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CAPITOL ||

En aquest capitol, 1) es recull la caracteritzacié molecular de I'alcohol deshidrogenasa de classe 3 de
dues espécies de cefalocordats (Branchiostoma lanceolatum i Branchiostoma floridae). 2) S’estudia la
variabilitat genética d’aquests gens a nivell codificant. 3) Es determina I'activitat enzimatica enfront
diferents substrats, confirmant que es tracta d’una tipica ADH3. 4) S’analitza el grau de conservacio
estructural de la proteT na, comparantla amb altres a nivell evolutiu. 5) L’analisi Southern indica que
I’ADH3 és un gen de copia Unica localitzat en la fraccié metilada del genoma de I'amfiox. 6) Finalment,
s’analitza el patr6 d’expressid per hibridacio in situ durant el desenvolupament embrionari de B.

floridae, revelant un patr6 especific en I'intesti que contrasta amb el patr6é ubic descrit a mamifers.
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Amphioxus alcohol dehydrogenase is a class 3 form of single type and of
structural conservation but with unique developmental expression

Cristian Caiiestro', Lars Hjelmquist'?, Ricard Albalat’, Jordi Garcia-Fernandez', Roser Gonzalez-Duarte' and

Hans Jornvall?

"Departament de Genética, Facultat de Biologia, Universitat de Barcelona, Spain; *Department of Medical Biochemistry and Biophysics,

Karolinska Institutet, Stockholm, Sweden

The coding region of amphioxus alcohol dehydrogenase class 3 (ADH3) has been characterized from two
species, Branchiostoma lanceolatum and Branchiostoma floridae. The species variants have residue differences
at positions that result in only marginal functional distinctions. Activity measurements show a class 3
glutathione-dependent formaldehyde dehydrogenase, with k.,/K,, values about threefold those of the human
class 3 ADH enzyme. Only a single ADH3 form is identified in each of the two amphioxus species, and no
ethanol activity ascribed to other classes is detectable, supporting the conclusion that evolution of ethanol-active
ADH classes by gene duplications occurred at early vertebrate radiation after the formation of the amphioxus
lineage. Similarly, Southern blot analysis indicated that amphioxus ADH3 is encoded by a single gene present in
the methylated fraction of the amphioxus genome and northern blots revealed a single 1.4-kb transcript. In situ
experiments showed that amphioxus Adh3 expression is restricted to particular cell types in the embryos.
Transcripts were first evident at the neurula stage and then located at the larval ventral region, in the intestinal

epithelium. This tissue-specific pattern contrasts with the ubiquitous Adh3 expression in mammals.

Keywords: amphioxus; ADH3; biochemical properties; in situ hybridization; methylation.

Alcohol dehydrogenase/aldehyde reductase (EC 1.1.1.1) was
one of the first mammalian enzymes crystallized [1]. It was
initially described as a liver protein, but is now known to belong
to a complex enzyme system [2] with extensive multiplicity
within the medium-chain dehydrogenase/reductase (MDR)
family, which includes hundreds of characterized forms [3].
Different classes and isozymes have emerged from repeated
gene duplications during vertebrate evolution [2]. In mammals,
at least six different alcohol dehydrogenase classes are
presently known [4,5], of which five have been characterized
in human tissues. Of these classes, 1 and 3 are the ones best
investigated and also the ones best known in species variants.
The class 1 enzyme (ADH1) is the classic ethanol-active form,
evolves rapidly and exhibits a considerable variability between
different species [6]. The ADH3 form, identical to glutathione-
dependent formaldehyde dehydrogenase [7], is present in
prokaryotes and in all eukaryotes thus far investigated. The
expression of ADH3 in mammals is ubiquitous, with transcripts
found in all tissues analyzed [8] and increased protein levels in
the large intestine, liver, and kidney [9]. It is apparent in
mouse embryogenesis already by 6.5 days post-coitum and
continuously nearly ubiquitously through 9.5 days post-coitum
[10]. This transcript distribution pattern would be consistent
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with its proposed housekeeping role in cytoprotection by
metabolism of formaldehyde [11]. Other vertebrate ADH
classes, such as the liver enzyme of class 1, show more
restricted expression at the tissue level and at different
developmental stages. ADH3 exhibits little variability, both
overall and in functional segments [6], compatible with a
defined role in formaldehyde oxidation. Class 3 appears to be
the ancient form from which class 1 has emerged by
‘enzymogenesis’ [12] via a gene duplication at early vertebrate
times, as deduced from an apparent absence of an ethanol-
active class 1 form in lines originating before bony fish [13],
the presence of a class 1/3-mixed form in fish [14], and
calculation of the evolutionary rate [15]. Nevertheless, no data
have been gathered at the level of amphioxus or other species
relevant to the origin of vertebrates. In this regard, cephalo-
chordates are particularly interesting as they are the closest
living relatives of vertebrates. This is supported by ribosomal
RNA and mitochondrial DNA sequence analysis, together with
much anatomical and embryological data [16—19]. Moreover,
cephalochordate gene complexity and body plan organization
have led to the assumption that lancelets are ‘archetypal’
organisms [20,21]. There are several examples where single
copy genes in amphioxus are orthologous to gene families in
vertebrates [21]. We now report the protein and nucleotide
coding sequence of amphioxus alcohol dehydrogenase (protein,
ADH3; gene, Adh3) and describe its biochemical features.
ADH3 is encoded by a single copy amphioxus gene in the
methylated genomic fraction. Adh3 expression analyzed by
whole-mount in situ hybridization shows a tissue-specific
pattern during embryogenesis, contrary to the situation reported
for vertebrates. Overall, these data show that not only gene
duplications but also variations in the gene expression may have
occurred at the origin of vertebrates.
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MATERIALS AND METHODS

Genomic DNA and library screenings

Branchiostoma lanceolatum animals were kindly provided by
the Laboratoire Arago (Observatoire Océanologique de
Banyuls-sur-mer, France). The animals were kept at —70 °C
until used. Total genomic DNA was isolated using the
guanidine isothiocyanate method [22] with minor modifications
[23]. A two-animal B. lanceolatum genomic library was
constructed with Lambda FIX-II/Xhol partial fill-in vector. A
cDNA library of B. floridae 6—-20 h embryos in Lambda Zap 11
was kindly provided by J. Langeland (Dept of Biology,
Kalamazoo College, MI, USA) [24].

Degenerate oligonucleotides were designed to amplify a
Drosophila genomic fragment of the Adh3 gene [25] and this
fragment was used to screen the B. floridae cDNA library. The
probe was labeled with [a->?P]dCTP by random-hexamer
priming. A low stringency hybridization was carried out in
phosphate/SDS solution [26] at 55 °C overnight. Washes were
performed at 55 °C for 2 x 15 min in 2 x NaCl/Cit, 0.1%
SDS, and 1 x 15 min in 1 x NaCl/Cit, 0.1% SDS. Positive
clones were isolated and characterized by sequence analysis.
The B. floridae ADH3 cDNA was then used as a probe to
screen the B. lanceolatum genomic library. Hybridization and
washes were performed as mentioned above but at 65 °C. DNA
fragments from positive recombinant phages were isolated,
subcloned into a pUC18 vector, characterized by restriction
mapping and sequenced. The B. lanceolatum ADH3 coding
sequence was deduced from the corresponding genomic
structure.

Protein purification and characterization

B. lanceolatum adults (50 g) were homogenized in 200 mL
buffer of 10 mm Tris/HCI, pH 8.0, and centrifuged at 20 000 g.
The supernatant was adjusted with Tris base to the pH of the
buffer and loaded onto a DEAE Sepharose FastFlow column
after dilution to reduce the conductivity. The column was
washed, and then eluted with a 600 mL gradient of 0—0.5 m
NaCl in the buffer. The most active fractions were pooled, Tris
was added to 50 mM, and ammonium sulfate to 1.7 M. After
centrifugation, the supernatant was loaded onto a Phenyl
Superose High Performance column and eluted with a gradient
of 1.7-0 M ammonium sulfate in 50 mm Tris/HCI, pH 8.0. The
enzyme, recovered in the latter part of the gradient, was
dialyzed overnight against 20 mm Tris/acetate, pH 9.0, and
submitted to fast protein liquid chromatography (FPLC) on
Mono Q in this buffer with a 0-0.5 m NaCl gradient. All
buffers contained 0.1 mm dithiothreitol and all steps were
carried out at 4 °C. Protein quantification during purification
used the Bradford method [27], and enzyme activity was
monitored by NAD™ reduction with S-hydroxymethylgluta-
thione as substrate [7]. Protein purity was analyzed by SDS/
PAGE with Coomassie brilliant blue staining and by isoelectric
focusing with Nitro blue tetrazolium/phenazine methosulfate
activity staining.

Enzymatic activities were tested at 25 °C by monitoring
NAD™ reduction measured at 340 nm. K,, and k., values
were determined at pH 8.0 in 0.1 M sodium pyrophosphate
(with S-hydroxymethylglutathione and NAD™) or at pH 10.0 in
0.1 M glycine/NaOH buffer (with 12-hydroxydodecanoate and
octanol). Constants were calculated with the program ENZYME
[28], and k., values are given per dimer. Protein molecular
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masses were analyzed by matrix-assisted laser desorption
time-of-flight mass spectrometry with a Lasermat 2000
instrument.

Southern blot analysis and methylation pattern

Total genomic DNA from a single B. floridae animal was
isolated as given above. 10 pg of Hpall-digested or Mspl-
digested DNA were resolved on 0.9% agarose gels and trans-
ferred to nylon membranes. Southern blots were hybridized
with three *?P-labeled probes: 750 bp of the 3’ end of the
AmphiMLC-alk cDNA [29], a cDNA fragment corresponding to
exons 2 and 3 (221 bp from nucleotide position 53-274) and
a 345 bp EcoRI genomic segment containing exon 8 of
B. floridae Adh3. Hybridization was performed in phosphate/
SDS solution [26] at 65 °C overnight and washes were at 65 °C
as for the genomic library screening.

Northern blot analysis

For northern blot analysis, total RNA from adult B. lanceolatum
animals was isolated by the guanidinium thiocyanate method
[30]. Poly(A)Jr RNA was purified using oligo (dT)-cellulose
type 7 matrix, resolved by 1.2% agarose/formaldehyde gel
electrophoresis, and transferred to nylon membranes. Northern
blot hybridization was performed in phosphate/SDS solution
[26] at 65 °C overnight with B. floridae **P-labeled cDNA
probes of Adh3 or of the 750-bp 3’ end of the AmphiMLC-alk
[29]. Washes were at 65 °C as for the genomic library
screening.

Whole-mount in situ hybridization

B. floridae embryos were collected, fixed, and stored [31].
Whole-mount in situ hybridization was performed as described
[31] with minor modifications. Treatment with glycine and
acetic anhydride/triethanolamine was omitted, hybridization
buffer was as in [32] and at 55 °C. Embryos were washed in
4 x NaCl/Cit, 50% formamide, 0.1% Tween 20 (3 x 30 min,

Fig. 1. Purified B. lanceolatum alcohol dehydrogenase class 3. Left:
activity stainings with octanol (lane 1) and S-hydroxymethylglutathione
(lane 2) after isoelectric focusing. Right: Coomassie brilliant blue staining
after SDS/PAGE of protein markers (lane 3) and the purified enzyme
solution (lane 4).
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55 °C); 2 x NaCl/Cit, 50% formamide, 0.1% Tween 20
(3 x 30 min, 55 °C); 2 x NaCl/Cit, 0.1% Tween 20 (5 min,
room temperature); followed by RNase treatment and
3 x 5 min NaCl/P;, 0.1% Tween 20 washes. A 1354 bp clone
containing the complete Adh3 coding sequence (GenBank
accession number AF154331) was used as a template to
obtain the sense and antisense digoxygenin (DIG)-labeled
probes, synthesized following the kit supplier’s instructions
(Boehringer Mannheim DIG RNA Labeling kit) and was
used hydrolyzed without previous DNAse I treatment. After
the labeled lancelets had been photographed as whole
mounts under the microscope, they were dehydrated through
an ethanol series and embedded in Spurr resin. Serial sections
(3 wm each) were cut with glass knives and mounted in
immersion oil.

RESULTS

Cloning and sequence analysis

A Drosophila Adh3 probe, constructed as described in
Materials and methods, was used to screen the 6-20 h embryo
B. floridae cDNA library. After re-screenings, three strongly
hybridizing clones were selected for sequence analysis.

All three clones contained the full-length coding region but
differed in the lengths of the 5’ ends. The longest clone
(deposited in GenBank, accession number AF154331), with a
total length of 1354 bp, 16 bp in the 5’-nontranslated region,
1131 bp in the coding region (corresponding to 377 amino-acid
residues), and 187 bp to the start of the poly(A) tail, was used
as a reference for further analysis. In the coding region, the
three clones differed by 27 synonymous substitutions (data not
shown) and six nonsynonymous substitutions corresponding to
Val23 — Glu, Lys33 — Arg, Prol93 —Ser, Ala283 — Ser,
Glu359 — Gln and Arg362 — Gln. Further heterogeneity at
the 3’ nontranslated region was also observed. The 1354 bp
B. floridae clone was used to screen a B. lanceolatum genomic
library. Phages containing the Adh3 gene were isolated and
the corresponding coding region was deduced (deposited in
GenBank, accession number AF156698-AF156708). The
B. lanceolatum Adh3 coding region spanned over 9.5 kb and
was organized in 11 exons. Exon—intron boundaries were
largely conserved when compared with those of mammalian
Adh genes. B. lanceolatum and B. floridae ADH3 protein
sequences are 91% identical. Versus the human and Drosophila
ADH3, they are 75% and 76% identical, respectively.
Interspecies (B. lanceolatum vs. B. floridae) and intraspecies
(B. floridae) amino-acid variability does not include the
substrate-binding or the coenzyme-binding positions [33,34].
Noticeably, these amino acids are highly conserved in other
known ADH3 enzymes and so also in the Amphioxus variants.
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Fig. 2. Methylation status of Adh3 gene in amphioxus. Lanes 1 and 2:
fragment patterns obtained after digestion of total genomic DNA from a
single B. floridae animal with Mspl and Hpall, respectively. Lanes 3-8:
Southern blots which were hybridized with AmphiMLC-alk gene (lanes 3
and 4) and Adh3 gene: exons 2 and 3 (lanes 5 and 6) and exon 8 (lanes 7
and 8). Lanes 3, 5, 7, digestion with Mspl. Lanes 4, 6, 8, digestion with
Hpall.

Only one difference is found in these segments when the
amphioxus form (Phel42) is compared to the human form
(Tyr140).

Protein purification and enzymatic characterization

Class 3 alcohol dehydrogenase was purified to apparent
homogeneity in batches (50 g) from B. lanceolatum whole
animals by a three-step chromatographic procedure involving
DEAE-Sepharose, Phenyl-Sepharose, and Mono Q FPLC,
as given in Materials and methods. Final purification was
1400-fold in a yield of 25% and with a specific activity
with S-hydroxymethylglutathione of 8.9 U-mg~! (Table 1). The
crude homogenate suggested the presence of only one alcohol
dehydrogenase corresponding to the class 3 form, as only one
band staining with octanol and formaldehyde-glutathione was
resolved after iso-electric focusing (Fig. 1). No ethanol activity
could be detected in the crude homogenate, directly or after
attempts to induce ethanol-metabolizing enzymes by incubation
of living animals in 1% ethanol for 15 h before homo-
genization. The purified class 3 enzyme exhibited, like the

Table 1. Purification of ADH3 from B. lanceolatum. Activities refer to S-hydroxymethylglutathione, measured at pH 8. Starting material, 50 g of whole

animals.

