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Abstract. Invertebrates, tetrapod vertebrates, and fishintroduction

_rmght be _expected to differ in their number of gene cop Reggie-1 and reggie-2 (homologous to flotillin-2 and flo-
ies, possibly due the occurrence of genome duplication). - .
. . . . - tillin-1, see below) are two closely related 48 kD intra-
events during animal evolutiomReggie(flotillin) genes : .
: L . cellular and membrane-associated proteins whose encod-
code for membrane-associated proteins involved in . o ) .
. N X . ing genes have been identified so far in goldfish (Schulte
growth signaling in developing and regenerating axons

Until now. there appeared to be onl ieenes in et al. 1997), rats (Lang et al. 1998), mice (Cho et al.
P PP i y_tmﬁgg 9 1995; Bickel et al. 1997), humans (Schroeder et al.
fruitflies, mammals, and fish. The aim of this research

was to search for additional copies ggie genes in 1994), and fruitflies (Galbiati et al. 1998). Reggies are

fishes, since a genome duplication might have increasego-expressed in many cell types and define specific
’ 9 P g plasma membrane microdomains (Lang et al. 1998) In

the gene copy num_be_r N th|_s group. We rep(_)rt the PTeStontrast to what has been suggested by others (Bickel et
ence of up to four distinaeggiegenes (twaeggie-land

! . . al. 1997; Volonte et al. 1999), they do not occur in ca-
two reggie-2 genes) in the genomes of zebrafish and ) .
, . ._veolae—small plasma membrane microdomains charac-
goldfish. Phylogenetic analyses show that the zebrafish " . :
: ) terized by the expression of caveolin—but are expressed
and goldfish sequence pairs are orthologous, and that th

additional copies could have arisen through a genom(ﬁeaﬂy outside of these structures (Lang et al. 1998).

duplication in a common ancestor of bony fish. The presfﬁ/loreover, in neurons and T-lymphocytes—which do not

ence of novekeggie mRNAs in fish embryos indicates possess caveolae—reggie proteins occur in their own

that the newly discovered gene copies are transcribeapeCIfIC mwrodomams (Lang et al. 1998). In QOIdf'Sh
nd rats, reggie-1 and -2 are upregulated during axon

f'md possibly expressed m_the developing and _regenera?—rovvth and regeneration of retinal ganglion cells (RGC)
ing nervous system. The intron/exon boundaries of thi

new fish genes characterized here correspond with thos Sch.ulte et al, 1997.; Lang et al. 1998). Although the
of human genes, both in location and phase. An evoluPrecise nature of their role in the central nervous system
. o . Co is not fully understood, two lines of evidence strongly
tionary scenario for the evolution eéggieintron-exon ) - . ’

. . . suggest that reggie-1 and -2 participate in molecular sig-
structure, where loss of introns appears to be a distinctive _ ;. i
trait in invertebratareggie genes, is presented. naling across the plasmamembrane: 1) In cultured neu-

rons, reggie-1 and -2 occur all along axons and are as-
sociated with GPI-linked CAMs and fyn tyrosine kinase

Key words:  reggie— flotillin — Gene duplication —  (Stuermer et al. 2001); 2) In activated T-lymphocytes,
Microdomains — Axon growth — Axon regeneration — reggie-1 and -2 occur in micropatches along the plasma
Carassius auratus— Danio rerio membrane and are recruited into the T-cell receptor sig-

naling complex (along with Thy-1 and GM-1) (Lang
et al. 1998; Stuermer et al. 2001).
It has long been suggested that two rounds of genome
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levels of genetic complexity (Ohno 1970; Ohno 1999)_using ATL Lysis Buffer (Qiagen, Hilden). We followed standard meth-
This hypothesis would explain why vertebrates can havéds (Sambrook et al. 1989) for the purification steps.

up to four copies of genes that are present as single

copies in invertebrates. The recent discovery in the ze- Synthesis of zebrafish 1st strand cDNA for RT-PC&al RNA

brafish of extra COpieS of several gene families uncov-vas isolated from two and three day old zebrafish embryos by the
RNAzol B method (WAK Chemie, Bad Soden). First strand cDNA was

ered a_n additional genome duplication that p_mbably too%;enerated using Oligo-dT primers and the Superscript Reverse Tran-
place in the common ancestor of all teleost fish (Amoresscriptase (Gibco BRL, Eggenstein) or the Ready-to-go T-primed First-
et al. 1998; Wittbrodt et al. 1998; Meyer and Schartl strand Synthesis Kit (Amersham Pharmacia), as outlined by the manu-
1999; Meyer and Miaga-Trillo 1999). The generation of facturer.

new gene copies through genome duplications raises

guestions about how much functional redundancy can be Preparation of goldfish cDNA librariesTwo weeks after optic
tolerated in genomes and whether duplicated copies areerve transection, mRNA frqm go_ldfish retinae was prepgred with the
rand0m|y deleted, inactivated, or selected to perform 6Quu:k Prep mRNA Purification Kit (Amersham Pharmacia), and re-

. . verse transcribed using Superscript RT (Gibco BRL). After second
novel function (Méaga-Trillo and Meyer 2001). To an- strand synthesis and ligation tcoRl adaptors (Amersham Pharma-

swer these questions, it is necessary to identify as manyay, the cDNAs were cloned into Lambda Zapll (Stratagene, Heidel-
families of duplicated genes as possible, and to examingerg). The titer of the cDNA library was amplified from 2.4 x°10
the evolution of their functions. PFU/mI to 4.5 x 16° PFU/mI.

