be due
to a higher success of intron addition in any phase in the
latter.

The four intron positions conserved in the three species
are in phase 2 for two and in phase 0 and phase 1 for the other
two. Other intron positions in common between CeRHs and
AtRHs or between DmRHs and AfRHs are mainly in phase 0.
Whereas D. melanogaster and C. elegans are phylogenetically
closer than A. thaliana and D. melanogaster or C. elegans
(Baldauf et al. 2000), the numbers of intron positions in com-
mon are higher between A. thaliana and D. melanogaster
(seven) or C. elegans (four) than between D. melanogaster and
C. elegans (one). Therefore, some of the common positions
observed in only two species are probably not ancient but are
rather insertion at the same position independently in AtRHS
and in one of the two other species.

Conclusion

A comparison of AtRH, CeRH, and DmRH families suggests
that the same mechanisms of intron gain or loss have been
used during the formation of this family in the three organ-
isms. The existence of reverse transcription in CeRHSs is not as
evident as in AfRHs or DmRHs, due to the absence of an in-
tronless gene in the nematode. The relative number of genes
without introns, [20%, is nevertheless about the same in both
A. thaliana and D. melanogaster. Therefore, we suggest that in
CeRHs, evolution of gene structures by reverse transcription
stopped earlier than in AtRHs and DmRHs. During evolution,
there was a different balance among species between massive
deletions of introns through reverse transcription on one
hand and duplication of genes followed by deletions and ad-
ditions of introns on the other hand. Thus, yeast genes lost
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almost all of their ancient introns by reverse transcription
(Fink 1987), and intron addition has not played an active role
thereafter. In C. elegans, D. melanogaster, and A. thaliana, re-
verse transcription was a less efficient, but nevertheless im-
portant, mechanism involved in the evolution of gene fami-
lies. The presence of regulatory elements in introns is now a
well-documented fact and, therefore, evolution of introns
might have a role in the evolution of functions in paralogs.

METHODS

Data Mining and Sequence Analysis

Different programs were used to search and analyze genomic
sequences, transcripts, and proteins. An extensive screening
of databases (dbEST, GenBank, ACEDB, HTGS) was performed
using the different BLAST algorithms (Altschul et al. 1997).
The positions of the AtRH genes on the five chromosomes of
A. thaliana were established using the TAIR map viewer server
(http://www.arabidopsis.org/servlets/mapper). An extensive
screening identified 55 AtRH, 32 CeRH, and 29 DmRH genes.
When available, sequence database annotations of gene struc-
tures were considered, but a systematic re-evaluation of the
predictions was achieved by use of the most efficient predic-
tion tools (Pavy et al. 1999). The structures of the AfRHs were
predicted by use of the NetPlantGene or NetGene2 (Hebs-
gaard et al. 1996) and Genemark.hmm (Lukashin and
Borodovsky 1998) software programs, especially trained for A.
thaliana. In the case of the CeRHs and DmRHs, the putative
splicing sites and the potential coding regions in anonymous
genomic sequences were predicted by Netgene2 (Hebsgaard
et al. 1996), trained for C. elegans and Genemark.hmm
(Lukashin and Borodovsky 1998), trained for D. melanogaster.
The comparison of AtRH and CeRH intron sequences has been
realized with the BLASTNprogram (Altschul et al. 1997). EST
sequences, together with all of the mRNA/cDNA sequences
available (full-length or partial), were used to validate the po-
sitions of introns by alignments with the genomic sequences.
The number of ESTs corresponding to each RH was counted in
order to have an idea of the transcriptional expression of the
genes. Our analysis also included one RH from S. cerevisiae,
DBP2 (accession no. L11574), three RHs from Homo sapiens
[BAT1, p68, and p72 (accession nos. 237166, X15729, and
U59321, respectively)].

Intron Positions

The positions of introns were obtained from nucleotide se-
quence alignments derived from the protein alignments.
Only introns in the catalytic domain were exploited in this
work. Regions outside of the catalytic domain were not taken
into consideration because they code for protein extensions
that are variable in RHs. The consensus alignment of the cata-
lytic domain of the proteins AtRHs, CeRHs ,and DmRHs was
obtained by running CLUSTALWThomson et al. 1994) and
after manual modifications to correct obvious mispairings.
The 10 most conserved regions with essentially unambiguous
alignments have been extracted, namely the GKT, PTREL,
TPGR, DEAD, SAT, and HRIGR regions, as defined previously
by Schmid and Linder (1992) and the RI, RII, RIII, and RIV
regions as defined in this work (Table 3). All together, these
regions cover >80% of the complete catalytic domain. A total
of 382 introns interrupt the nucleotide sequences coding for
the catalytic domains of AfRHs, CeRHs, and DmRHs, but only
the 345 introns present in the 10 conserved regions have been
used. The positions of 217 introns have been validated by
alignments with either cDNAs or ESTs. An identical position
for two introns in two different genes may or may not reflect
a common origin. Therefore, a distinction has been made be-
tween introns and their positions. In this latter case, each
position is considered only once, despite the number of in-

trons found at this position in different genes. An intron can
be located between two codons (phase 0) or within a codon,
lying either after the first or after the second base pair (phase
1 and phase 2, respectively). Intron positions that are apart by
one or more than one base pair were considered as not iden-
tical even if it is not excluded that these introns may have the
same ancestor. The phases of the two introns surrounding an
exon define the exon type. Exon types are either symmetrical
when flanked by introns of identical phases, 0-0, 1-1, and
2-2, or asymmetrical when bordered by introns of different
phases, for instance 1-0.

Neighbor-Joining Trees

AtRH, CeRH, and DmRH neighbor-joining trees were con-
structed from CLUSTALWalignments of the RH catalytic do-
main and consisted of 1000 trials with bootstrap. Exclusions
for positions with gaps and corrections for multiple sequences
were both set to off.
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