Total protein Enzyme activity Specific activity Purification Yield
Step (mg) o) (Umg ) (fold) (%)
Crude extract 379 2.39 0.00631 1 100
DEAE Sepharose 62 1.75 0.028 4 73
Phenyl Sepharose 1.4 1.31 0.94 150 55
Mono Q FPLC 0.067 0.59 8.9 1400 25
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Fig. 3. Northern blot analysis of B. lanceolatum. 20 ng of total RNA
(lane 2), 1 pg and 3 g of poly(A)" RNA (lanes 3 and 4) were transferred
and hybridized with the Adh3 probe. Hybridization on the same membrane
containing 20 pg total RNA with the AmphiMLC-alk probe (lane 1) was
used as a control. Transcript size is indicated for Adh3 (1.4 kb) and for
AmphiMLC-alk (1.0 kb).

human form [35], only a weak ethanol-oxidizing activity and
was unsaturable with ethanol concentrations up to at least 1 M.
The combined results are compatible with a single class 3
alcohol dehydrogenase, and with an absence of class 1 forms in
amphioxus. The final preparation showed a single band upon
SDS/PAGE (Fig. 1). The molecular mass was estimated from
SDS/PAGE to be 39.5 kDa. Mass spectrometry gave a value
of 40 097 Da (calculated value for the acetylated protein chain
without initiator methionine is 40 079 Da). The kinetic
parameters (Table 2) were examined under conditions allowing
comparisons with those obtained for other class 3 forms. The
kea/ Ky ratio with the basic formaldehyde dehydrogenase
activity typical of class 3 is higher than for the human enzyme,
and rather like that for the Drosophila form but overall values
are related for all class 3 enzymes [11,13,34,36], corroborating
conserved biochemical features of this enzyme in different
animal lines.

Methylation status of the Adh3 gene

To assess the methylation status of the Adh3 gene the patterns
of the restriction fragments generated by the methylation-
sensitive enzyme, Hpall, and the methylation-insensitive
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isoschizomer, Mspl, were compared. For the Hpall digestion,
most of the DNA was cleaved to a heterogeneous mixture of
fragments resolved by electrophoresis, while an apparently
undigested fraction remained at the top of the gel. This high
molecular mass component was not devoid of Hpall recogni-
tion sites (CCGGQG) as it was largely removed by digestion with
Mspl (Fig. 2, lanes 1 and 2). Most likely this fraction was not
cut by Hpall because of CpG methylation. To evaluate the
efficiency of the DNA digestion, Southern blots were
hybridized with a probe of the AmphiMLC-alk gene, which
belongs to the nonmethylated fraction [37]. Full digestion could
be deduced from the identity of the Hpall and Mspl restriction
patterns (Fig. 2, lanes 3 and 4). The Adh3 methylation status
was mapped across the gene using as probes fragments of exons
2 and 3, and exon 8 of the gene (see Materials and methods).
The probes hybridized to the fully methylated sequences of
the Hpall unrestricted high molecular weight fraction of
amphioxus DNA (Fig. 2, lanes 6 and 8), which suggests that
the 5’ and 3’ flanking regions were methylated.

Expression analysis of the amphioxus Adh3 gene

Expression of the amphioxus Adh3 gene was analyzed in
the adult stage (Fig. 3) and in early embryonic development
(Fig. 4). A single transcript of = 1.4 kb was deduced from the
isolated cDNAs from embryo libraries and from the northern
analysis. Adult Adh transcripts could only be detected in RNA
poly(A)" preparations, due to the relatively low abundance of
the Adh3 mRNA, in contrast to other highly transcribed
genes, that is, AmphiMLC-alk (Fig. 3, see lanes 1 and 2 for
comparison).

The earliest expression of the amphioxus Adh3 gene was
detected in the posterior endoderm of the neurula (12 h
embryo) (Fig. 4B). Posterior elongation of the body continues
at the end of neurulation, and embryos undergo the morpho-
logical changes that generate the larval body. At 24 h post-
fertilization, the main expression domain was located beyond
the branchial anlage and restricted to the posterior portion of
the developing gut (Fig. 4C). At the later stages leading to the
swimming larvae, the body grows at the posterior end, and
the Adh3 expressing cells are then situated far anterior of the
caudal fin. When the mouth opens, at 36 h, the continuous
signal of amphioxus Adh3 seems to be interrupted by a small
portion with less staining intensity, which corresponds to a
small enlargement of the digestive lumen, splitting the

Table 2. Enzymatic properties of different forms of class 3 alcohol dehydrogenases. Values are from this work, B.lan. (B. lanceolatum), or from the

literature [11,12,34,36]. HMGSH, S-hydroxymethylglutathione; 12-HAD, 12-hydroxydodecanoate. K,,, in mM; k., in min_l; keo/K,, in min~ -mm L
[ 1 ydroxymethylg ydroxy m cat ca!Kin

1

Substrate B.lan. Human Drosophila
HMGSH Kn 0.0044 0.004 0.006
(pH 8.0) keat 680 200 960

kead Kin 150 000 50 000 160 000
12-HDA Kn 0.090 0.060 0.04
(pH 10.0) keat 680 170 840

kea Kin 7600 2800 21 000
Octanol K 0.49 1.2 0.51
(pH 10.0) keat 740 220 1300

kea Kin 1500 180 2500
NAD* K 0.011 0.009 0.13
(pH 8.0)

? This value was determined at pH 10 with octanol as substrate.
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Fig. 4. Spatiotemporal expression of Adh3 during B. floridae development visualized by whole-mount in situ hybridization. (A) 6 h amphioxus embryo
at the gastrula stage. (B) Lateral view of 12 h neurula. (C—G) 24 h, 36 h, 48 h, 60 h and 6-day-old larvae. All larvae are positioned with anterior to the left
and with dorsal to the top. (H) Higher magnification view of the 6-day larvae showing in detail the expression in the presumptive intestine interrupted by a
nonstained region (arrowhead). (I) Transverse section through the stained region showing the signal confined to the gut. a, archenteron; e, eye spot; i,

intestine; n, notochord, p, polar body.

expression pattern into two parts, where the anterior one is the
largest (Fig. 4D). This expression-free zone could correspond to
the region where the mid and hind guts meet, the ilio-colonic
ring of adult animals. The same pattern of expression has been
reported for the AmphiNk2-2 putatively involved in regiona-
lization of the digestive tract along the anteroposterior axis
[38]. At 48 h and 60 h of development, the body has been
completely elongated posteriorly and the expression pattern is
maintained in the middle part of the body (Fig. 4E,F). No other
sites of expression were detected in later larvae (Fig. 4G,H).
Transversal sections at the level of the stained region showed
the expression to be confined to the intestinal epithelium
(Fig. 4I).

DISCUSSION

ADH3 relationships and properties

The knowledge of the structural and enzymatic properties of
amphioxus ADH is important for the understanding of both this
enzyme and the ethanol-active class 1 type of liver ADH.
Previous data have suggested that many changes occurred at
early vertebrate times, which involved a set of gene dupli-
cations [2] and an enzymogenesis of the ethanol activity [12].
These relationships can now be further evaluated. Observations
on the functional and structural data of amphioxus ADH
establish three overall relationships.
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Fig. 5. Patterns of conservation and variability for ADH3 shown as a schematic representation of the residue conservations along the polypeptide
chains. Strictly conserved residues are shown as black vertical lines, highly conserved residues (> 90%) as gray lines and the remaining positions as yellow.
Green areas denote variable segments corresponding to those defined in [6] (black horizontal bars, V1a-c of class 1 and V3a,b of class 3). The figure is based
on an alignment with CLUSTAL X [41] of ADH3 sequences from human (accession number P11766), Uromastix (P80467), cod [ (P81601), hagfish (P80360),
B. floridae, B. lanceolatum, D. melanogaster (P46415), octopus (P81431), C. elegans (Q17335), pea (P80572), S. cerevisiae (P32771) and E. coli (P25437).
Positions are numbered according to the human enzyme. The arrow indicates a residue strictly conserved when the amphioxus sequences are excluded from

the alignment.

One is the functional constancy of class 3 activities
(Table 2). The amphioxus enzyme links the previously
characterized mammalian forms with the still earlier yeast,
insect and plant forms, and shows that, within a factor of about
three, enzymatic values are constant from insects, via
amphioxus to the human enzyme (Table 2). Significantly, the
amphioxus values are close to those of the Drosophila enzyme,
in which a Tyr51—Phe substitution was suggested to contribute
to a weakened coenzyme binding and therefore an increased
kear value [6]. In relation to the human enzyme, the amphioxus
structure shows conservation not only of Tyr51 but also of the
other residues ascribed coenzyme-interacting functions as
deduced from crystallographic studies [33,34,39]. These
apparent contradictions suggest that the differences in k.,
values can be derived from remote changes at ‘nonfunctional’
positions as concluded also for the cod isozyme differences
[40].

The second is the fact that the amphioxus enzyme is a class 3
form. No evidence for more than one gene or for other ADH
forms were detected. The Southern analysis (Fig. 2) is
compatible with a single-copy gene and so is the finding of
only a single octanol-staining band in isoelectric focusing
gels of crude B. lanceolatum homogenates. Although three
B. floridae cDNAs were isolated, most of their differences (27
out of 33) are synonymous substitutions, and of the non-
synonymous replacements, four of six affect variable positions
shared with B. lanceolatum. These observations are compatible
with allelic variability as the explanation for the B. floridae
differences. No ethanol dehydrogenase activity could be
detected using a standard spectrophotometric assay, not even
after attempts at inducing such an enzyme with ethanol in the
living animal. Hence, all data are compatible with a parent
nature of class 3 in relation to the later vertebrate ADH
radiation. It is also well illustrated in other multigene families
that duplication events in the vertebrate lineage have originated
after the divergence of lancelets and that therefore only a single
gene member may be present in the cephalochordate line [21].
In agreement with this, we now only find one ADH3 in
amphioxus; no evidence of a class 1 form has been gathered.

The third relationship is the structural constancy of class 3
ADH. Inclusion of the amphioxus enzyme in comparisons of all
class 3 forms known, from prokaryotes, fungi, plants via
amphioxus to vertebrates, reveals that no less than one third of
the positions are invariant, more than 45% exhibit only limited
variability. This is within the range of similarity for proteins
with a conserved function, compatible with the defined
metabolic role for ADH3, in formaldehyde detoxification.

The conservation pattern is not uniform along the protein
chain. Previous comparisons have suggested that the ADH3

variability is concentrated to two segments at the surface of the
molecule, well apart from the active site and subunit
interactions [6]. Addition of amphioxus to the comparisons
(using the program CLUSTAL X [41]) now shows the pattern with
two variable ADH3 segments (indicated as V3a and V3b and
marked green in Fig. 5) to be uniform among all chordates. In
contrast, the variable segments of the class 1 enzyme (Vla—c),
which are near the substrate-binding pocket and participate in
subunit interactions, are among the most conserved parts of the
class 3 molecule, clearly showing the differences in pattern
among the classes of ADH, and linking those differences
to functional differences. The addition of the amphioxus
sequences introduces a single substitution at an otherwise
conserved position, Pro58, where a serine is found in both of
the two lancelet ADHs. Although Pro58 is adjacent to Asp57,
which is crucial for S-hydroxymethylglutathione binding [42],
this proline substitution would not prevent substrate recog-
nition, as deduced from the human class 3 tertiary structure [39]
and supported by our enzymatic data. Thus, the B. lanceolatum
enzyme is highly active with S-hydroxymethylglutathione,
12-hydroxydodecanoate and octanol.

Methylation status of the Adh3 gene

A typically invertebrate methylation pattern has been reported
for amphioxus [37]. The major genomic fraction comprises
long domains of nonmethylated DNA interrupted by a minor
portion made up of long stretches of heavily methylated DNA.
This pattern differs from that of vertebrates, vastly methylated
in most cell types. A classic view of genome organization links
DNA methylation to gene regulation, whereas genes with a
housekeeping role would not be methylated. In accordance with
this view the amphioxus Adh3 gene is methylated and shows a
tissue-specific expression. However, a housekeeping role for
ADH3 could not be ruled out only on the basis of the
methylation status, as several housekeeping genes in amphioxus
are methylated [37].

Unexpected Adh3 expression pattern in amphioxus,
suggestive of a unique ADH role in differentiation

Northern blot analysis revealed a single B. lanceolatum ADH3
transcript. This is similar to the situation reported for
Arabidopsis, Drosophila, and mouse but dissimilar from the
situation reported in the human system where two transcripts
have been described [8]. Our in situ hybridization analysis
revealed that Adh3 expression was restricted to particular cell
types, mainly in the presumptive gut, in embryos as well as in
late free-swimming and feeding larvae, which already show a
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basic body plan essentially identical to that of the adult animal.
This result is in clear contrast with the ubiquitous class 3
expression reported in vertebrates. This difference is still more
surprising if the previously proposed housekeeping role of
ADH3 is considered.

Two possible scenarios would explain the differential
expression patterns observed. One is that expression in the
common ancestor of vertebrates and cephalochordates could
have been restricted to particular cell types, as it now appears to
be in amphioxus, and extension to all tissues could then have
been acquired later, possibly linked to the subsequent gene
duplication events and to the acquisition of new functions in
the ADH family. Alternatively, the other scenario is that the
original expression would have been widespread but that
lancelet expression pattern of ADH3 later gained some unique
traits, although lancelets retained many of the primitive
chordate developmental features. In either case, the present
expression analysis shows a unique pattern and suggests an
interesting regulatory role for ADH3 in embryonic develop-
ment. The proposed role of ADH3 as a housekeeping gene may
need to be re-evaluated in view of the present data. The viability
and fertility described for Drosophila homozygotes with the
null allele Fdh™¢! [43,44], and the null mutant mice generated
by gene targeting [45], further emphasize this point.
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capiToL ([

En aquest capitol, 1) es caracteritza I'estructura génica de I’Adh3 en dues espécies de cefalocordats
(Branchiostoma lanceolatum i Branchiostoma floridae) i en una espécie d’urocordat (Ciona intestinalis).
2) Es determinen les taxes d’evoluci6 de I’ADH3 i I’ADH1 en el regne animal. 3) S’estima que I'expansié
de la familia ADH es va produir fa 500 milions d’anys per duplicacions en tandem probablement
relacionades amb I'explosid d’isoformes proposada després ce I'aparicio dels agnats, i per tant no
lligada a les dues rondes de duplicacions a gran escala que tingueren lloc en I’'evolucié primerenca dels
vertebrats. 4) La integracié de totes aquestes dades permet correlacionar els destins funcionals de les
diferents classes d’ADH amb I’expansié de la familia génica. 5) Finalment, basant-se en la constancia
evolutiva de I’ADH3 s’estima I'origen dels vertebrats fa uns 700 MA i el temps de separacio entre les dues

espécies d’amfiox en quasi 200 MA.
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Abstract. The alcohol dehydrogenase (ADH) family
has evolved into at least eight ADH classes during ver-
tebrate evolution. We have characterized three preverte-
brate forms of the parent enzyme of this family, includ-
ing one from an urochordate (Ciona intestinalis) and two
from cephalochordates (Branchiostoma floridae and
Branchiostoma lanceolatum). An evolutionary analysis
of the family was performed gathering data from protein
and gene structures, exon—intron distribution, and func-
tional features through chordate lines. Our data strongly
support that the ADH family expansion occurred 500
million years ago, after the cephalochordate/vertebrate
split, probably in the gnathostome subphylum line of the
vertebrates. Evolutionary rates differ between the ances-
tral, ADH3 (glutathione-dependent formaldehyde dehy-
drogenase), and the emerging forms, including the clas-
sical alcohol dehydrogenase, ADHI1, which has an
evolutionary rate 3.6-fold that of the ADH3 form. Phy-
logenetic analysis and chromosomal mapping of the ver-
tebrate Adh gene cluster suggest that family expansion
took place by tandem duplications, probably concurrent
with the extensive isoform burst observed before the
fish/tetrapode split, rather than through the large-scale
genome duplications also postulated in early vertebrate
evolution. The absence of multifunctionality in lower
chordate ADHs and the structures compared argue in
favor of the acquisition of new functions in vertebrate
ADH classes. Finally, comparison between B. floridae

Correspondence to: Hans Jornvall; email: Hans.Jornvall@mbb.ki.se

and B. lanceolatum Adhs provides the first estimate for a
cephalochordate speciation, 190 million years ago, prob-
ably concomitant with the beginning of the drifting of
major land masses from the Pangea.