So far only one copy of eacteggie(flotillin) gene
has been characterized in fruitflies, mammals, and gold- Polymerase chain reaction (PCR). Reggiarid-2 genes fragments
fish, and yet, if the additional fish genome-duplication were amplified with several pairs of degenerate primers located at

P . . . _.various points along theeggie-1and-2 coding sequence (Table 1).
hypothesis is correct, then for any given gene family, fIShOne wl of template was added to 49 PCR reaction mix containing

are expected to have_ up t_O twice as many (_:oples _a§.5 units of Red T&® Polymerase (Sigma-Aldrich, Taufkirchen), 1x
mammals and up to eight times as many copies as inRed Taq Buffer, 80uM dNTPs, and 0.5.M primers. PCR reactions

vertebrates, although average gene copy ratios betweeayere performed in GeneArfipPCR System 9700 thermocyclers (PE
these groups cannot always be expected to remain whoRyplied Biosystems, Weiterstadt) using the following conditions: Ini-

- - - _tial denaturation for 2 min at 94°C, followed by 35-40 cycles of:
numbers because not all duplicated genes are mamtam(%@naturation at 94°C for 1 min, annealing at 50-56°C for 1 min, ex-

for a Iong eVOquonary time. Some dUpl'Cated COPI€Stension at 72°C for 2 min; and a final extension step at 72°C for 10 min.
may be lost as pseudogenes or rendered unrecognizable

as jan DNA. . Itis therefore possmle.that..l) Only one Cloning of PCR productsAmplification products were directly
functionalreggie-1or -2 gene was retained in vertebrate yseq for cloning, or first excised from 2% agarose gels (Gibco BRL).
genomes, or that, 2) Additionakggie copies exist (or  After purification with the Qiaquick PCR Purification Kit (Qiagen), the
existed) in vertebrates but remain undiscovered. ThudPNAs were ligated into the Topo Il vector (Invitrogen, Karlsruhe) and
reggiegenes offer a case study for the evolution of ge_the ligation mixes used to transfori. coli. Transformations were

- . . lated onto LB-agar plates containing the appropriate amounts of am-
netic redundancy and the functional fate of duplicated iyt 5 ™ oTe S ambrook et al, 1989). White recombinant

gene copies. Given their importance in the developmengacteria were grown and tested by PCR for the presence of the correct
of the vertebrate nervous system (Schulte et al. 1997insert.
Lang et al. 1998), it is of interest to know how duplica-
tion of these genes affected their function. Until now, the  pna sequencingPCR products were purified with the aid of the
only fish reggie genes known are those of the goldfish QIAquick PCR purification kit (Qiagen), and plasmid templates from
Carassius auratuglLang et al. 1998), a model system clc_)n_ed amplificgtion products were isolat_ed using the QIAp_rep Spin
routinely employed for the study of retinotectal develop-Miniprep Kit (Qiagen). Sequencing reactions were set up inul0

. . olumes containing up to @l of DNA, 1 pl of 10 wM primer and 2
ment and regenera_non O_f ret!nal a_X0nS _(Ga_ze an wl of Big Dye Terminator Cycle Sequencing Ready Reaction Mix
Sharma 1970). Despite their obvious biomedical interestpna sequencing Kit, PE Applied Biosystems). The amount of tem-
reggie genes have not yet been characterized in the zeplate used for cycle sequencing and the thermal cycling profile were
brafish, Danio rerio, the system of choice for the mo- chosen according to the kit's guidelines. Unincorporated dye termina-

lecular characterization of genes important for diversetors were removed by EtOH/NaOAc precipitation and the purified re-

actions were loaded onto 0.2 mm-thick 5% Long Ranger™ gels and ran

aspects of vertebrate development (Haffter et al. 1996), " "“Ag| 377 automated DNA sequencer.

In order to evaluate new evidence for the fish genome
duplication hypothesis, and as a first step towards under- DNA sequence analysis and drawing of dendrogradi¥A se-

standlng _the functional evolution of redundant gen_GQuences were edited and analyzed using PE Applied Biosystems soft-
products in the nervous system, we set out to characterizgare (Sequence Analysis and Sequence Navigator) as well as the GCG
the reggie genes of zebrafish and goldfish. Wisconsin Package Version 9.1 (The Genetics Computer Group 1997).
Final sequences have been deposited in the GenBank database under
the accession codes AF315945, AF315946, AF315947, AF315948, and
AF315949. Sequence alignments were made with DNA Star’s
MegAlign, and phylogenetic analysis was performed using both dis-
Nucleic acid isolation.Zebrafish and goldfish total genomic DNAs tance and maximum parsimony algorithms with Paup 4.0b4 (Swofford
were prepared from fresh muscle tissue of homozygous individual2000). Previously characterizegggie sequences were downloaded

Materials and Methods



237

Mouse- flotillin1
100

100 Human-Flotillin1

100 | Goldfish-reggie2

Fruitfly-flotillin1

Mouse-flotillin2

100 Rat-reggie1

Fig. 1. Neighbor-joining tree of
previously characterizereggie
99 (Reg) andflotillin (Flo) and DNA
HTF sequences. An alignment of
Human-Flotillin2 full-length coding sequences was
used as a basis for phylogenetic
Goldfish- reggie1 reconstruction. The distance matrix
was generated using the Kimura
two-parameter method. The
horizontal length of each branch is
Fruitfly-flotillin2 proportional to the estimated genetic
distance (number of substitutions)
between taxa. Bootstrap values
(1000 replications) are indicated on
each branch.