Key words: Alcohol dehydrogenase — Evolutionary
rate — Gene duplication — Vertebrate genome evolu-
tion

Introduction

Major increases in the number of genes have delineated
key steps during evolution (for review see Lundin 1999).
It has been suggested that extensive gene duplications
occurred by genome tetraploidization after the cephalo-
chordate/vertebrate split and that this provided the flex-
ibility to build the more complex vertebrate body plan
(Garcia-Fernandez and Holland 1994). Moreover, gene
tandem duplications (isoform burst) have been postu-
lated to have occurred at about the same time as or im-
mediately before the cyclostome/gnathostome split
(Sharman and Holland 1996; Suga et al. 1999). The ex-
pansion of single-copy genes in vertebrates has been
dated in a variety of gene families (for reviews see Lun-
din 1993; Skrabanek and Wolfe 1998). Irrespective of
the mechanism, duplications are responsible for the ex-
tant gene families and isoforms from fish to mammals
(Ohno 1970; Lundin 1993) and are believed to be related
to the gains in complexity which have allowed the ac-
quisition of new functions through enzymogenesis
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(Danielsson and Jornvall 1992) and changes in gene
regulation (for a review see Shimeld 1999).

Comparisons with extensive sets of sequences from
several gene families are being made to elucidate how
vertebrate genomes evolved (Wang et al. 1998; Kumar
and Hedges 1998; Hughes 1999; Wang and Gu 2000).
However, combination of the sequence data with the ex-
on—intron structure, chromosomal location, expression
domains, and other functional features would provide a
more comprehensive scenario to understand gene and
genome evolution.

The alcohol dehydrogenase (ADH) family belongs to
a complex protein system with extensive multiplicity
within the medium-chain dehydrogenase/reductase
(MDR) superfamily. Different classes and isozymes of
ADHs are found in the vertebrate lineage. In mammals,
at least six ADH classes are known (Jérnvall and Ho6g
1995; Duester et al. 1999), of which five have been char-
acterized in human. Of these, classes 1 and 3 have been
most investigated in different animal clades. The class 1
enzyme, the “classical” ethanol-active form, has evolved
rapidly and exhibits a considerable variability among
species (Danielsson et al. 1994a). ADH class 3 [gluta-
thione-dependent formaldehyde dehydrogenase (Koi-
vusalo et al. 1989)] is present in prokaryotes and in all
eukaryotes and appears to be the ancestral form from
which the other vertebrate ADH classes emerged
(Danielsson and Jornvall 1992; Danielsson et al. 1994a;
Cafestro et al. 2000) through gene duplications during
early vertebrate radiation. Supporting evidence comes
from the apparent absence of an ethanol-active class 1
form in lines originating before the bony fish (Daniels-
son et al. 1994b) and the presence of a class 1/3-mixed
form in bony fish (Danielsson et al. 1992).

To study ADH gene family expansion, we have com-
pared the vertebrate gene classes with those found in two
prevertebrates, ascidians and amphioxus. Ascidians, sub-
phylum Urochordata, are considered the simplest chor-
dates and a critical evolutionary link between inverte-
brates and vertebrates. They show compact genomes
which are comparable in size to those of Drosophila and
Caenorhabditis elegans. On the other hand, amphioxus,
a member of the subphylum Cephalochordata, is thought
to be the closest living relative to vertebrates (Garcia-
Fernandez and Holland 1994; Holland 1996) and there-
fore to be an ideal outgroup for evolutionary and phylo-
genetic studies of vertebrate gene families. We have
characterized the Adh3 genomic structure of the urochor-
date Ciona intestinalis, and the cephalochordates Bran-
chiostoma floridae and Branchiostoma lanceolatum.
Analyses of gene structure, amino acid substitutions, bio-
chemical data, and expression domains strongly suggest
that class divergence took place after the vertebrate/
cephalochordate split. We estimate the first gene dupli-
cation, leading to new forms of the enzyme, to have
occurred about 500 million years ago (MYA), in the

early vertebrate evolution before the fish/tetrapode split.
Changes in the evolutionary rate of the ancestral and the
newly generated forms can be correlated with the func-
tional evolution of vertebrate ADHs, where the ancestral
ADH3 has remained biochemically constant from in-
sects, via amphioxus to the human enzyme (Danielsson
et al. 1994a; Caifestro et al. 2000), and the newly gen-
erated forms have acquired novel activities. Finally, the
chromosomal location in human and mice supports ex-
tensive isoform generation by tandem duplications rather
than by large-scale genome duplications for the expan-
sion of the ADH family.

Materials and Methods

Library Screenings and Southern Blot Analysis

A B. lanceolatum genomic library (Cafiestro et al. 2000) and a B.
floridae genomic library (kindly provided by J. Garcia-Fernandez)
were probed with [a-*?P]dCTP B. floridae Adh3 cDNA labeled by
random-hexamer priming. Total RNA from C. intestinalis was purified
by the guanidinium thiocyanate method (Chomczynski and Sacchi
1987). Synthesis of cDNA was performed with MLV/RT (Promega)
and random-hexamer priming. Degenerate oligonucleotides (GA(AG)
GC(ATCG)TG(TC)CA(TC)AA(AG)GG(ATCG)TGG and
CC(AG)AA(ATCG)GC(ATCG)GT(ATCG)CC(CT)TTCCA) were de-
signed to amplify a C. intestinalis cDNA fragment of the Adh3 gene,
and this fragment was used to screen a genomic library (kindly pro-
vided by M. Levine) and a cDNA library (kindly provided by R. Di
Lauro).

Hybridizations for library screenings were carried out in phos-
phate—sodium dodecyl sulfate (SDS) solution (Church and Gilbert
1984) at 65°C overnight. Washes were done at 65°C for 2 x 15 min in
2x standard saline citrate (SSC), 0.1% SDS, and 1 x 15 min in 1x SSC,
0.1% SDS. DNA fragments from positive recombinant phages were
isolated, subcloned into a pUCI8 vector, characterized by restriction
mapping, and sequenced in an ABI-Prism 377 DNA sequencer from PE
Biosystems.

Sequence Data

The evolutionary distance, k,,, among different groups of organisms
was calculated using the sequence data from the SWISS-PROT,
TrEMBL, EMBL and GenBank data banks. Accession numbers of
sequences are as follow.

ADH Class 3. Primates: Homo sapiens (P11766). Rodents: Mus
musculus (P28474); Rattus norvegicus (P12711); Oryctolagus cunicu-
lus, rabbit (019053). Mammals: Primates + rodents + Equus caballus,
horse (P19854). Reptiles: Uromastyx hardwickii, lizard (P80467). Tet-
rapods: Mammals + reptiles. Fish: Sparus aurata, gilthead sea bream
(P79896); Gadus morhua callarias, cod (P81601). Gnathostomes: Tet-
rapods + fish. Hagfish: Myxine glutinosa (P80360). Vertebrates: hag-
fish + gnathostomes. Cephalochordates: Branchiostoma lanceolatum
(AF156698-AF156708); Branchiostoma floridae (AF154331,
AF344170, AF344171). Urochordates: Ciona intestinalis (AF344173).
Deuterostomes: Vertebrates + cephalochordates + urochordates.

ADH Class 1. Primates: Homo sapiens (A, P07327; B, P00325; C,
P00326); Papio hamadryas, baboon (P14139); Macaca mulatta, rhesus



macaque (P28459). Rodents: Mus musculus (P00329); Rattus norvegi-
cus (P06757); Peromyscus maniculatus, deer mouse (P41680); Geomys
bursarius (Q64413); Geomys knoxjonesi (Q64415); Oryctolagus cu-
niculus, rabbit (Q03505). Mammals: Primates + rodents + Equus ca-
ballus, horse (E, P00327; S, P00328). Birds: Gallus gallus, chicken
(P23991); Coturnix coturnix japonica, quail (P19631); Apteryx austra-
lis, kiwi (P49645); Struthio camelus, ostrich (P80338). Reptiles: Uro-
mastyx hardwickii, Indian spiny-tailed lizard (A, P25405; B, P25406);
Alligator mississippiensis (P80222); Naja naja, cobra (P80512). Am-
phibians: Rana perezi, frog (P22797). Tetrapods: Mammals + birds +
reptiles + amphibians. Fish: Gadus morhua callarias, cod (P26325).

ADH Class 2. Homo sapiens (P08319), Mus musculus (Q9QYY9).

ADH Class 4. Homo sapiens (P40394); Mus musculus (Q64437).

Alignments, Evolutionary Distances, and Relative
Rate Tests

Alignments of amino acid sequences, from Ile at position 6 to Arg at
position 369 of human ADH3, were generated with the ClustalX pro-
gram (Thompson et al. 1997) using default gap penalties, with adjust-
ments made by eye.

The k,, value of amino acid substitutions per site (evolutionary
distance) was calculated with the MEGA (Molecular Evolutionary Ge-
netic Analysis) package (Kumar et al. 1993) for the amino acid vy
distance, with an o parameter obtained with PUZZLE version 4.0.1
(Strimmer and Haeseler 1996). This same quartet puzzling procedure
was used for the maximum likelihood calculations, following the JTT
model for amino acid substitutions (Jones et al. 1992), estimating the
amino acid frequencies from the data set and taking into account the
among-site rate heterogeneity. When the evolutionary distances be-
tween groups were based on more than one species, the average value
of k,, was used.

Rate differences among lineages were analyzed by the “two-
cluster” and “branch-length” tests provided in the Lintre package
(Takezaki et al. 1995). Both tests were applied to a phylogenetic tree
according to the widest accepted phylogeny (Kuma and Miyata 1994;
Naylor and Brown 1997) and the y-corrected distribution for multiple
replacements.

Results

Characterization of C. intestinalis, B. floridae, and B.
lanceolatum Adh3 Genes

After library screening, restriction map analysis of B.
lanceolatum, B. floridae, and C. intestinalis showed that
in each case all the phages overlapped the same Adh3
genomic region. A B. lanceolatum 13-kb phage contain-
ing the complete BIAdh3 coding region was analyzed
further, and intron/exon boundaries were sequenced
(AF156698-AF156708). The same analysis was per-
formed with a 15-kb phage of B. floridae (AF266713—
AF266719) and a 6-kb phage of C. intestinalis
(AF344173), both encompassing the entire BfAdh3 and
CiAdh3 coding regions, respectively.

Exon—Intron Structure of Ascidian and
Amphioxus ADH3

The exon—intron organization of CiAdh3, BIAdh3, and
BfAdh3 was established by comparing the corresponding
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genomic clones with the C. intestinalis (AF344172) and
B. floridae (AF154331) cDNA (Fig. 1A). The CiAdh3,
BIAdh3, and BfAdh3 genes consisted of 11, 11, and 10
exons, respectively. Intron sizes differed greatly between
the two subphyla; the average amphioxus intron length
was 0.9 = 0.6 kb, whereas it was shorter for the ascidian,
0.2 £ 0.1 kb. In comparisons of the Adh3 exon/intron
architecture of protostomes and deuterostomes, prever-
tebrates showed the highest number of introns (10 and 9
of the 12 introns identified; Fig. 1B). Introns 1, 2, 7, and
9 were conserved in at least one protostome and all deu-
terostome species. Intron 2 showed an identical 12-
nucleotide (nt) slippage in the fruit fly (Luque et al.
1994) and, in ascidians, the latter with an additional 10-
nt slippage in intron 4. Drosophila subobscura is the
only protostome where intron 7 has been identified
(Abad 2000). What had been considered a unique intron
6 in C. elegans could be regarded as a 29-nt slippage of
intron 7. Introns 3, 4, 11, and 12 seemed to be restricted
to the deuterostome lineage. B. floridae lacked intron 11,
although it was present in C. infestinalis, B. lanceolatum,
and all Adh vertebrate genes. Moreover, introns 5 and 8§
appeared to be restricted to prevertebrates, as was intron
10 to the amphioxus lineage. Interestingly, vertebrate
ADH classes 1, 2, 3, and 4 shared the same exon—intron
organization (introns 1, 2, 3, 4, 7, 9, 11, and 12) (Fig.
1B). This, together with the evolutionary and functional
data, suggests that class divergence took place after the
vertebrate/cephalochordate split.

Evolutionary Distances and Amino Acid Substitution
Rates of Chordate ADH3 and ADH1

The evolutionary distance k,, was calculated for chordate
ADH3 and ADHI1 with a y-corrected distribution. As this
method takes into account the nonuniform among-site
rate variation pattern of each enzyme, it is considered the
most pertinent. The low values for the o parameter, 0.5
and 0.6 for class 3 and class 1, respectively, were in
agreement with the structural pattern of ADHs, made of
highly variable regions embedded in conserved segments
along the polypeptide chains (Danielsson et al. 1994a).
The approach to saturation of amino acid substitutions
was analyzed for ADH3 by plotting the frequency of
observed differences vs estimated substitutions (Philippe
et al. 1994) (Fig. 2A). Although the curve starts to level
off, it does not reach a plateau, meaning that the ADH3
sequences were informative and not mutationally fully
saturated. Moreover, we compared the y-distance vs ML
estimates (Roger et al. 1999) and very similar values
were obtained (Fig. 2B).

To evaluate the constancy of the ADH class 3 amino
acid substitution rate in vertebrates and cephalochor-
dates, the “two-cluster” and the “branch-length” statisti-
cal tests were performed, using the ascidian ADH se-
quence as the outgroup. The x* values that combined all
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interior nodes and sequences showed no significant rate
differences within vertebrates and cephalochordates (p >
0.05) (Table 1). Relative rate tests were also performed
for the ADH class 1 enzyme. In this case, the amphioxus
class 3 was used as the outgroup and a neighbor-joining
tree topology was built. From the initial 23 sequences, 19
showed a constant rate of evolution (Table 1).

Amino acid substitution rates for ADH3 and ADH1
were estimated (Table 2). Five pairs of groups were es-
tablished: (a) primates/rodents, (b) reptiles/mammals, (c)
amphibians/amniotes, (d) fish/tetrapods and (e) hagfish/
gnathostomes. Divergence times (7) for each pair de-
duced from fossil records are 65-100 MYA for a, 288—
310 MYA for b, 350 MYA for ¢, 400 MYA for d, and
555 MYA for e (Dayhoff 1978; Archibald 1996; Benton
1997; Lee 1999; Shu et al. 1999). Multiple calibration
points were used to minimize errors (Lee 1999) because

N

< << e (gaaaqaq« -

} Protostomes

comparison of the exon—intron architecture for ADH classes in animal
species. Arrowheads indicate the intron positions relative to the C.
intestinalis coding region. Introns are numbered sequentially (1 to 12).
Intron slippage is shown by the asterisk.

too few sequences were available for some animal
groups. The average evolutionary distance for each pair
was plotted against the minimal divergence time. A sig-
nificant linear dependence of k,, on T was observed, with
a correlation coefficient of 0.97 and 0.82 for ADH
classes 3 and 1, respectively. From the slope of the re-
gression line, the amino acid substitutions per site per
year (v,,) for ADH3 and ADHI1 were estimated to be
0.27 x 107 and 0.98 x 107, respectively. This 3.6-fold
difference could not be assigned to differential mutation
rates, since both genes showed similar rates of synony-
mous substitutions at the DNA level (data not shown).