0.1 changes

from Genbank. Accession numbers for tHetillin-1/reggie-2 se- flotillin genes of fruitflies, humans, and mice (Schroeder
quences of Drosophila, goldfish, mouse, rat, and human are AF04473ét al. 1994 Cho et al. 1995 Galbiati et al. 1998). Nev-

(genomic: AE003810), U33556, NM_008027, U60976, and NM- thel their hiahlv similar DNA d
005803 (genomic: NT_001520). Accession numbers foffltitélin-2/ ertheless, their highly similar sequences and ex-

reggie-1sequences of Drosophila, goldfish, mouse, rat, and human ar®€Ssion patterns strongly suggest that these genes are
AF044916 (genomic: AE003497), L36867, NM_008028, AF023303, closely related and members of the same gene family

and NM_004475 (genomic: AC024267). It should be noted that severatabove references and unpublished Medline records). We

reggie 1and 2 cDNA sequences have been reported in the rat. This : P : ;
does not imply that the rat has maeggiegenes. Based on comparison performed phyIOQenetIC anaIySIS in order to Cla”fy their

with human genomic sequences (not shown), the additional rat se€volutionary relationships. The neighbor-joining tree in
quences are rather the result of the isolation of heterogeneous nuclefrig. 1 defines two major sequence homology groups, one
RNAs and alternative splicing forms. For instance, in the caseggiie containing reggie-1 and flotillin-2 sequences, and the

1, a splice variant sequence starts at exon 4 and another one at exon 8ther one incIudingeggie-Z and flotillin-1 sequences.

For distance analysis, genetic distances were estimated with th . . .
Kimura two-parameter method (Kimura 1980). Dendrograms were preﬁ-he same toPOlOgy was obtained with hlgh bOOtStrap

pared using the neighbor-joining (NJ) tree constructing method (Saitous‘upport when the maximum parSimony method was em-
and Nei 1987) and reliability of the tree topologies was evaluatedployed (not shown). Therefore, the current nomenclature
through 1000 bootstrap replications (Felsenstein 1985). is in need of revision: the names2tgi€’ and “flotillin”
designate homologous genes, but numbering of the loci
(1 or 2) is misleading. Here, we will use the names
“reggie-1 and “reggie-Z to refer toreggie-1/flotillin-2

and reggie-2/flotillin-1 groups, respectively The pres-
ence of pairs of homologougggie genes in mammals
Thereggiegenes of goldfish and rat (Schulte et al. 1997;and arthropods indicates thagggie-1and -2 arose be-
Lang et al. 1998) were reported independently of thefore the evolutionary split between protostomes and deu-

Results and Discussion

Homology ofreggieand flotillin Genes
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Table 1. PCR Primers used in this study

terostomes. On average, the intraspecific aminoacid se-
quence similarity betweemeggie-1 and -2 genes is
approximately 52.5%, while the similarity between ver-
tebrate and invertebrateggiesof the-1 or -2 groups is
approximately 62.8%. The length of thieggie coding
region is 429 aminoacids (aa) and appears to be con-
served during evolution, although minor length variation

Primer ID Sequence

1. Reg-19-43F ACTKKYGGMCCMAAYGARGCVMTSG
2. Reg-193-215F GGDGTVSCYWTYWCYGTSACHGG
3. Reg-193-215R CCDGTSACRGWRAWRGSBACHCC
4. Reg-271-288F SAGMWGTTYCTGGGRAAG

5. Reg-271-288R CTTYCCCAGRAACWKCTS

6. Reg-360-384F GACKGTGGAGSAGATYTAYMAGGAC
7. Reg-271-288R GTCCTKRTARATCTSCTCCACMGTC
8. Reg-568-590F GRGATGCNGGGATYMGGGARGC

9. Reg-568-590R GCYTCCCKRATCCCNGCATCYC

10. Reg-720-743F
11. Reg-720-743R
12. Reg-862-885F
13. Reg-862-885R
14. Reg-1015-1039F
15. Reg-1015-1039R
16. Reg-1098-1119R

SMTGGCCTATCAGCTMCAGGYRGC
GCYRCCTGKAGCTGATAGGCCAKS
GTSMRSMRDCCWGCBGADGCMGAG
CTCKGCHTCVGCWGGHYKSYKSAC
GAGGCYGAGCRRATGRSSMWGAAGG
CCTTCWKSSYCATYYGCTCRGCCTC
GAYCTYYYCWGCMAYCTKGGGC

can be observed at thé 8nd of somaeggie-2genes. In

all pairwise comparisons, substitutions are randomly dis-
tributed along the gene and no mutational hotspots or
highly conserved domains are apparent.