Class 3/1 Duplication

The amino acid differences between class 3 and class 1
and their evolutionary rates were used to estimate the
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class duplication time. The amino acid distances between
both classes were calculated using a y-corrected distri-
bution with an a of 0.8. The a value was slightly higher
than that obtained for each particular class (o« = 0.5 for
ADH3 and 0.6 for ADH1), due to the different arrange-
ments of the conserved regions in the proteins compared.
Since class 1 has not been found in hagfish, its ADH3
data were not used for the comparison. From all the
comparisons of each class 3 vs class 1 from codfish to
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Table 1.
gence rates

ADH class 3 and class 1 tests for homogeneity of diver-

Test x> df  p value

ADH3  Vertebrates/
cephalochordates

Two-cluster 10.08 14 0.69
Branch-length  10.85 14 0.62
Vertebrates®

ADHI1 Two-cluster 1377 18 0.74

Branch-length  23.85 18 0.16

# Combines the rate differences for all the interior nodes () under the
root, with n — 1 degrees of freedom (df).
® The rat, deer mouse, and lizard are excluded.

human, an average k,, was obtained. The duplication
time, estimated as T = k,,/(v,,-ADH3 + v, ,-ADH1), was
493-500 MYA. Therefore, the ADH family would have
expanded after the cephalochordate/vertebrate split
[682—-694 MYA for ADH3 (our estimate) (Table 2) and
680-700 MYA for triosephosphate isomerase and 790-
860 MYA for aldolase C (Nikoh et al. 1997)].

Discussion

Evidence in Favor of the ADH Family Expansion After
the Cephalochordate/Vertebrate Split

Intron positions are relevant to elucidate gene duplica-
tion events. According to our analysis, all vertebrate
ADH classes share an identical nine-exon structure
(Zgombic-Knight et al. 1995; Stromberg and Ho6g 2000)
and show marked differences from that of prevertebrates
(Fig. 1B). Several hypothetical scenarios for the ances-
tral exon structure and the duplication events through
chordate evolution have been considered (Fig. 3). Con-
sistent with the most parsimonious process, the ancestral
gene structure contained 11 exons and the duplication
events leading to the various vertebrate classes took
place after the cephalochordate/vertebrate split (Fig. 3A).
Moreover, under this hypothesis, no recurrent events
would have to be postulated. Concerning the Adh3 ar-
chitecture, ascidians and amphioxus show a higher num-
ber of introns but of a smaller size than those of verte-
brates, in agreement with other reported genes
(Boeddrich et al. 1999). With regard to protostomes,
Adh3 exhibits a lower intron number than deuterostomes
and introns of a smaller size. More protostome Adh se-
quences should be characterized to infer the ancestral
metazoan structure.

Estimates of the amino acid distances between the
vertebrate ADH3 and the vertebrate ADH1 classes and
of the evolutionary rates make it possible to infer the
duplication event to be at about 500 MYA (Table 2),
clearly after the cephalochordate/vertebrate split (682—
694 MYA), probably subsequent to the hagfish diver-
gence (555 MYA) and before the origin of tetrapods (400
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Table 2.
Duplication time of the class 3 and class 1 enzymes

Evolutionary distances and divergence times among different animal groups estimated from the amino acid sequences of ADH3;

Divergence time (MYA)*

v distance (k,,)

Fossils ADH3 ADHI1
(calibration points) (a = 0.5) (a = 0.6)
Animal groups
Primates/rodents 65-100 0.06 0.21
Reptiles/mammals 288-310 0.12 0.41
Amphibians/amniotes 350 — 0.53
Fish/tetrapods 400 0.23 1.03
Hagfish/gnathostomes 555 0.30 —
ADH3 (molecular estimations)®
Cephalochordates/vertebrates 682-694 0.37 —
B. floridaelB. lanceolatum 186-189 0.10 —
Correlation coefficient® 0.97-0.96 0.82-0.81
v, (107%/site/year)? 0.27-0.27 0.98-0.96
Duplication time, class 3 and class 1 (o = 0.8) 493-500 0.62

#The two calibration points separated by a dash constitute the minimal confidence value from the fossil record and the widest divergence time
accepted as a calibration point for each animal group (Lee 1999). Those calculations that were based on both values are separated by a dash.
" The molecular estimates were derived from the constant rate of amino acid substitution of ADH3.

¢ The regression line was constrained to pass through the origin.

4The evolutionary rate v,, was estimated from the slope of the regression line.

MYA). Biochemical data also support this duplication to
be restricted to the vertebrate lineage since no ethanol-
active class 1 form has been detected in amphioxus
(Catiestro et al. 2000) and hagfish (Danielsson et al. 1994b).

Amphioxus ADHs: B. floridae-B.
lanceolatum Speciation

Remarkably, Adh3 is more similar between human and
mouse than between the two amphioxus species ana-
lyzed, B. floridae and B. lanceolatum. Concerning gene
structure, vertebrate species share all intron positions but
this is not the case for intron 11 in amphioxus, although
the other introns appear to be fully conserved (Fig. 1). At
the protein level, amino acid differences amounted to
9.3% for the amphioxus species, whereas they were only
7.2% for human and mouse. The constant evolutionary
rate of ADH3 makes it possible to infer that the two
amphioxus species may have diverged around 190 MYA
(Table 2), during the midsuperior Jurassic. Although
such a high value would be unexpected on morphologi-
cal grounds, since the two species appear very similar, it
would be consistent with the human and mouse diver-
gence time of 65-100 MYA. Moreover, similar data
were obtained with cytoplasmic and muscle actin (data
not shown). Speciation of the two cephalochordates—B.
floridae lives along the Atlantic coast of America,
whereas B. lanceolatum is found along the Atlantic coast
of Europe and in the Mediterranean sea (Poss and Bosch-
ung 1996)—could have been a consequence of the drift-
ing of major land masses, beginning around 200 MYA

from the Pangea (Marzoli et al. 1999). Therefore, it could
be argued that present similarities in the two amphioxus
species would not be based on recent divergence but,
rather, on the absence of major morphological changes
during the last 200 million years (Myr) or thereabouts. In
fact, this morphological stability supports the “archetyp-
al” organization postulated for amphioxus (Garcia-
Fernandez and Holland 1994).

Relationship Between ADH Family Expansion and
Vertebrate Genome Evolution

How does the ADH family expansion fit into the pre-
dicted genome duplications (the 2R hypothesis) in early
vertebrate evolution? Paralogous chromosomal locations
of some gene family members of the human and mouse
have been argued to constitute remnants of the two or
three rounds of tetraploidization (Lundin 1993). How-
ever, genes encoding the ADHs are not spread over dif-
ferent chromosomes but cluster in the human genome at
4@21-25 and in the syntenic region of mouse chromo-
some 3 (Giri et al. 1989). Furthermore, the 2R hypothesis
would predict a (AB)(CD) phylogenetic tree topology for
the four resulting genes (Hughes 1999), although this
does not always hold true for all gene families that were
generated during early vertebrate evolution (Wang and
Gu 2000). Phylogenetic analysis of the ADH family ren-
dered an (A(B(CD))) topology, also in agreement with
the physical map of the ADH members on the human
chromosome 4 (Fig. 4). In this topology, the pattern of
family expansion fits better with tandem duplication
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Fig. 3. Adh intron gains and losses assuming that the family expan-
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the root of each tree [A and B, 11 exons (ascidians); C and D, 12 exons
(maximum number); E and F, 9 exons (vertebrates)] and the actual-
structure at the end of each branch. The duplication event and the

events than with whole or partial genome rearrangements
assumed under the 2R hypothesis. Extensive gene duplica-
tions are thought to be responsible for the burst of isoforms
during early vertebrate evolution, before the fish/tetrapode
split, and probably these duplications were not directly
linked to the Cambrian explosion (Suga et al. 1999).

Functional Divergence and Evolutionary Changes

Gene duplications allow the generation of new functions
(Ohno 1970; Hughes 1994). In the ADH family, the data

cephalochordate/vertebrate split are shown (filled circles and bold
lines, respectively). The assumed intron gains (V) and losses (A) are
indicated (boxed), and the exons involved are labeled (shaded boxes
and bold face numbers). Recurrent losses/gains in different lineages are
marked with asterisks.

gathered on the structural and enzymological features of
the different isoforms support the orthologous relation-
ships derived from the phylogenetic analysis and provide
valuable clues to discriminate between the ancestral and
the new functions. The amphioxus ADH is a typical class
3 enzyme (Caiiestro et al. 2000), as are the octopus
(Fernandez et al. 1993), the Drosophila (Luque et al.
1994), and the hagfish (Danielsson et al. 1994b) forms of
the enzyme. Hence, all direct analyses provide evolution-
ary evidence that the ancestral form of the family was
endowed with ADH3 activity. Therefore, we have named
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EMouse Adh4
1o Human ADH4 D
01 (A,(B.(C,D))
) four-gene cluster
Fig. 4. Phylogenetic representation and chromosomal mapping of the

Adh family. Left: y-distance neighbor-joining tree for human/mouse
ADH classes 1, 2, 3 and 4, rooted with the amphioxus Adhs. Bootstrap
values are indicated for each branch. Center: (A(B(CD))) phylogenetic
pattern of the Adh family. Right: Map position of the ADH gene cluster
on human chromosome 4: (A) ADH3(x), 420,780-404,222 bp; (B)
ADH2(), 476,032-453,229 bp; (C) ADHIA(«), 622,843-608,229 bp;
ADHIB(B), 684,498-638,355 bp; (D) ADH4(j.), 761,336-744,028 bp
on the reverse strand of the contig NT_022863. Information gathered at
http://www.ncbi.nlm.nih.gov/AceView/ ADH* search. The ADH no-
menclature is according to Duester et al. (1999).

the ascidian and amphioxus Adh genes Adh3. The enzy-
matic activity expressed as k., /K,, for this enzyme re-
mains constant—within a factor of 3—in insects, amphi-
oxus, and human. Moreover, the amino acid substitution
rate for ADH3 remains unchanged after the duplication
event, whereas ADHI1 shows a 3.6-fold increase, also
supported by their different branch lengths in the neigh-
bor-joining tree (Fig. 4). Thus, the “functional density,”
defined as the fraction of a polypeptide chain involved in
specific functions, which is inversely related to the evo-
lutionary rate (Zuckerkandl 1976), could be assumed to
be higher in ADH3 than in ADHI, in accordance with
the classical view of a “variable” class 1 and a “constant”
class 3 enzyme (Danielsson et al. 1994a). Moreover,
while the segments of maximal variation of class 1 are at
functionally important regions, class 3 variability is re-
strained to superficial, less critical positions (Persson et
al. 1993; Danielsson et al. 1994a). In summary, the pre-
sent data strengthen the concept of an ancestral position
for the ADH3 activity.

Some of the newly generated forms deserve further
consideration. ADH4 has been assumed to be crucial in
vertebrates for retinoic acid synthesis via retinol oxida-
tion (Duester 1996). Retinoic acid is thought to be in-
volved in the anterior/posterior axis formation in both
ascidian and amphioxus and, also, in vertebrates (re-
viewed by Shimeld 1996). But the fact that amphioxus
ADH3 is not a multifunctional ADH, correlated with the

absence of ADH4 in lower chordates and with data on
the microsomal retinol dehydrogenase of amphioxus
(Dalf6 et al. 2001), points to a candidate other than ADH
for carrying out the retinoic acid synthesis in animal lines
in general.

Finally, in spite of the biochemical and evolutionary
constancy of ADH3, changes in the promoter elements
are evident when the amphioxus and vertebrate ADH3
forms are compared. Whereas a ubiquitous Adh3 expres-
sion has been shown in mouse and human (Giri et al.
1989; Ang at al. 1996; Estonius et al. 1996), a specific
expression, restricted to the midgut region, has been
shown in amphioxus by in situ hybridization (Cafiestro et
al. 2000). Similarly, we have found, by in situ hybrid-
ization, an Adh3 tissue specificity in Drosophila and as-
cidian (data not shown), much like that which has been
demonstrated for other ADH classes in vertebrates.
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capitoL (1]

En aquest capitol, 1) la comparacié dels patrons d’expressio de I’Adh3 en diferents organismes
(Drosophila melanogaster, Ciona intestinalis i Danio rerio) amb els préviament estudiats en amfiox i
ratoli, permet inferir que el patr6 de I'expressio ancestral de I’Adh3 era especific de teixit. 2) Es
caracteritza I'estat de metilacio de I’ADH3 al llarg de I'evolucié dels cordats, i es descarta com a possible
mecanisme modulador del canvi d’expressié observat. 3) S’inicia la caracteritzacié de les regions
reguladores de I'Adh3 d’organismes procordats mitjangant técniques de transgénesi, amb la
transferéncia a embrions de C. intestinalis de construccions amb diferents promotors controlant

I’'expressio6 del gen reporter LacZ.
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Andisi evolutiva dels patrons d’expressio de la familia
genica de les Alcohol deshidrogenases de cadena mitjana

Summary

The Adh family has evolved into a complex system of mammalian isoforms, which differ in substrate recognition and tissue
specificily. We have shown previously that Amphioxus Adh3 expression is restricted to the mid-gut, contrary to what had been
reported in mammals, which is ubiquitously expressed. We now report the in situ hybridization analysis of Adh3 in Drosophila,
ascidian (C.intestinalis) and zebrafish (D. rerio). Our data show that expression is contained to the Drosophila fat body and to the
digestive endoderm of ascidian larvae, whereas transcripts are ubiquitously detected in the vertebrate fish. These data support that
the changes in the expression domains occurred in the vertebrate lineage, and possibly related to the expansion event. Moreover,
methylation does not seem to contribute to the Adh expression pattern, as in all chordates analyzed it has been found in the
methylated fraction of the genome. Finally, to characterize the regulatory elements of Adh3 and draw the comparisons between
subphyla, constructs containing the LacZ reporter under the regulatory regions of ascidian and amphioxus Adh3 have been

electroporated into ascidian embryos.

Introduccio

Les duplicacions géniques han jugat un paper clau en
I'evolucio proveint el material genetic necessari per I'adquisicié
de noves funcions. La familia de les Alcohol deshidrogenases
de cadena mitjana (Adh-MDR) es va expandir mitjangant
duplicacions successives, posteriors a la separacio dels
llinatges dels vertebrats i cefalocordats, on els nous gens varen
evolucionar per donar lloc a enzims amb activitats diverses,
definint aixi les set classes descrites fins I'actualitat. Per contra,
en els invertebrats sols s'ha caracteritzat un dnic gen Adh-
MDR, homoleg al que codifica per I'ADH3 a vertebrats amb
activitat formaldehid deshidrogenasa depenent de glutatio. Aixo
semblaria indicar que l'activitat de classe 3 correspondria a la
forma ancestral i que les noves funcions haurien aparegut
mitjangant canvis en les regions codificants, adquirint noves
capacitats metaboliques

Nombrosos estudis bioquimics han demostrat que les
propietats catalitiques de les ADH3 s’han mantingut constants
al llarg de I'evolucié animal, a insectes, cefalopodes, amfioxs,
reptils i mamifers. Per contra, el patr6 d'expressié ha estat
Unicament analitzat en cefalocordats i alguns mamifers (ratoli i
home). Aquests patrons presenten diferéncies significatives:
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aixi en cefalocordats, I'Adh3 s'expressa de forma especifica
en l'intesti mitja durant el desenvolupament, mentre que en
mamifers presenta un patrd ubic. Aquests resultats indiquen
canvis en la regulacio genica, possiblement associats a
I'expansié d'aquesta familia génica durant la transicié cap als
vertebrats. Per contrastar aquesta hipotesi hem analitzat
l'expressi6 de [I'Adh3 a altres espécies animals,
estrategicament situades respecte a I'expansio: Drosophila
melanogaster, Ciona intestinalis i Danio rerio. Les noves
dades han permés comparar el patr6 d'expressié en un
protostom (D. melanogaster) i quatre deuterostoms: dos
prevertebrats (C. intestinalis i B. floridae) i dos vertebrats (D.
rerio i M. musculus). També s'ha analitzat I'estat de metilacié
de 'Adh3 en aquests animals, donat que la metilacié és un
possible factor modulador de I'expressi6 génica, especialment
en la transicid invertebrats-vertebrats (Tweedie et al, 1997).
Aixi, els gens amb una expressio més especifica estarien
freqlientment metilats, mentre que els gens d'expressio basal i
ubiqua estarien no metilats. Finalment, per caracteritzar els
elements reguladors dels patrons d'expressio i estudiar la
seva evolucid, s'han realitzat experiments preliminars de

transgenesi. S'han electroporat embrions d'ascidis (C.



intestinalis) en estadi d'una cél-lula amb construccions que
contenen el gen reporter LacZ sota el control de diferents
dominis reguladors de I'Adh3 d'ascidi i amfiox, iniciant aixi
I'estudi del grau de conservaci6 dels elements reguladors entre
aquests dos subfila.