Isolation of NovelreggieSequences From Fish

The goldfish and zebrafish sequences reported here were
obtained by PCR amplification of genomic and cDNA
templates using several combinations of degenerate
primers. An alignment of all previously availabteg-
gie-land-2 DNA sequences (not shown) was used as the
basis for primer design. In order to increase the speci-
ficity of our amplifications towards goldfish/zebrafish
sequences, two of the primer pairs (GF-ReglF/R and

17. GF-ReglF GARGTIGCIGCICCIGAYGT

18. GF-ReglR GCYTCIGCYTCICCDATYTT

19. GF-Reg2F AAYGARGCIATGGTIGTITC

20. GF-Reg2R TCYTCDATYTGYTGYTTIGTYTT
21. Dare-ReglaXF ACAGGGATCAGTTTGCCAAG
22. Dare-ReglaXR CTCTCTCTGCTTCAGCCACA
23. Dare-Re2aXF CGATGGTGGTGTCAGGTAAG
24. Dare-Reg2aXR GGACCCCATGACGTGTGTA
25. Dare-Reg2bXF GCTCCTCCTCTCATGATTGC
26. Dare-Reg2bXR GCCTTCTTGGTGTTGACCTC

Numbering corresponds to that of Figure 2. Primer orientation is speci

fied by “F” or “R” at the end of the primer's name.

GF-Reg2F/R) were constructed specifically for goldfish
reggie-land2 sequences, and used in combination with
the degenerate ones. At the time we started with these

experiments, no information about the intron-exon orga-
nization ofreggiegenes was available. This presented a
potential problem for the amplification of genomic tar-

gets. Therefore, 20 forward and reverse primers at 13

—
100 bp
i v Vi viil
R I— || — v vil
T S S R S X i
Degenerate primers: - - - - - - -+ -
3 5 7 9 1M 13 15
] reggie 1 + 2 cDNAconsensus (1296 bp)
7 1
Goldfish + © ~ 2
primers:
21 22
. 23 24 -
Zebrafish primers: -

26

Novel zebrafish
sequences:

Novel goldfish
sequences:

Fig. 2. PCR strategy for the amplification akggie genes in ze-

tion targets defined by the position of our degenerate primers. Primer this study.

are represented by arrows and numbered according to Table 1. Primer

reggie-1a (1188 bp)
reggie- 2a (681 bp)
reggie- 2b (810 bp)

reggie- 1a (346 bp)
reggie- 2b (850 bp)

orientation is indicated by the arrows. The final length of the amplifi-
brafish and goldfish. Roman numbers indicate the arbitrary amplifica-cation products obtained is shown for each of the novel genes identified
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A. Genome duplication preceeding speciation

Species 1, gene Xa

Species 2, gene Xa
(Speciation event)

Species 1, gene Xb

(Shared genome duplication)

Species 2, gene Xb

B. Speciation preceeding genome duplication

Species 1, gene Xa

Fig. 3. Two phylogenetic scenarios

i for the tree topology of duplicated
SpECIES 1’ gene Xb genes X in hypothetical species 1 and
(Independent gene/genome duplication) 2, depending on the relative timing of

] their duplication.A: A shared gene
SpeCIGS 2, gene Xa duplication before speciation results in
trans-specific groupings:
Independent gene duplications (after
speciation) result in grouping of genes
according to species.

(Speciation event)

Species 2, gene Xb

different locations in the least variable segments of thenamed the newly foundeggie-1from goldfishreggie-1b
reggie-land-2 coding region were designed (Table 1). and renamed the previously cloned goldfiggggie-1
The positions of the PCR primers divide most of the (Schulte et al. 1997) aseggie-1a.Failure to amplify
reggie-land -2 consensus sequence into eight amplifi- reggie-1bfrom the zebrafish could be due to an inde-
cation targets (Fig. 2). All primer combinations encom- pendent gene loss in the zebrafish genome or to technical
passing one, two, or up to three of these segments wemrifficulties such as inefficient primer annealing during
tested. The efficiency of the amplifications varied largely PCR amplification.

depending on the primer pair and the type of template New internal, zebrafish-specific primers were de-
used. The strongest and cleanest amplification productsigned (Table 1, Fig. 2) and used on zebrafish cDNA in
of expected sizes were cloned and sequenced. Primeombination with some of the already mentioned degen-
combinations 271-288F/360-384R, 360-384F/568-590Rerate primers, in order to extend the amount of coding
and GF-ReglF/568-590R amplifie@ggie-1 products; sequence for the transcribed zebrafish genes. As a result,
primer combinations GF-Reg2F/193-215R, 360-384F/a total of 1188, 681, and 810 bp of coding sequence were
GF-Reg2R, 720-742F/862-885R, and GF-Reg2F/GFobtained foreggie-1a, reggie-2aandreggie-2brespec-
Reg2R amplifiedreggie-2 products. Alignment of the tively (Fig. 2). In addition, theeggie-1and-2 introns of
amplified sequences identified four and three differentzebrafish and goldfish contribute 243 and 299 bp of
reggiegenes in goldfish and zebrafish, respectively. TWoDNA sequence, respectively.

of the goldfish sequences had been previously reported The new zebrafish and goldfish sequences were
(Schulte et al. 1997), but the other two represent novebligned and compared to otherggiegenes, in order to
reggie-land-2 genes. The three zebrafish sequences arestablish their evolutionary history. Percent aminoacid
novel, one of them homologous teggie-1and the other  similarity between all known representatives of tieg-

two homologous toreggie-2 (Fig. 4). These new se- gie-1and-2 groups are given in Table 2. For both groups
quences represent distinct loci and not alleles becausef sequences, it can be observed ttator “b” genes are
they were isolated from single homozygous fish. Wemore similar between goldfish and zebrafish than to each
designated the four fish genagggie-1a, -1b, -2aand  other within either one species. For instaneggie-2a
-2b, based on their sequence similarity to each other angenes of zebrafish and goldfish are 96.6% similar, while
to reggie-1 genes from other species (Table 2). Wereggie-2aand-2b in zebrafish or goldfish are only 88.3
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A.
Goldfish-reggiela
96/83

10093 Zebrafish-reggiela
: Goldfish-reggie1lb
i \ loss of zebrafish reggie 1b?
E — Rat-reggiel
E 100/100
. —— Human-Reggie1
: Fruitfly-reggiet
i«— (fish genome duplication)

B. E 2

| eme [ Z€brafish-reggie2a

oo —— Goldfish-reggie2a

oo [ Z€brafish-reggie2b
. . Fig. 4. Distance (Kimura’s
— GOldflSh'regg|92b two-parameter) and maximum parsimony
consensus tree géggie-1(A) and
. reggie-2(B) DNA sequences. Fruitfly,
100/10% Mouse'regglez mouse, and human sequences have been
renamed from their originalftotillin”
- H designations to theréggi€’ names used in

1007100 Rat regg|e2 this study (see Results). Trees were

constructed using the neighbor-joining
L Human-Reggiez algorithm. The horizontal lengths of each
branch are proportional to the estimated
. . genetic distance (number of substitutions)
FrUItﬂy-reggle2 between taxa. Bootstrap values (1000
replications) obtained by distance and
parsimony methods are indicated on each
branch, in that order and separated by a

—— 0.05changes .

and 83.5% similar. Thus, the origin o&"and “b” genes  these fish. Alternatively, the novel genes could have
appears to predate the divergence of zebrafish and goldwisen through independent gene/genome duplication

fish. events in each of the two species. An ancestral duplica-
tion is more parsimonious than two independent dupli-

The Duplication of FistreggieGenes in cation events in descending lineages. Phylogenetic

Teleost Genomes analysis of allreggie genes was undertaken to decide

between these two scenarios, based on the resulting tree
The presence of additioneéggiegenes in zebrafish and topologies. If—as expected—the novedggie copies
goldfish, relative to tetrapods, could be explained by aarose in a teleost ancestor, homologmeggiesequences
gene/genome duplication in the common ancestor oshould cluster trans-specifically (Fig. 3A); if they arose
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Table 2. (A) Percent similarity between knowReggie-laminoacid sequences

Drme-1 Mumu-1 Rano-1 Hosa-1 Dare-1a Caau-la Caau-1b
Drme-1 — 59.7 61.3 61.3 63.6 62.2 64
Mumu-1 — — 83 80 68 65 74
Rano-1 — — — 89 73 81 73
Hosa-1 — — — — 74 81 73
Dare-la — — — — — 85 78
Caau-la — — — — — — 88

Caau-1b — — — — — — —

Species are designated by the first two letters of the genus and species name= Mmsophila melanogaster, Raro Rattus norvegicus, Hosa
= Homo sapiens, Dare= Danio rerio, Caau= Carassius auratus.

(B) Percent similarity between knowReggie-2aminoacid sequences

Drme-2 Mumu-2 Rano-2 Hosa-2 Dare-2a Dare-2b Caau-2a Caau-2b

Drme-2 — 63.3 63.2 63.4 65.7 63.6 62 64.2
Mumu-2 — — 99.5 97.9 88.7 78.3 79.2 79.5
Rano-2 — — — 97.7 88.7 78.3 79.4 79.5
Hosa-2 — — — — 89.1 79 79.4 80.2
Dare-2a — — — — — 83 96.1 84.3
Dare-2b — — — — — — 82.2 93.4
Caau-2a — — — — — — — 81.9

Caau-2b — — — — — — — —

Species are designated by the first two letters of the genus and species nhame=rosophila melanogaster, Mums Mus musculus; Rano
= Rattus norvegicus, Hosa Homo sapiens, Dare= Danio rerio, Caau= Carassius auratus.