Material i métodes

Obtencié de DNA genomic, RNA missatger i
sintesi de cDNA

A partir d'animals sencers, excepte en els ascidis on la tlnica i
I'estdmac van ser préviament eliminats, es va obtenir DNA
genomic i RNA de peix zebra daleta curta (Danio rerio) i
d'ascidis Ciona intestinalis). Les purificacions es van dur a
terme seguint el metode de [isotiocianat de guanidina
(Chirgwin et al, 1979), (Chomczynski & Sacchi, 1987) amb
lleus modificacions (Cafiestro et al, 2000). El cDNA es va
sintetitzar utilitzant transcriptasa reversa M-MuLV (Stratagene)
i 'oligonucleotid poli(dT).

Andisis Southern i patrons de metilacié

Entre 5-10 ng de DNA per cada individu adult de C. intestinalis
van ser digerits amb BamHI, EcoRI i Pstl. La separacid
electroforética es va realitzar en un gel d’agarosa al 0.9% i els
fragments de DNA varen ésser transferits a membranes de
nild. La sonda emprada en la hibridaci6 corresponia a I'exd 9
de CiAdh3, marcada amb 32P (Boehringer Mannheim Random
Primed labeling kit). La hibridacié i els rentats es varen dur a
terme a alta rigorositat (Cafiestro et al, 2000).

Per 'estudi de la metilacid, DNA genomic de cada espécie va
ser digerit amb Hpall i Mspl, separat electroforéticament,
transferit i hibridat en les mateixes condicions préviament
descrites.

Hibridacions in situ “whole mount”

Per obtenir les sondes per les hibridacions in situ es van
amplificar per PCR els segiients fragments: i) 652 bp que
corresponen a un fragment de cDNA des de I'ex6 4 fins al 9 de
I'Adh3 de C. intestinalis (Cafiestro et al, 2002) ; i) 528 bp (aa
92-268) del exd 3 de I'Adh3 de Drosophila melanogaster
(Luque et al, 1994); ii) 452 bp de l'extrem 5’ de la regio
codificant d'una EST de peix zebra (GeneBank Al331882) que
presentava homologia de seqléncia amb una ADH3,
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amplificats per RT-PCR utilitzant els oligonucledtids especifics
PZIlI-1S, 5" GAT CAA ATG TAA GGC AGC 3'i PZIIIIR &5’
GAT CTC AGC CAC CAC GGT 3. Tots els fragments van ser
clonats en plasmidis KS-pBluescript per Smal. Les ribosondes
van ser marcades amb digoxigenina (Boehringer Mannheim
DIG RNA labeling kit). Com a control negatiu d’hibridacié es
van emprar les respectives ribosondes amb sentit. Les
hibridacions in situ van ser efectuades seguint els protocols
estandard (Jiang et al, 1991, Schulte-Merker et al, 1992,
Corbo et al, 1997).

Construccions de DNA per I'electroporacio:
Promotor Adh3 + LacZ

Les construccions van ser dissenyades a partir de les
seqliencies de fags atllats que contenien les regions a 5’ dels
gens CiAdh3 de Ciona intestinalis, BIAdh3 de Branchiostoma
lanceolatum, i BfAdh3 de Branchiostoma floridae (Cafiestro et
al, 2002). Aquests fragments van ser clonats en el vector
pSP1.72-27 a 5’ del gen LacZ (Corbo et al, 1997). Com a
control positiu d'electroporacio es va emprar la construccio de
3.5 kb del promotor del gen de Brachyury de Ciona intestinals
que promou una forta expressié a la notocorda (Corbo et al,
1997).

Per localitzar els elements reguladors de la transcripcié del
gen CiAdh3, un fragment de 3.2 kb (la distancia fins el
seglient gen) i un fragment de 1.6 kb a 5 de la regio

3.2kb Intré 1
‘ ............. .X ............................ } P
CiAdhprom3.2i : m
CiAdhprom3.2
CiAdhprom1.6 LacZ
BlIAdhprom2.8 E
BfAdhpromo0.8 LacZ

Figura 1. Representacit esquemdtica de les construccions amb el
gen reporter LacZ sota el control de diferents regions genomiques
reguladores de I'Adh3 d'ascidis i amfioxs (CiAdh3: negre, BIAdh3
BfAdh3: entramat gris), emprades en les electroporacions. La
distancia intergenica entre I'extrem 5’ de CiAdh3 i el seglient gen
és de 3.2 kb. La construccié CiAdhprom3.2iinclou I'exd 1(blanc),
lintré 1 i part de I'exd 2 fusionat al gen LacZ. Les dianes Xbal (X) i
Pstl (P) estan indicades.



codificant, van ser amplificats per PCR (Deep Vent DNA
polimerasa, New England Biolabs) amb I'encebador pUCrev (5’
ATA ACA ATT TCA CAC AGG 3), localitzat sobre el fagmidi
pBK-CMV (Stratagene), i I'encebador CintAdhpromNot, (5" A
TAG TAT AGC GGC CGC AAT TTT GAT CGT TTT AAG AA
3), sobre I'exd 1 del gen CintAdh3 clonat en pBK-CMV.
L'oligonucledtid CintAdhpromNot introdueix una diana Notl a
l'extrem 5', i substitueix 'ATG per ATT & forma que la
traduccié comenca directament al gen LacZ. Aquests
fragments de 3.2 kb i 1.6 kb van ser digerits i clonats en el
vector pSP1.72-27 per Sall-Notl i Pstl-Notl, generant les
construccions CiAdhprom3.2 i CiAdhprom1.6, respectivament.
Per generar la construccié CiAdhprom3.2i, que incloTa les 3.2
kb de la regi6 promotora més I'ex6 1, l'intré 1 i part de I'ex6 2
de CiAdh3, es va substituir un fragment Xbal-Notl del clon
CiAdhprom3.2, per un fragment genomic Xbal-Pstl, generant
un gen de fusié de 19 codons del gen CintAdh3 més el gen
LaczZ (fig. 1).

Les regions clonades en els fags més a 5’ dels gens BIAdh3 i
BfAdh3, 2.5 kb i 0.8 kb respectivament, van ser amplificades
amb I'encebador Lfix_X/S-N (5" ACT CTA GAG CTC CAG GCC
GCG AGC TC 3)) situat en el extrem 3’ del brag curt del fag
lambda Fixll, el qual eliminava la diana Notl, i I'encebadors
especific BIAdhpromNot (5ATA GTA TAG CGG CCG CAG
CGT CTG TCG GCC AAA GG 3) situat davant de l'inici de
traduccio de BIAdh3 i I'encebador BfAdhpromNot (5" A TAC
TAT AGC GGC CGC AAT GCT TGC AGC TTC AAC T 3') on
'ATG de BfAdh3 quedava modificat com préviament s'havia
descrit. Els productes de PCR van ser digerits i clonats en el
vector pSP1.72-27 per Xhol i Notl. Les dues construccions
varen ser dissenyades de forma que l'inici de traduccié fos el
del gen LacZ.

Electroporacié de DNA en embrions d’ascidis

El protocol utilitzat és una modificacié de Corbo et al. (1997).
Tots els experiments es van dur a terme a una temperatura
controlada d’uns 17-18°C.

Fecundacié d’ascidis

Per cada experiment, 2 o 3 animals adults van ser
disseccionats i es varen obtenir els odcits del gonoducte amb
una pipeta Pasteur de vidre. Tot el material de vidre que entra
en contacte amb els embrions va ser préviament siliconitzat
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aplicant Sigmacote (Sigma) i eshandit abundantment amb
aigua destil-lada o submergit en aigua destil-lada durant una
nit. Els ous van ser mantinguts varies hores a 17-18°C en una
placa de petri de 3 cm de diametre sense ser diluTts en aigua
de mar. L'esperma de tots els individus va ésser recollida en
un unic eppendorf i guardada a 4°C. Per evitar fecundacions
accidentals, tot el material que entrava en contacte amb
I'esperma era rentat amb aigua destil-lada. La fecundacio es
va fer barrejant ous de diferents individus amb 2-5 ni
d’esperma en un eppendorf siliconitzat.

Després de 10 minuts, es van afegir dues gotes de solucié de
decorionacié (TP) per facilitar la deposicio dels ous. Per
preparar la solucié TP es van barrejar volums iguals de 0.1%
pronasa en aigua de mar artificial amb HEPES (ASWH) (420
mM NaCl, 9 mM KCI, 10 mM CaCh2H.0, 245 mM
MgCh.6H20, 25.5 mM MgS04.7H20, 2.15 mM NaHCG;, 10
mM HEPES pH 8) i 2% tioglicolat de sodi en ASWH, el pH es
va ser ajustar a 10.0-10.4 amb 2.5 M NaOH i es va guardar a
4°C durant com a méxim una setmana. Els ous fecundats van
ser dipositats en el fons del tub centrifugant durant 5 segons
amb una minicentrifuga (Giralt).

Per la decorionacio, es va descartar el maxim de liquid amb
esperma i es va omplir I'eppendorf amb solucié6 TP. Es va
homogeneTtzar suaument amb una pipeta Pasteur. Després
dels 23 primers minuts, el procés de decorionacié va ser
controlat cada 20 segons sota la lupa fins el moment en que la
meitat dels embrions estigueren decorionats. Temps de
decorionacié superiors a 5 min varen ser letals. La
decorionaci6 s'atura amb 4 rentats amb aigua artificial de mar
(ASWH). En cada rentat, els embrions van ser dipositats molt
suaument amb 2 o 3 impulsos de centrifuga a molt baixa
velocitat. Aquest procediment es va realitzar rapidament per
no perdre la finestra d'electroporacié (20 minuts després de la
fecundacio).

Electroporacio

En el darrer rentat es van deixar els embrions decorionats en
un volum de 200 m d’ASWH i es van afegir 30-50 ng de DNA
en 500 m de Manitol 0.77 M. Es van barrejar suaument i van
ser transferits a una cubeta d'electroporaci6 de 0.4 cm
(BioRad). Es va procedir a I'electroporacié amb un Unic pols
eléctric (voltatge de descarrega: 50 V, capacitancia: 1400,



resisténcia; 24 Ohms) d'aproximadament 17 mseg en un
electroporador BTX600.

Els embrions van ser recollits i es van deixar desenvolupar a
17-18°C en 50ng/mL de gentamicina en ASWH en una placa
de petri recoberta d'una capa fina d’agarosa al 1% en ASWH.
Detecci6 de |’ activitat LacZ

Els embrions van ser fixats amb glutaraldehid 0.2% en ASWH
liure de calci i magnesi (CMF-ASW) (463 mM NaCl, 11 mM
KCI, 2.15 mM NaHCQOs, 25.5 mM NazSOs)durant 30 minuts.
Fixacions més llargues inhibien I'activitat b—galactosidasa.

Es van fer 2 rentats de 10 minuts amb PBT (8.1 mM NaxHPQq,
1.6 mM NaH2POs, 150 mM NaCl, pH #7.5) i un rentat en
solucié de tinci6 (ImM k6H20, 3mM KFe(CN)e.3H20,
3mM KsFe(CN)s en PBT) durant 5 min. La incubacio es va fer
a la foscor a 37 °C en 400 ng/mL X-gal en soluci6 de tincid.
Per aturar la tinci6 es van rentar 2 cops durant 10 minuts amb
PBT i es van postfixar amb 4% paraformaldehid en PBT.

Resultats

Andisi Southern i patré de metilacio.

L'analisi Southern sobre DNA digerit amb tres enzims diferents,
reveld que CintAdh3 és un gen de copia Unica. (fig. 1). Les
mides de les bandes observades concordaren amb les
esperades segons els clons afllats en el cribratge genomic

Ascidi

Drosophila

Amfiox

Figura 1.  Anilisi
Southern  del  gen

-=23 kbCiAdh3, hibridat amb
una sonda de I'ex¢ 9,

- 5 Jhsobre DNA genomic
d'un individu digerit amb
BamHI (B), EcoRI (E)
Pstl (P).

- 3 kb

realitzat anteriorment (Cafiestro et al, 2002).

Per estudiar 'estat de metilaci6 dels membres de la familia de
les Adhs, es va fer una analisi Southern amb DNA genomic de
Drosophila, ascidi, amfiox, peix zebra i ratoli, comparant el
patré d'hibridacié obtingut amb Mspl amb el del seu
esquizomer sensible a metilacié Hpall. Tots els gens
analitzats de la familia de les Adhs estaven metilats amb
excepcio de Drosophila, ja que mostraren patrons de bandes
diferents entre els carril digerits amb Mspl i Hpall (fig.2).

Els gens Adh es troben metilats tant en els procordats com en
els vertebrats, suggerint que els canvis en I'estat de metilacid,
un dels mecanismes propis de la regulacié genica dels
vertebrats, no serien responsables dels canvis d’expressio.

Peix Zebra . Ratoli
- - ' -
| —
8
. =

MH MH M H
D Adh3

MH M H M H MHMH MH M H_MH
Ciddh3 BfAdh3 DrAdh3 DrAdhl HsAdh3

Figura 2. Patrons de metilacié de I'Adh3 i Adh1 al llarg del regne animal: Drosophila, Ascidi, Amfiox, Peix Zebra i Ratoli. Per cada organisme es
presenta el patr6 de digestié dels enzims Mspl (M) i Hpall (H) resolt en un gel d’agarosa i la hibridacié de la transferéncia daquell mateix gel amb
diferents sondes (indicades sota la linia horitzontal): exé 3 de DmAdh3 (Luque et al., 1994), CiAdh3: I'exd 9 de CintAdh3, I'exd 8 de BfAdh3
(reproduTt de Cafiestroet. al., 2000), un fragment de 452 bp de 'EST Al331882 de DrAdh3 i un fragment de 450 bp de I'EST Al476976 (450 bp) de

DrAdhl de peix zebra, i el cDNA de HsAdh3 humana com a sonda heterdloga amb el DNA de ratoli.
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Figura 3. Andlisi per hibridacio in situ
de l'expressid de I'Adh3 al llarg del
desenvolupament  de  Drosophila
melanogaster.  (A) estadi 1, ou
fecundat, (B) estadi 5, blastoderm, (C)
estadi 8, (D) estadi 13, (E-F) estadi 17.
Tots els embrions estan orientats amb
la part anterior cap a l'esquerra i la
part dorsal cap a dalt, excepte la
imatge F que esta en visi6 dorsal. SC:
Solc cefilic; BG: Banda germinal; CG:

Cos gras

Figura 4 Andlisi per hibridacio in situ
de l'expressid de I'Adh3 al llarg del
desenvolupament de Ciona
intestinalis:  gastrula tardana (A),
estadi de tailbud (B), estadi de tailbud
tarda (C), estadi de capgrés primerenc
(D), estadi de capgros mita (E) i
estadi de capgros tarda (F).

CG: cavitat gitrica, E: endoderm, ES:
banda endodermica, Ec: ectoderm,

NO: Notocordi, P: taca pigmentria.