independently in zebrafish and goldfish, then their seing conserved mapping eéggieandHox genes to dif-
quences would group by species (Fig. 3B). Thus, the treéerent syntenic groups. In humamsggie-2(Flotillin-1)
topology is indicative of the timing of the duplication. maps to 6p2l.3, within the Major Histocompatibility
Distance and Maximum Parsimony methods using fruit-Complex (Mhc) (MHC Sequencing Consortium 1999).
fly sequences as outgroup, agree on the same tree tdhe humanMhc is one of four extense paralogous re-
pologies (Fig. 4A and B). Botheggie-land-2 trees are  gions that map to 6p21.3, 19p13.1, 9933-g34, and 1921-
supported with high bootstrap values and clearly divideg25, independently oflox clusters (chromosomes 2, 7,
fish from mammalian sequences. Within the fish groups,12, and 17). The affiliation dReggie-2wvithin theMhcis
sequences do not cluster according to species, but formn ancient synteny conserved also in the zebrafish (Mi-
instead clusters ofd” or “b” semiorthologous genes chalova et al. 2000). The ancestral linkageredgie-2
(Holland 1999) across species. Therefore, the existencgenes to thdlhcchromosomes, suggests that duplication
of four reggie genes in zebrafish and goldfish is likely events in vertebrate history involved more than jdei
the result of a duplication event in a common ancestor othromosomes, and allows us to extend this assumption to
modern fish, after its separation from the lineage leadinghe fish specific duplications. Humdeggie-(Flotillin-
to tetrapods. Based only on our data, we cannot decid2) does map to adox chromosome (17q12), but very
whether this event was a gene or an entire genome dudistant from theHox B cluster (17g21). This association
plication. However, a whole-genome duplication in theis not representative of an ancestral genetic linkage be-
common ancestor of all teleosts is strongly supported byweenReggieand Hox clusters, because in the fruitfly,
data orHox and other gene families (Amores et al. 1998; neitherReggie-1nor-2 (mapping to chromosomes 1 and
Postlethwait et al. 1998; Naruse et al. 2000!I&¢@- 2, respectively) are linked to the singox complex (in
Trillo and Meyer 2001; Miaga-Trillo et al. unpublished chromosome 3). Thus, the presenceRafggie-1lin hu-
data). Although our data are obviously not sufficient toman chromosome 17 is rather likely to be the conse-
confirm the fish genome duplication hypothesis, they doquence of an independent translocation event.
add experimental evidence in its favor. The Division Teleostei (bony fish) is made up of 38
In the absence of mapping information, our results doOrders. One of these Orders—the Cypriniformes—
not formally rule out the possibility thateggie genes includes the Cyprinidae, the largest family of freshwater
may have duplicated as part of a partial duplication in-fishes to which zebrafish and goldfish also belong (Nel-
volving only Hox chromosomes (as opposed to a wholeson 1994). As these two genera represent only a fraction
genome duplication), However, this can be demonstratedf the genetic and morphological diversity observed in
on the basis of genomic data from other organisms showmodern teleosts, it will be necessary to identify ortholo-



242

*(sS040 & yum payew xoq)T-a1664nin1) ul palsjap si g uox3 ‘sasodind aAireASN||I Ul SBSSO| U0AUI PaUadUGE®Xe( oe|q ‘Sauab Ay pue uewny Ag paleys Sa8sso| UoJiul =Saxoq pal
10} UMOYS AJUo SI I {paAISSU0D-UOU SI T UOX3 'sauab uewny ayl ul suonedo| Buipuodsallod ay) UEBX0q an|q Ag paiuasaidal ale suox3 'sainonas eised g-puet-aibbgenpiaipul ay) Buiubife Ag paurelqo

SsMmore [edilan Aq paredipul ate Apnis Juasald ayl Ul paiiuap! SUOJIUL Ysl 8y "S8SSO| UoJiul diioadsagn salnjonis auab Ainiy pue uewny ayl ‘sauab Apunyy pue uewny jo uoleinbyuod uaLlNd 3yl
-a1bba1 Ajpiniysaxoq uaalb sasso| uoaul oiadsT-aibbal Ajpinyy saxoq abuelo ‘sauab Ajinyy uo paseq *

sauabalfdanneziuefio Uoxa-uoliul 8yl Jo UONIN|OAS 8y} 1o} OLreuads [eanaylodAH g 'Bi4

{5 PU® & *F swelyul Jo ssof}
7 adfay

= -ﬁ_ pue g ‘g "7 SU0IUT Jo SS0}
H
wom I 283y

SUDLUT JO SSO] PAHIUD])

£L
(0T MOIIUL J0 SSOT)
‘ T aifSay
53 I0)sanoy
IULOY SO0 /20 S0}0T ]
resnapodiy

71 2188 ng-0j04



243

‘(g “B14 29s) T-offifial) ul palajap SI Z UOXT SISAfeue Ino JO N0 3| dlam SaLepUNOg g UOX3/T Uohul pue T
uoul/T uoxa ay) ‘sjgelren Ajybiy pue Buipoouou SI T UOXa 82UIS g UOX8 Ul paledo| si saugbalbpan 1els ay ) 's|apul Juasaidal sayseq "uosul ayy Bupjue|) umoys ase suopod paidniiaiul ayi Jo
9ouanbas apnosjonu ayl ‘.z, 10 T, Sl aseyd uonul alaym sased asoyl u| ‘saseyd pue suonedso| uonul Buipnjoul ‘saouanbas Buipod z-pueT-albBa&Iny pue uewny Jo Juswubife pioeoulwy 9 "Bi4