Patrons d’expressi6é de I'Adh3 a Drosophila
melanogaster, Ciona intestinalisi Danio rerio

Per entendre les diferéncies en els patrons d’expressid del gen
Adh3 observades entre amfioxs i mamifers i intentar establir
alguna relacié entre aquestes i I'expansio de la familia génica,
es van analitzar els patrons dexpressid al llarg del
desenvolupament dels gens homolegs a I'Adh3 de diversos
organismes: un protostom (Drosophila), un deuterostom
prevertebrat (I'urocordat C. intestinalis) i un vertebrat (el peix
zebra D. rerio).

El senyal d'hibridacié observat a D. melanogaster fou intens i
distribuTt uniformement en l'ou fecundat (estadi 1) (fig. 3), fent
se restringit a mida que avancava la compartimentacio cel-lular
en la capa periférica del blastoderm (estadi 5). Durant la
gastrulacid, el senyal d’hibridaci6 disminuTa, quedant localitzat
majoritariament en la banda germinal, en alguns solcs
corporals transitoris (p.e., el cefilic) i en la invaginacio
amnioproctodeal, una cavitat formada per la invaginacié de la
part posterior del precursor de lintesti mitj (estadi 8). El
senyal es mantingué en la banda germinal durant el procés
d'allargament i segmentacié, mentre que I'amnioserosa es
trobava lliure de senyal (estadi 13). Finalment, en els estadis
més avangats en els que es diferenciaven els organs interns,
I'expressio de 'Adh3 va fer-se intensa i restringida al cos gras
(estadi 17).

A C. intestinalis el senyal d’hibridacié comenga a ser clarament
visible al final de la gastrulacid, en I'endoderm més anterior (fig.
4). El baix nivell d'expressié en aquest organismes obliga a
temps de tincio llargs (més de 48 hores). Quan I'embri6
comencd a formar l'eshés de la cua (“tailbud”), I'Adh3
s'expressava en dos grups de cél-lules de I'endoderm anterior
situades simetricament a ambdos costats del pla sagital mitja,
mentre que la banda endodérmica de la cua presentava un
senyal molt feble. El senyal a 'endoderm anterior es mantingué
al llarg del desenvolupament fins [I'estadi de capgrés
(“tadpole”), desapareixent a la cua. L’endoderm que delimita la
cavitat gastrica era el que presentva uns nivells d’expressio
més elevats.

El patrd d'expressié de 'Adh3 a D. rerio era semblant al descrit
a ratoli, molt generalitzat i estés per tot I'embrié (Ang et al,
1996) (fig. 4). No obstant, I'expressié no era completament
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uniforme, modificantse al llarg del temps. A les 18 hores de
desenvolupament, I'expressio de I'Adh3 era intensa en els dos
extrems de l'embrié i més feble en les regions centrals.
S'expressa especialment en diferents regions del cervell
anterior i mitja, mentre que en la cua I'expressio va romandre
localitzada en el teixit mesodeérmic de la cua. En estadis més
tardans, a mida que les diferents regions del sistema nerviés
central s'anaven diferenciant, la intensitat de I'expressio de
lAdh3 s'estengué cap al cervell posterior, cerebel i cordd
nerviés. Els primordis de les aletes pectorals també
presentaren un nivell d'expressié elevat. D'altra banda, a mida
que la cua s'anava allargant, 'expressié es mantingué en les
regions més posteriors, continuant restringida al mesoderm
muscular. També es detecta expressio en teixits que
proliferaven a la part dorsal del vitel més posterior.

Patrons d’expressioé en embrions de C.
intestinaliselectroporats amb el promotor de
I’Adh3i el Lacz

Per caracteritzar els elements que dirigeixen I'expressié del
gen CiAdh3, es van electroporar embrions de C. ntestinalis
amb construccions de la regi6 reguladora de CiAdh3 i el
reporter LacZ. A més, per estudiar el grau de conservacio dels
elements reguladors de I'expressid de I'Adh3 al llarg de
I'evolucié dels cordats, construccions amb els promotors dels
gens damfiox BIAdh3 i
electroporades en embrions d’ascidis.

Les condicions d'electroporacié descrites a Corbo et al. (1997)
(Corbo et al, 1997) varen ser adaptades a I'electroporador
BTX600, fent servir com a control positiu una construccié amb
el promotor del gen CiBra (Corbo et al, 1997) (Fig.7). Els
assajos preliminars fets amb les construccions amb la regié
reguladora del gen CiAdh3 mostraren un senyal feble, i per
detectar b-galactosidasa eren
incubacions llargues de més de 72 h, mentre que per a la
construcci6 CiBra, 2 hores eren suficients. En larves de 24 h
la detecci6 del gen reporter queda restringida principalment en
I'endoderm i mesénquima del cap. La part més anterior de la
cua presentava un senyal feble, mentre que la resta de la cua
i I'epidermis no mostraren senyal. Cal esmentar la baixa
viabilitat i I'elevat grau de malformacions observades en els

BfAdh3 també van ésser

I'activitat necessiries



embrions electroporats amb les construccions de CiAdh3 en Finalment, amb les construccions de I'Adh3 d’amfiox mai es
comparacié6 amb les fetes amb CiBra. A més, un gran va aconseguir cap senyal en ésser introduTts en embrions de
percentatge d'embrions malformats o aturats en els primers C. intestinalis.

estadis dels desenvolupament mostraren activitat LacZ.

Figura 6. Andlisi per hibridacié in situ de I'expressié de I'Adh3 al llarg del desenvolupament de Danio rerio. En la part superior es mostren tres
estadis diferents: 18h (A), 28 h (B) i 48 h (C). En la part inferior es mostren detalls ampliats de I'expressi6 de I'’Adh3 en el cap i primordis de les
aletes pectorals en un embrié de 72 h (D), la cua d'un embrié de 20 h (E) i la part posterior del vitel en un embrié de 60 h (F)

o - Figura 7. Deteccio de l'activitat del gen

reporter LacZ en embrions de C.
intestinalis electroporats. (A) CiBra3.5
(control positiu): larva de 18 h amb
expressid en la notocorda i part del
mesénquima anterior. (B)
CiAdhprom3.2i; larva de 24 h amb
expressid a l'endoderm, mesoderm i
mesénquima del cap; el rectangle indica
la imatge amplificada en (C); (D): embri6
no desenvolupat aturat en I'estadi d'una
céllula on es detecta senyal b-

galactosidasa.
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Discussio6

L'expressio de I’'Adh3 al llarg de I'evoluci6
animal

Els resultats de les hibridacions in situ indiquen que I'expressié
de 'Adh3 a Drosophila, ascidi i amfiox es troba restringida a
determinats teixits, els quals directe o indirectament estan
relacionats amb funcions digestives: cos gras, cavitat gastrica i
intesti mitja. Per contra el patr6 d’expressié a peix zebra és
molt més estes i generalitzat, similar al descrit a home i ratoli
(Estonius et al, 1996, Ang et al, 1996). Donat que el patré
d'expressio restringit és comu a protostoms Qrosophila) i a
deuterostoms (ascidis i amfiox), és probable que aquest fos el
patré ancestral. L'expressié ubiqua hauria de ser considerada
una innovacié del llinatge dels vertebrats, probablement
concomitant amb I'expansio de la familia génica ara fa uns 500
MA (Cafiestro et al, 2002). Es logic pensar que les duplicacions
en tindem de les Adhs haurien afectat no tan sols a les regions
codificants, sin6 també a les regions promotores, amb pérdues
o0 guanys d’elements reguladors responsables de I'especificitat
tissular. En aquest sentit, és interessant destacar que
I'expressio de 'Adh3 a organismes prevertebrats és similar a la
d'altres membres de la familia de les Adhs de vertebrats, com
per exemple I'Adh4 a lestomac (Moreno & Parés, 1991,
Moreno et al, 1996) i I'Adhl al fetge i lntesti (Smith et al,
1971). Aquest fet suggeriia que després l'evolucié dels
vertebrats, una coOpia hauria mantingut les propietats
bioquimiques ancestrals, perd hauria perdut la especiicitat
tissular, mentre que les altres haurien adquirit noves activitats
per a metabolitzar nous substrats (etanol, retinol, hormones
esteroidees), perd haurien mantingut el patré especific de teixit.

Regulacid de I'expressio de I'Adh3

Investigacions recents sobre el promotor de [I'Adh3 de
mamifers han descrit l'existéncia de nombroses caixes
reguladores de la transcripcid reconegudes per factors
especifics de teixit, C/EBP, HNF-5, E-boxes, Ap-1, AP-2, Ets-1,
SRE, XRE i Heat shock proteins (revisat a Edenberg, 2000).
Tot i que I'expressié de 'Adh3 ha estat descrita com “ubiqua”,
els nivells entre diferents teixits varien de forma important.
Alguns dels elements reguladors de I’Adh3 s6n compartits amb
altres membres de la familia de les Adhs i amb altres gens que
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comparteixen una expressio especifica al fetge de vertebrats o
al cos gras de Drosophila. En aquest darrer organisme, caldria
destacar que I'Adh3-MDR i I'Adh-SDR, responsable del
metabolisme de I'etanol en aquest organisme, comparteixen
una expressié comuna al cos gras. La caracteritzacio del
promotor de I'Adh-SDR en diferents especies de Drosophila
ha revelat que les C/EBP i AEF-1s sbn dos dels factors de
transcripcié determinants per la regulacid de I'expressid
especifica al cos gras. Sorprenentment, factors homolegs a
vertebrats també regulen I'expressié de I'Adhl-MDR en el
fetge. Analisis de retard en gel i proteccié a la DNAsa, han
mostrat com les C/EBPs de Drosophila i ratoli poden
reconéixer els elements reguladors de I'altre organisme,
suggerint un mecanisme evolutivament conservat a dos gens
que codifiquen proteTnes amb convergéncia funcional. Analisis
de prediccié dels promotors de I'Adh3-MDR de Drosophila,
ascidi i amfiox han revelat I'existéncia de seqiiéncies similars
a la seqiencia consens cels llocs d'unié de C/EBP i AEF-1.
L'estudi de la conservacié d'unitats de regulacié de les Adhs
de diferents organismes podria aclarir com ha esdevingut
I'evolucié dels promotors i explicar els diversos patrons
d'expressioé aqui descrits.

El intens senyal de I'hibridacid in situ en l'ou fecundat de
Drosophila, que va disminuint en el transcurs de la
compartimentacid cel-lular i la gastrulacio, indicaria un origen
matern dels nivells d'Adh3 en els primers estadis del
desenvolupament. Cal esmentar que [I'Adh-SDR també
presenta un clar component matern (Visa et al, 1992). Aquest
fet suposaria un altre tret comu entre la regulacio de I'Adh3-
MDR i 'Adh-SDR de Drosophila. A més, estudis per RT-PCR
quantitativa sobre I'expressio de I'Adh3 de peix zebra al llarg
del desenvolupament indiquen que els nivells de mRNA des
dels primers estadis té un origen matern, suggerint que el
component matern també tindria un paper important en la
regulacio de 'Adh3-en vertebrats (Dasmahapatra et al, 2001).
El nivell d’expressié en estadis d’una o poques cél-lules no ha
estat estudiat per hibridacié in situ en urocordats,
cefalocordats ni vertebrats. Donat que la importincia de
l'efecte matern depén de l'estrategia de desenvolupament
adoptada per cada tipus d'organisme (mida de I'ou, velocitat i
tipus de divisié cel-lular, ...), més estudis serien necessaris per



determinar la importancia de I'efecte matern en la regulacié
dels nivells d’ADH3 i la seva necessitat durant el
desenvolupament embrionari.

Caracteritzacio del promotor de I’'Adh3 a
procordats

Els experiments per caracteritzar el promotor de I'Adh3 de
procordats mitjangant electroporacions de construccions de
DNA amb el gen LacZ sota el control de la regi6 reguladora de
I'Adh3 sén encara molt preliminars, i el fet que no reprodueixin
el mateix patr6 obtingut per andlisi d’hibridacid in situ dificulta
avancar en aquesta direccid. No obstant, el senyal observat en
embrions electroporats en estadis d’una o dues ceél-lules podria
suggerir que els nivells de transcripcid son elevats després de
la fecundacio. A més, la detecci6 de I'activitat b-galactosidasa
té efecte de “memoria”, degut a que la vida mitjana de I'enzim
és de 48 hores (Smith et al, 1995), i la seva deteccid pot
allargar-se molt després de la seva sintesis interferint amb la
deteccié del gen reporter en estadis posteriors. Estudis
d’hibridaci6 in situ en primerencs del
desenvolupament i millores técniques, com la detecci6 in situ
de 'mRNA del LacZ enlloc de la deteccié de Iactivitat
enzimitica, o la utilitzaci6 de sistemes de proteTnes
fluorescents que canvien de color segons el temps
transcorregut des de la seva sintesi (Living Colors™
Fluorescent Timer, Clontech ), serien necessaris per validar els
nostres resultats i arribar a poder utilitzar la tecnica dels
transgenics per estudiar I'evolucié funcional de les Adhs.

estadis molt
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capiToL [\

En aquest capitol, 1) es revela I'existéncia d’activitat b-galactosidasa enddgena en els cefalocordats.
2). Es caracteritza aquesta activitat al llarg del desenvolupament de I'amfiox. 3) Es descriu la seva utilitat
com a marcador histoquimic del sistema digestiu i per a exemplificar-ho, s’analitzen els efectes
posterioritzadors del tractament amb acid retinoic en el desenvolupament de I'amfiox, on es posa de
manifest la inhibicié de la diferenciacio funcional de tot el sistema digestiu anterior. 4) Es revela
I'existéncia d’estructures funcionalment diferenciades al llarg del tracte intestinal. 5) Finalment, es
faciliten solucions per evitar la detecci6 de I'activitat b-galactosidasa enddgena en assajos en que el

gen LacZ s'utilitzi com a reporter.
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Abstract Endogenous 3-galactosidase activity has been
shown in the digestive tract of amphioxus from the larval
to the adult stage and it can be easily followed as a histo-
chemical marker. Enzymatic activity first appeared in
30-h larvae, became evident in 36-h larvae and remained
in adults. In situ detection of (-galactosidase activity
was used to monitor morphological and functional dif-
ferentiation of the digestive system and the posterioriza-
tion of the endodermal structures in retinoic-acid treated
embryos. The endogenous [-galactosidase activity was
distinguished from the bacterial lacZ reporter by incuba-
tion at low pH.

Keywords Amphioxus - B-Galactosidase activity -
Endodermal marker

Introduction

B-Galactosidases (B-gal) are lysosomal enzymes that
cleave non-reducing (-p-galactose residues in (3-p-ga-
lactosides. They contribute to glycolipid metabolism and
their deficiency is associated with Gy, gangliosidosis, an
inherited metabolic disorder (Gossrau et a. 1991). En-
dogenous (B-gal activity has been reported in Drosophila
and mammals (Lodja 1970; Schnetzer and Tyler 1996).
Although there is some intra-specific variation, tissues
that are rich in B-gal include intestine, kidney and epi-
didymis (Conchie et al. 1958; Pearson et al. 1963). Fur-
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thermore, (3-gal activity at pH 6.0 has been reported as a
marker for cell senescence (Dimri et a. 1995).

Results and discussion

In the research reported here, endogenous 3-gal activity
has been detected in the chordate amphioxus, the closest
living relative to vertebrates. This enzymatic activity ap-
peared after staining incubation for over 48 h, at the ven-
tral posterior endoderm of Branchiostoma floridae early
larvae (30 h; Fig. 1A,B).

This was before larval feeding since the mouth had
not yet opened. At 36 h, al the larvae showed 3-gal ac-
tivity in the midgut (Fig. 1C), and a strong signal was
observed from the midgut to the anus at 50 h, whereas
the pharyngeal portion remained unstained (Fig. 1D). In
addition, a conspicuous signal was detected at the mid-
hindgut junction, where the iliocolon ring develops. Al-
though the digestive tract morphologically appeared as
an uncompartmentalized tube the uneven staining pattern
of 6-day and 15-day larvae revealed functiona differen-
tiation (Fig. 1E—H). The high B-gal activity at the mid-
hindgut junction was located in two circular segments
boundering the iliocolon ring (Fig. 1H). An intensely
stained region was observed in the esophagus-midgut
junction, from which the hepatic diverticulum will dif-
ferentiate after metamorphosis. Another intensely stained
small group of cellsin the posterior left wall of the mid-
gut could correspond to a new landmark of asymmetric
amphioxus development (Fig. 1G,H), which could be
used to draw new body part homologies between amphi-
oxus and vertebrates (Holland and Holland 1999). The
appearance of the 11th gill dlit marks the beginning of
amphioxus metamorphosis. Observations from this time
onwards showed that the (-gal pattern remained in the
gut and expanded into the developing hepatic diverticu-
lum (Fig. 1F).

The involvement of retinoic acid (RA) in chordate an-
terior-posterior axis formation is well established. Exoge-
nous RA affects endodermal development in ascidians
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Fig. 1Al B-Galactosidase (B-gal) activity detection during Bran-
chiostoma floridae development. Animals were fixed in 0.2% glu-
taraldehyde in calcium/magnesium-free diluted artificial sea water
(308 mM NaCl, 7.3 mM KCI, 1.4 mM NaHCO; and 17 mM
Na,SO,) for 30 min at room temperature. After two washes in
PBT (phosphate-buffered saline pH 7.2, Tween-20 0.1%) for
10 min each and once in staining buffer [1 mM MgCl,6H,0,
3 mM K, Fe(CN)g3H,0 and 3 mM K Fe(CN)g in PBT] the sam-
ples were stained in fresh staining buffer with 0.4 mg/ml X-gal at
37°C. At dkaline pHs, 100 mM Tris-HCI buffer for the staining
solution, instead of PBT, was used. The samples were fixed in 4%
paraformaldehyde in PBT overnight at 4°C, washed three timesin
PBT and mounted in 80% glycerol in PBT. All specimens were
oriented with the anterior end of the animal toward the left; in lat-
eral views dorsal isto thetop. A At the 24-h larval stage, 3-gal ac-
tivity was not detected. B 3-Gal activity was weakly detected in
the presumptive gut of 30-h larvae. C 3-Gal stained the midgut of
36-h larvae uniformly. D—F Uneven staining showed gut compart-
mentalization in 4-day (D), 6-day (E) and 15-day (F) larvae. G-H
Ventral view of 8-gill-slit larvae. Asymmetrical differentiation was
detected on the left posterior midgut. | Strong -gal activity was
detected in the hepatic diverticulum of adult animals. a-mg Anteri-
or midgut, an anus, gs gill dlits, gl gut light, hd hepatic diverticu-
lum, hg hindgut, e esophagus, eps eye pigment spot, ir iliocolon
ring, mg mid-gut, m mouth, ph pharynx, p-mg posterior midgut,
pps primary pigment spot

(urochordates; Hinman and Degnan 1998) and induces the
loss of pharyngeal arches in vertebrates, due to Hox code
aterations in neura crest migrating cells (Kraft et a.
1994; Lee et a. 1995). In amphioxus, RA treatment af-
fects the pharyngeal development not by changing the
Hox code but by inducing the overexpression of Pax-1
and possibly other genes (Holland and Holland 1996).
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This posteriorization effect could be followed by the (3-gal
pattern of treated animals (Fig. 2A,B): their digestive tract
resembled a blue tube that extended along the anterior-
posterior axis (Fig. 2C,D). B-ga activity was detected in
the digestive tract but not in the pharynx of wild-type em-
bryos. Detection of B-gal activity in the presumptive pha-
ryngeal region of treated animals indicated that RA not
only prevented the formation of gill dlit and mouth but
probably induced an alteration of gene expression in the
anterior endoderm and hence functional posteriorization.

The 3-gal of amphioxus and mammals have acidic pH
optima. They both behave poorly at weakly alkaline con-
ditions, which are very favorable to the prokaryotic en-
zymes. On the other hand, an extensive antibiotic treat-
ment (0.5 pg/ml penicillin, 0.5 pg/ml gentamycin and
1 pg/ml streptomycin) did not alter B-gal staining. Be-
sides, 3-gal activity detection preceded the mouth open-
ing. Taken together, these findings indicated that [3-gal
activity is endogenous in amphioxus.

The Lac Z gene has been extensively used as a marker
in gene transfer assays. In this case, histochemical dis-
crimination of the prokaryotic activity from endogenous
B-ga activity would be attainable at pH >8.5 under the
conditions aready described for mammals (Weiss et a.
1999). At these pHs the amphioxus [3-gal activity was al-
ways negligible whereas Lac-Z expression of transformed
Escherichia coli DH5a was clearly identified (data not
shown). The discrimination between these two activities,
[3-gal endogenous and bacterial Lac-Z, is of relevance be-
fore using this prokaryotic reporter in gene transfer assays.
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Fig. 2A-D B-Gal activity in retinoic acid (RA)-treated 6-day lar-
vae: 2.5-h embryos were continuously treated in starvation with
106 M RA (1:1,000 dilution of 103 M RA in 100% DM SO) until
processed, as described in Holland and Holland (1996). A,B RA-
treated and untreated 6-day larvae, respectively. C,D Magnified
view of the anterior and posterior ends of an RA-treated animal,
respectively. a Anterior end, an anus, g gut, ir iliocolon ring, n no-
tochord, ph pharynx, p posterior end, pps primary pigment spot
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CAPITOL |/

En aquest capitol, 1) es caracteritzen les regions intragéniques de les Adh3 de Branchiostoma
lanceolatum i Branchiostoma floridae. 2) Es revela per analisi Southern I'elevat grau de polimorfisme

d’aquests locus. 3) La caracteritzacio de les seqiiéncies introniques demostra I'existéncia d’abundat
DNA repetit. 4) Es descriu un nou tipus de minisatél lits, els miratges, que es caracteritzen per incloure
en les seves subunitats de repeticio part dels extrems dels exons i les senyals donadores i acceptores
de splicing. 5) La deteccio de la creacié de noves variants al-leliqgues d’origen somatic i I'a¥ llament
d’al-lels recombinants, demostren que I'amfiox és un organisme mosaic. 6) La caracteritzacio dels al-lels
recombinants suggereix que I'entrecreuament desigual inter-al-lélic podria ser el mecanisme generador
del polimorfisme genétic en aquest organisme. 7) Finalment, es descriu el primer element mobil no

autonom, I’AmphiEXE, en els amfioxs.
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ABSTRACT

Minisatellite  instability  causes  genetic
polymor phism in vertebrates. Aberrant meiotic
crossovers are involved in the germline
polymorphism, whereas DNA polymerase
dippage and unequal sister chromatid exchange
is thought to account for the less frequent
somatic  variability. A  high leve of
polymor phism has been reported in amphioxus
(subphylum Cephalochordata) but, neither the
molecular bass nor the nature of the
polymorphic sequences is known. Here we
describe a high level of polymorphism related to
repetitive DNA sequences (minisatellites) in
the Alcohol dehydrogenase (Adh) gene in two
amphioxus species (Branchiostoma lanceolatum
and Branchiostoma floridae). In contrast to
vertebrates, amphioxus repeat instability was
not preferentially linked to germline processes
but appeared during the animal lifetime causing
somatic polymorphism, probably because of
inter-allelic crossovers. Furthermore, most Adh
minisatellites belonged to a novel class of
minisatellites whose distinct feature was that
the repeat subunit spanned the exorrintron
boundaries and generated splice site
duplications. However, function was not
compromised as no aberrant mRNA variants
wer e detected.

INTRODUCTION

Vertebrate genomes contain a large variety of
repested DNA eements, which congtitute one of the
main driving forces of genome evolution. Among
these repeats, minisatdlites are intermediate size
tandem arrays made up of repeat units of 6100 bp.

*

The informativeness of these repeats in human is of
specid interest for DNA typing, genetic mapping and
for the sudy of genetic diversty and population
structuring. However, there is gill scarce information
about the ingability processes that generate and
maintain minisatdlite variability in naturd populations.
Repeat dynamics have been studied through pedigree
andyss (1) and Smdl Pool-PCR (SP-PCR) assays
(2) to characterize new length variants. These
goproaches, mainly done in human and mouse, have
been hampered because of the limited frequency of
minisatdlite mutations. These studies have shown
that germline ingability, which is srongly biased
towards the male germline (1), frequently involves
complex inter-aldic converson-like events at meiosis
(3). In contrast, somatic instability occurs by other
mechanisms that involve polymerase dippage or,
more probably, intra-alelic unequal crossover (3).

The cephaochordate amphioxus, the closest living
redative to vertebrates, has frequently been
consgdered the ided outgroup for phylogenetic
reconstructions and developmental genetic analyses
of vertebrate gene families (4, 5). In recent years,
severd amphioxus genes have been reported to
display inter-individua variability (618), indicative of
a high levd of dldic polymorphism. Here we
andyzed one of these genes the Alcohol
dehydrogenase class 3, in two amphioxus species,
Branchiostoma floridae (BfAdh3) and
Branchiostoma lanceolatum (BIAdh3), and showed
that the origin of this varidbility is the ingtability of
repeated eements in the intragenic regions. The
detection of somatic repeat ingability and
recombinant dleles in mosaic animas suggested that
intra- or inter-adldic unequa exchange could be
responsible for these phenomena Moreover, we
described a novd cdass of minisadlites, termed
mirataes. whose distinct feature was that the repest
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subunit  spanned  the  exorvintron  boundaries.
Therefore, because of the extensve polymorphism
found in naturd populations, amphioxus could be a
vauable modd to monitor repeat dynamics, and
provide an evolutionary perspective of the
mechanisms involved in repeat ingability.

MATERIAL AND METHODS

Genomic DNA and Southern analysis

Adult Branchiostoma lanceolatum were kindly
provided by the Laboratoire Arago (Observatoire
Océanologique de Banyuls-sur-mer, France) and
adult Branchiostoma floridae were harvested in
Tampa Bay, Horida (USA). Animals were kept & -
70°C until used. Genomic DNA was isolated using
the guanidine thiocyanate method (19) with minor
modifications (20). For Southern andysis, 7-10 ny
Pstl digested genomic DNA from single animas
were resolved in agarose gds, transferred to nylon
membranes and hybridized with sx distinct probes
under high stringency conditions (16).

Detection of intron length variation by SP-PCR

Somatic and gonada-enriched tissue was dissected
from four B. lanceolatum males. Purified genomic
DNA from each sample was kept separately. To
detect minisatellite varigbility in each sample, the
conventiond SP-PCR (2), with minor modifications,
was used. DNA (700 ng) was fully solubilized by
digestion with 10 U BamHI (1 h at 37°Cin 4 mM
spermidine trichloride), centrifuged at 10,000 g for 2
min to remove particulate matter, and adjusted to a
find concentration of 4 ng/m in 10 mM Tris-HCI pH
80/ 1 mM EDTA. Around 2,280 amphioxus haploid
genomes, assuming a molecular mass of 1 pg per
haploid genome, were diluted into 200 m of PCR-mix:
1 mM MgClh, 0.2 mM dNTPs, 0.2 nM of each

forward (F) and reverse (R) primer (F; + R, and Fy
+ R, for intron 1 and 6, respectively, Table 1),
IXPCR-buffer and 01 UM of Biothem™

(Genecraft, Germany) Tag polymerase. Multiple 7 m
diquots (80 haploid genomes) of this solution were
SP-PCR amplified on a GeneAmp PCR system 9600
thermal cycler (Perkin Elmer) at 94°C (20 9), 55°C (1
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min), 72°C (1 min) for 26 cycles, followed by a chase
a 72°C (5 min). The PCR products were resolved in
a 1.7% agarose gel and detected by Southern blot

hybridization with a *?P-labeled probe encompassing
the analyzed region. To compare the frequency of the
new forms between different introns, somatic and
gonadal-enriched DNA, homozygous  and
heterozygous animals and individuds, a datistica
andysis of the homogeneity of the data was assessed
with a chi-squared test. Additiona PCR experiments
were performed to discard artifactua amplifications.
As mutant-free control DNA, two intron 6 cloned
vaiants (L, large, and S, short, 679 and 646 bp from
primer Fy to Ry, respectively) were amplified using
the SP-PCR conditions described. DNA from single
clones or from an L-S mixture were used as
templates. To compare the frequency of the new
forms that appeared with genomic DNA vs. mutant
free DNA in SP-PCR assays, a contrast of
proportions was performed with the Fisher's exact
test.

Detection of recombinant alleles

A PCR assay was devised to detect recombinant
variants from the L and S dlées of intron 6, taking
advantage of a polymorphic Haelll restriction Ste.
After exhaustive Haelll digestion of the genomic
DNA of a heterozygous individud, PCR was
performed with the R and Ry primers (Table 1 and
Fig. 1). Since Ry is primer-gpecific for the L alele,
and the Haelll dteis only present in the L variant,
only SL recombinant aldes are subjected to PCR
amplification. Thirty ng of genomic DNA from a
sngle L/S heterozygous animd were exhaudively
digested with 24 U of Haelll at 37°C for 36 h (8 U
dispensed every 12 h). The SP-PCR and hybridization
conditions were as described above except for 200
haploid genomes per reaction and anneding a 58°C
for 35 cycles without final extenson.

To assess the extent of Haelll digestion, additiond
PCR reactions (100 haploid genomes each) were
carried out on the same digested DNA with primers
corresponding to a close genomic region (F; and Ry
from exon 3 and 5, respectively, Table 1 and Fig. 1).
Since exon 4 contained a non-polymorphic Haelll
site, only undigested molecules were amplified. To



minimize experimentd variability, sample and controls
were resolved on the same agarose gel and hybridized
with a single 32P-labeled probe, which overlapped 427
nt with F;-R. and 400 nt with F-R;  amplified
fragments.

To asess the number of input amplifiable
recombinant dleles per SP-PCR reaction, serid
dilutions of a cloned L dlde were mixed with 100
heploid genomes from a single anima which did not
have the L-dlde. Under the same experimenta
conditions as before, as few as 1 or 2 L dlee
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Figure 1. (A) Experimental procedure to characterize
recombinant alleles. The structure of BIAdh3from exon 3
to 7 (boxes) of three allelic variants (L, S and a putative
recombinant form) is illustrated after Haelll restriction
(gaps). The Pstl-Xbal probe (a line over the genomic
structure) to verify amplification with primers (arrows)
F;-Rs and Fi-R; is shown. (B) Controls for PCR
amplification were performed on genomic DNA of the
L- and Sheterozygous animal (Fig. 3) and the cloned
aleles. PCR products were resolved on a 1.7% agarose
gel and stained with ethidium bromide. Lane 0: 1 kb
ladder DNA marker (Promega); lane 1: co-amplification
of the L- and Scloned alleles with primers F-R; -R.g
lane 2: amplification of the lallele over undigested
genomic DNA with R-Ry; lane 3: amplification of the

Sdllele with Fg-R,g over Hadll-restricted genomic
DNA; lanes 4 and 5: amplification with F-R, over 10’

and 10°L-allele cloned mol ecules, respectively.

molecules were amplified.

We edimaed the frequency of amplification of
atifactual  chimeric  molecules, which  were
sporadically generated because incomplete chain
elongation and subsequent priming on the heterologous
dlele dong the co-amplification reaction (21). The L-
and Sadlde clones, oppositely oriented in the pUC18
vector, were amplified with the single M13-reverse
primer. In this case, only artifactua chimeras were
amplifigble.

Findly, primers F5 and R; were used to amplify the
BIAdh3 intron 6 over genomic DNA from a single
anima. PCR reactions were peformed on a
GeneAmp PCR system 9600 thermal cycler (Perkin

Elmer) a 94 °C (20 9), 55 °C (1 min), 72 °C (1 min)

for 26 or 40 cycles, followed by achase a 72 °C (5

min). PCR products were cloned into Sral-digested
pUC18 vector and severa clones were sequenced to

identify recombinant aleles.