YAYOdINST~—A =—==—==————— MSTAADLTYNISddTOVATILAANLI —————~- NANDDITAIZALIVIAYVAIVYI (TT uox3jul) MNdI 1 oTbbsy suiqg
ADADIVMMITAI (ZT uwoI3jul) MSTAADLIVHASYdTIVITINAISIAM-——--— SNADSTAAIIAAMITIAVYINYYI (1T uoajul) 04T 1 ®1bbay esoH
OVHAS (ZT uwox3lul) YVIAADLINMATIIANNAISTAIOLINVVOIADILOSSAWLINMIVOSTAVVAIVYA (TT uwoxjur) Md1 Z @1bbay suag
VIYTIdYHNA (ZT uox3ul) OSISADLTIAASTITILIIATATIDIANVYOWIOSOSSATLIMNYSLTIADSIAAVA (TT uoxjul) 041 Z o1bbay eson
(g1 uoxm) ( ¢1 uoxd ) (
SHTAINWIVYAD AOMAAHVIWIWIAVAVIOATIIVHYIAVSOIN —-—-——-——-———-— YIYAVAVIVOIILOD e (6 uoxjur) eod MVOVILOTIAY 1 oTbbey auxg
YATATYWIVYVYAD AMOAVAVI TIWIIVAVIOWYATIAVYAYADIN —=——=====—= YIMIAVIAVOVTIADONA b (6 uoajul) ee IOHAVIOOIYHV 1 o1bbay esoH
LATINIAWYY U A TYAVAVINYWOIVAVIVIVVIVAVAVEADYINI (0T WOI3IUI) SHAVAIVAVIWAAYD b —--—————- 'R NYIVTIAWIIN Z oTbbay swiqg
MATTHATOVYIOATOAVIVINVNOAVAVIVIVOIVAVAVADIN (0T uOoXIUI) JASYVAVIVOWITOS b (6 woajzur) ee IAvAVTAATIARA ¢ oTbbay eson
11 uoxd ) ( 0T uoxd ) (
AVAVATIALDLTIEANIOATOSTIIIONIIINATIOT TANY THOY IMVVYOTIXYIOSOYN —————————- VINIZOAANVIOTIAWILNAIIMLALS XM 1 o1bbay suig
AVIVAHIALY ITINAIE TII IOVIAAYIOMMAOAAII AT IIOIINOOTIVOOTIAVIOVAVL (8 uox3jul) MINAIISAVSNOTIIVIMSAVIMILAVWAIN T oTbbay esoH
AVAYINY I LVETININUNI A0IOAVI HOLIIIANADWO TN TIOAINYY —————————— OTIAYHAVAVIMLOATAAAVY NN TIIAIOVIVIALANTII Z a1bbay swiqg
AVAYIMIAIVITINTIIVI ZOTOAVAOOTIIANDADAGOITIIOONINVA (8 uoajur) OTOAVIAVOVHYINATIIAAVYMNTIAQIOVIVWIAIASTAO Z o1bbay esoH
6 uoxdg ) ( g8 uoxdg

AQWYSMEDAVE —---—————--— YIDVAUNVAVADVAVAIIAAVILOVIDTSYIAOAQAAANd —-————————-— MILASTIAIOWIDAAAYYATIATYVA 1 o1bbey auag
AQTWEMMOAVE (L uox3jul) YIDVAYAVIAVADIAVAIDAAVIOLADISSTAAAMAAAA (9 uwoxjzul) MIILJISTITZIOWIDAAAVVATIATIVI 1 oTbbay eson
YYWAOHAYIVE —-———====== MIHVAIVAVAD TIVAIMAIVIAVHOTISYTAD (9 uoxjul) IIAAGYTANILASAALIOWNYIASSVATINDONSA Z 91bbay swiqg
YSAMIONYMVE (L UoIIUI) JYIOVAUNVAVIADIAVANOAOVIYVIOISHTIAA (9 uox3jul) OAAHIANTLASAASIOWNATASSYANIADISA Z °Tbbay esoH

) ( L uoxdg ) ( 9 uoxd
OQUAMAAIIALIL b (g uwoxjur) b TIVITHOITIOTILOMIIAMASIOTIOISYIOTIAAY—- (¢ uoxijur) MWIMOOVADIALT 1 a1bbay asuag
OQUADAIOIALTIL Bbb (g woxjzur) 6 TISUTHOTTLOTAANMIAOANMOTIOTDVAVITAMT--IWIMA ($ uoajur) OVADIALT 1 oTbbay eson
MAAMAIE  —mmmm e IALWSOWIVIOHOITIANTYIHNIAVASHOTIOIOVI~TINAANOOOANMA =—========= OVIOIASI Z oTbbsy swiqg
MOMAMAIE (¢ uoajur) IALWHYWIVIOHO A TLATYIHVI AVALID TIANOOVYY -~ THWANNOOO I MA ($ uoazur) OVIODIASI ¢ °o1bbsy esog

) ( G uoxd ) (
dADOSLIANTDWANTINANIST © ——=——==—=—- b0 DAQIATMMYMYMOOATILIMALSOIDD 3Ip ————m==—mm b gINtctrrrrreee 1 oT1bbsy suiqg
YADAVIAAQEIDIIOTIINIATISI b (€ uwoajzur) be DILASIOMMUYMYMOODIAXOMAASDODD bbb (g uwoazui) b SAANTYINIODALHON-OW T oTbbay esoH
dADOSLAADISHNDTININTISI e (€ uoajul) bo OADODAIMAIVIDDIA--TIINWADD bbb (Z uwoazur) b SAANTYVAINIDOIAIOMIW Z oTbbay sua
dADHULAAMASIANTILTINISI b (€ uoajui) be OIDOIDITAIAYDOVA--WAAASHOA 3Ib (Z uwoazur) b SAAWVINIDOLII-——-KW Z oTbbay esoH

§ uoxd ) ( € uoxd ) ( Z uoxd )



244

gousreggie genes in other teleost families to confirm in reggie-2(Fig. 5, indicated by vertical arrows). In all
that the duplication of these genes occurred in a bonyases, intron locations and phases are conserved between
fish ancestor. human and fish introns (Fig. 6). The presence of introns
6 and 8 in fishreggie-1and -2, respectively, is shared
with human but not with fruitfly genes, supporting the
Evolution of the Intron-Exon Organization of notion that these introns are ancient and that they were
reggieGenes lost in the lineage leading to invertebrates.
Using introns as cladistic characters, we attempted to
All goldfish and zebrafish sequences reported here wereeconstruct the evolutionary patterns of the intron loss in
amplified from cDNA. In addition, goldfistreggie-1b  reggie genes, based on the intron-exon structure of hu-
and-2b, as well as zebrafisheggie-2acould be partially man and fruitfly genes. We assume that the origin of
amplified from genomic DNA, uncovering the existence reggie-1and -2 predate the split between protostomes
of at least five introns in the upstream half of these genesand deuterostomes (see phylogeny in Fig. 1), and that
A 98 and a 145 bp intron ineggie-1;and an 84, a 92, independent loss of introns is more parsimonious than
and a 123 bp irreggie-2(genomic sequences from the their independent gairlReggie-land-2 must have orig-
downstream half of fislreggie genes could not be am- inated in a common ancestor of protostomes and deu-
plified due to technical limitations). The degree of con- terostomes, from the duplication of @oto-reggie-1/2
servation in length, and location and phase between theggene with 13 exons; a subsequent loss of intron 10 oc-
fish introns and those of other organisms could not becurred in thereggie-2gene of this hypothetical ancestor,
immediately evaluated because the intron-exon strucas this loss is shared by human and fruitfggie-2
tures of otherreggie genes were not previously de- genes. After the split between protostomes and deutero-
scribed. Nevertheless, recent data from genome sequenstomes, the lineage leading to the fruitfly underwent the
ing projects (records unpublished but available at http:/iconcerted loss of introns 7, 8, and 9 in boglggie-1and
www.ncbi.nlm.nih.gov/Genomes/) provide extensive-2 genes, as well as the loss of introns 3, 6, and 12 in
information on the intron-exon structure of human andreggie-1and 4, 5, and 9 imeggie-2(Fig. 5). In addition,
fly reggie genes. We used this information to find out fruitfly reggie-1appears to have lost exon 2 (Fig. 6).
whether the partial gene structure of the fish genes ob- Much remains to be learned about the functional fate
tained here corresponds with that of human and fruitflyof the novel genes identified in this study. Our survey
genes, as well as to learn more about the mechanismecovered the presence of duplicatedigie transcripts
driving their intron evolution and gene structure. in two- to three-day-old zebrafish embryos. We are cur-
We compared the cDNA and genomic sequences ofently examining their developmental expression pat-
human and fruitflyreggie-1and-2 genes (see Materials terns in zebrafish, and assessing their role in axon
and Methods for accession numbers) and inferred thgrowth/regeneration and T-cell activation. A particular
size and location of introns relative to the reading framearea of interest remains the question whether all four
In contrast to their high degree of DNA sequence con+eggiegenes of fish are expressed simultaneously in one
servation, human and fruitflyeggie genes differ greatly microdomain, or rather in a combinatorial manner, as
in their intron-exon organization, fruitfly genes having subsets that define distinct microdomains with different
fewer introns than their human counterparts (Fig. 5).signaling properties, resulting in the development of
Alignment of fruitfly and human coding regions shows novel regulatory interactions absent in mammals. The
general conservation of intron-exon boundaries and inpossible effects of these changes on axon growth/
tron phases (Fig. 6). Except for two minor sliding eventsregeneration could hold much awaited answers about the
(at intron 4 and possibly at intron 10), the locations of all developing nervous system of vertebrates and its inabil-
fruitfly introns correspond to those of the human ones.ity to regenerate neurons at the adult state.
The use of human and fruitfly sequences for the com-
parison allowed us to identify shared (ancestral) intronAcknowledgments. This work was supported by grants from the Min-
positions and phases for nine out of the 11 introns anaisterium fir Wissenschaft und Kunst of Bgden‘-anberg to C.S._
lyzed. The difference in the number of introns between2"d A-M. and from the DFG to A.M., and is the result of an ongoing
. . . collaboration between the Stuermer and the Meyer laboratories.
the two organisms is therefore likely to be the result of
loss of introns in the lineage leading to fruitflies rather
than the gain of introns in the lineage leading to humans.
The latter scenario is non-parsimonious because it wouldReferences
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