Sequence analysis

Accession numbers for the genomic DNA sequences
used in this sudy were BIAdh3: AF156698,
AF156700, AF156705, and BfAdh3 AF266713
AF266719. For sequence comparisons with public
databases, the WU-BLAST-X 2.0+BEAUTY and

Fy 5' ACGECACCCCAAAACCTC 3
E 5' COCACAGTGCAAGGAGTCC 3
Fs 5' CATGEEEECAAAGGTOC 3!
R, 5' CATGOGCACTTOGTAOC 3
Rs 5' CCTTACCTGTGITGAGAGCA 3!
R 5' CTGGATGECTTGICATG 3'
Ry | 5' ACTCOGTCATGOCAAAC 3'

Ris | 5 ACTOCGTCATGOOGAAT 3

Table 1. Primer sequences.

TBLASTN 2.1.2 search programs were used. The
FGENESM 15 progran was used for gene
prediction.

RESULTS

Amphioxus genomic variability

We had previoudy characterized the Adh genomic
region of two amphioxus species (B. lanceolatum and
B. floridae) and shown that Adh is a Sngle-copy
gene (16). Library screenings yidded 50 (B.
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Figure 2 Southern analysis of BIAdh3 and BfAdh3. Genomic DNA from single individuals was Pstl digested and probed
with DNA fragments containing exon 111 (A), exons IV-VI (B), and exons VI11-1X (C) of BIAdh3, and exons 11-111 (D), exon V
(E), and exon VIII (F) of BfAdh3. The expected band size from the characterized positive phage (under each panel) and the
DNA size markers (at the left of each panel) are depicted. Genomic structure of Adh3 (central part): exons (boxes); EcoRI (E)
Psti (P, in bold) and Xbal (X) restriction sites; repeated minisatellites, named miratges, (arrows); other minisatellites (circles)

and probes (horizontal lines) are shown.
lanceolatum ) and 12 (B. floridae) recombinant
phages encompassing the same genomic region,
whose redtriction patterns revedled an unexpected
high variability (data not shown). When Adh probes
comprising various segments of the gene were used
for Southern analysis on genomic DNA, none of the
18 animals shared an overdl hybridization pattern
(Fig. 2). Moreover, closer examination of the banding
pattern reveded that this variability was not uniformly
digtributed across the Adh locus, ranging from asingle
band of smilar sze (region containing exon 3, Fg.
2A) to a multiplicity of bands of distinct Szes (probe
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containing exon 9, Fg. 2C). Remarkably, one B.
floridae anima displayed more than two bands per
lane (Fig. 2D-F, lane 7), which could suggest somatic
polymorphism.

Structural characterization of the Adh repeats:

"Miratges"

Sequence andysis of isolated phages revealed that the
resriction length polymorphism shown by Southern
was due to repetitive DNA in the Adh introns. Closer
ingpection of the intron sequences showed mainly
direct tandem repeats (minisatdlites, VNTRS) with,
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Figure 3. Structures of intron 6 BIAdh3 original and recombinant alleles of an animal heterozygousfor the L (black) and S
(gray) alleles. L and S alleles contain 10 and 9 repeats, respectively and show multiple nucleotide substitutions. (A)
Schematic representation of a GT-miratge overlapping the donor splice site at the boundary of exon &intron 6. A rrow
boxes represent repeat subunits where the boxed part corresponds to the sequence present in the exon. The first repeat
subunit (numbered 0) is partly contained in the exon. Each following miratge subunit is shown in black capital and gray
lower-case letters for the L- and S-alleles, respectively. The exon 6 of the recombinant allele 6 cannot be ascribed to any of
the L- or S original aleles. (B) Sequence alignment of the exon 6intron 6 GT -miratge array of the L- and S- alleles. The
segment corresponding to the coding region (capital letters over a dark gray box) and intron sequences (lower-case
letters) are shown. The GT -splice site (bold low case) and its reiteration are depicted on a light-gray background.
Nucleotide substitutions in the repeated ®quences are shown, identities are represented by dots, and deletions by

dashes.

occason  internd short  tandem  repesats
(microsatdlites) and one putative mobile eement in
intron 9 (Table 2). Remarkably, anong the VNTRs a
novel type o minisaellite was found whose ditinct
feature was that the repeat subunit spanned the exon-
intron boundary (Fig. 3). We have named these novel
minisatellites "miratges’, the Catalan word for
mirages, prompted by the fact that during sequence
andysis, when a new exon was apparently reached, it
unexpectedly vanished.

The miratges were from 10 to 72 nt imperfect direct
tandem repests, arranged in sretches of 2 to more
than 15 subunits (Table 2). The fragment overlapping
the coding region varied from 3 to 32 nt, while the
non-coding sequence ranged from 5 to 46 nt. Fourteen
of the 19 amphioxus Adh introns exhibited miratges
some of which spanned the donor splice ste (GT-
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miratges) and were uniformly spread throughout the
gene, wheress others (AG-miratges) were only found
in introns 1 and 2 of both amphioxus species. Even
though the putative splice dtes (AG/GT) were
consarved in 153 of the 157 (97.5%) repetitive
subunits, no aberrant splicing variants were detected
by RT-PCR (data not shown). Finaly, athough some
tandem repeat sequences showed poor resemblance
to the exon, they Hill maintained detectable homology

("cryptic' miratges).

Dynamics of the repeats

Instability of tandemly repeated DNA sequences has
been frequently associated with germline-specific
proceses (1, 22). To ducidae the source of
amphioxus repest variability, DNA was prepared
from mae gonadad and somatic tissues from single
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Figure 4 Detection of alelic length variants of BIAdh3in 4 single animals (A, B, C and D) by SP-PCR. Examples of size
mutants corresponding to somatic (left) and gonadal-enriched DNA fractions (right), of intron 1 (top) and intron 6
(bottom). Animals were homozygous (B and C for intron 1; D for intron 6) or heterozygous (A for intron 1 and C for intron
6) with respect allele size. PCR products were electrophoretically resolved and abnormal length mutant molecules (* one
subunit or ** two subunit variation) were detected by blotting and hybridization.

individuas. Gonadd preparations were not devoid of
somatic tissue, but enriched with DNA from cells that
had entered meiosis. SP-PCRs were performed with
primers flanking two BIAdh3 miratge-containing
introns, 1 and 6 (Table 2). Four animds, either
homozygous or heterozygous for intron lengths, were
analyzed. All the PCR reactions showed an intense
common sgrel, which corresponded to the origind

dleles, and occasondly, some PCR products of
abnormd length (Fig. 4).

Of 335 PCR amplifications atotal of 40 new variants
out were detected. Assuming the most conservative
scenario in which each new variant arose from a
single template molecule, this vaue represents 1 new
variant per 670 haploid genomes (0.15%) (Table 3).
The frequency of the new forms was not higher in
gonadalenriched DNA preparations than in the

somatic fraction (0.10% and 0.19%, respectively) (c2
= 6.96; d.f. = 3; Rvdue = 0.07). Although gonada
preparations were not devoid of somatic tissue, if the
repeat indability would be linked to germline
processes, the proportion of new variants detected in
the gonadd fraction should be higher than in the
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somatic one. Therefore, from our data, repest
indability was not asociated with  germline
proceses, but rather supported intron-length
variability leading to somatic mosaicism. Moreover,
the four individuas showed up to 10-fold differences,

from 0.02% to 0.27% (c 2= 16.14; df. = 3; P-value =
0001) in their leve of somatic mosacism.
Neverthdess, no datistical differences were
observed between homozygous or heterozygous
animas (0.16% and 0.13%, respectively), nor
between the two introns (0.13% for intron 1 and

0.16% for intron 6) (€2 = 4.37; df. = 3; Pvdue=
0.223). Interestingly, while the new variants of intron
6 increased in Sze, those from intron 1 decreased.
SP-PCR control experiments were performed with
cloned DNA from two intron 6 dlees as mutant-free
DNA (see Materid and Methods) in order to check
that no artifactua bands were generated in the
assays. None of the PCR reactions (0/64, Fisher's
exact test Rvaue = 0.001) produced a new variant
of abnormd length, indicating that the new length
variants were genuine mutated alleles.
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Table 2. Repeat dementsin BIAdh3 and BfAdh3 genes. Miratges (gray cells), ag/gt splice Stes (bold) and the sequence corresponding to the
coding (capita Ietters) or non-coding (lower-case |etters) are indicated

B. lanceolatum B.floridae
. Number of ; ; Number of subunit
; Subunit length subunit GT/AG : Subunit length
Intron Repeat Subunit sequence (Cod+Non Cod) repeatgd conservation Repeat Subunit sequence (Cod+NonCod) repeatgd GT/AQ
subunits subunits | conservation
B e T T R 55 » Crvpfic | !1g9gaattaacagoith | g (11414) >2 212
i : AG-mirage | TCTCGTG
AG-mirage ag CCCATCACGTG 9/10 Irag
2 GACATGACTTTGGAATGG
VNTR GATCAAATTACA 30 8 i
GT-mirage AAQt gagt cgagct g 30 (3+27) 2 o2 GGTGCTGGCTACAGGAGT
ttatcacaaat agg VNTR CTGCCACACACAAAGCGC 60 >10
TAACATTTTCCCGITGTA .
TCGICA
ggaat gccacacagca tctaaacgctacattttc
getggtttaaacggta ccgttgtatcggcagGrG
AGmirage | catttttcctgcagGrT 72 (26+46) >10 10/10 AGmirage grtgtatcggeag 60 (27+33) >7 77
CTGGCTACAGGAGTGTGC
ACTGGCTACAGGAGTC CACACG
TGCCACAC
Cryptic AACCAACCTGTGCCAG o AGAAAATCACGgt gagaac
3 GT-mirage TCAGG! aagaac 33 (24+9) 1 11 GT-mirage cqat ct acct gt gt t 33 (10+23) >15 15/15
4 z'cmﬂdl't TA 2 5 - GT-mirage | CAAGgt cagg 10 (4+6) 12 1012
GT-mirage T::IEAACACAGCTAAG 21 (16+5) 1 1 CTGGCTATGGAGCTGCTC
5 oo g9t a9 GT-mirage | TCAACACAGCTAAGgtta | 38 (32+6) >15 15/15
epeat GCATGCTGGGT 11 3 - gt
motif
CATCAACCCTGACAAG
. CTGIGIGIGIGTGTITTCT
. GT -mirage :?GGAAATAth acgt 34 (26+8) 8-13 29/30 VNTR GTGTGTTTGTGTTT 32 7 -
:Z‘iﬁated CCTGTGTGATAA 12 2 - microsatellite | GT 2 >100 -
GT-mirage | COCAACGTCCACACCA | o 15,19 6-17 34/34 GT-mirage | CACTAT@Itgagtaacct | 5 7,16 >14 14/14
7 TCGgt gagt aaccat gacac
TGACTGTCCCAGAGTT TTGAAAGAATTCTTGITC
VNTR CCCAGTTTTG 29 >13 - VNTR TCCTGTT 25 3 -
GCAGCAGGGECAGGgt a Crvotic
8 GT -mirage agtccattttatgtca 40 (13+27) 2 2/2 yp CAGGgt gggggt 12 (4+8) 2 2/2
GT -mirage
999t 9gagg
CCCCTGTATAACCTGT 13+AmphiEXE
o VNTR GCTGTA 22 +5 - ] _ ] _ ]
Cryptic
VNTR ATGTATAACC 10 >17 -
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Figure 5 Recombinant alleles of BIAdh3. Genomic DNA
from an S and L-allele heterozygous animal was Haelll
digested and recombinant alleles were selectively
amplified with the F; and R, primers, and detected with
the Pstl-Xbal probe (Fig. 1A) (lanes 619 and 21-39).
Control PCR (lanes t 5) correspond to the samples
shown in Fig. 1B after blotting and hybridization with
the same probe. Notice that the control assays over
cloned variants yielded a single band on ethidium
bromide stained gels (Fig. 1B) but produced a double
banded pattern after Southern analysis (lanes 1-5
present figure), likely due to a running effect of single-
stranded DNA, poorly stained with ethidium bromide,
generated after long PCR assays. In lane 8, an abnormal
length recombinant is shown ¢). Lanes 41-59. The
extent of Haelll digestion on the initially restricted DNA
was assayed by a second PCR with the F; and Ry primers
of BfAdh3 (Fig. 1A) followed by blotting and
hybridization with the Psti-Xbal probe. Lane 40: Control

Detection of recombinant alleles.

To examine the mechanism underlying intron
variability an experiment was performed to detect
recombinant aldes in totd genomic DNA. Allde-
specific PCR amplification after genomic Haelll-
digegtion (Fig. 1) showed recombinant dldes in 37
out of 38 (97%) amplifications (Fig. 5) whereas only
27% of the digestion-control samples was amplified,
which corresponded to non-digested templates.
Artifactua chimeric molecules caused by jumping
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PCR were obsarved in less than 10% of the
reactions. Overdl, our data support recombinant Adh
dldes in the amphioxus genome. In one PCR, an
additiona expanded band was detected, which could
represent a recombinant allele whose sze had been
increesed (Fig. 5, lane 8). Findly, to assess
recombinant dleles, PCR amplified bands involving
Adh length-polymorphic intron 6 from a sngle anima
were cloned and sequenced. When severa clones
were andyzed, two mgor sequences corresponding
to the origind dleles (L and S of 679 and 646 bp,
respectively) (Fig. 3) were detected. These
sequences differed by a single GT-miratge (33 bp)
and sverd  dngle-nuclectide  subgitutions.
Additiondly, other clones were characterized whose
structure could be explained as recombinant variants
(Fig. 3A). Five may have arisen from a dngle
crossing-over event in the repeated segment (1, 2 and
3) and two in the non-repeated fragment (4 and 5).
Nevertheless, the origin of sequences 6 and 7 was
not obvious. Variant 6 could have arisen ether by
deetion of the"A" miratge subunit in the L alele or
by an unequal crossover between the Sand L dldes.
Findly, the structure of variant 7 was surprisngly
complex, with intradldic duplications and deletions
(BCBD) plus an inter-dldic recombination.
Artifactua recombinant alleles were never found in
control  experiments (0/15) in which the PCR
products obtained by PCR co-amplification of the two
isolated L and S-alleles were cloned and sequenced.

AmphiEXE mobile element.

Other repetitive sequences were found in the BIAdh3
genomic regon that contributed to the genome
polymorphisms observed in the amphioxus population.
A 1.3 kb dement was identified in intron 9 of BIAdh3,
named AmphiEXE, after the two EcoRI and one
Xbal redriction dStes contained in the eement
following the order E-X-E (Fig. 2 and 6A). Supporting
evidence of AmphiEXE being a mobile eement were:
i) its presence in the intron 9 of BIAdh3 in only some
of the isolated library phages, disrupting a tandem
repeat array; ii) the pattern observed on Southern
blots of genomic DNA restricted at externa Pstl
(multiple-band  ladder typicd from moderately
repetitive DNA) or at the conserved internd EcoRl
gtes (870-bp strong single band) (Fig. 6B); and iii) the
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Figure 6. The AmphiEXE mobile element. (A) Structure of AmphiEXElocated in intron 9 of BIAdh3 (Fig. 2): direct target (DR)
and inverted terminal repeats (IR), EcoRI and Xbal restriction sites, the predicted two-exon ORF (gray boxes), the
transcription direction (arrow) and the polyadenylation site are depicted. The sequence of the 7-bp DR (gray-lined box),
14-bp IR (black-lined box) and the flaking VNTR sequences (underlined) are shown. The predicted 41 amino acid sequence
is indicated. (B) Southern analysis of genomic DNA of 3 single animals (1, 2 and 3) restricted at the internal EcoRlI (E) and
the external Pst sites (P), probed with the 526-bp EcoRI-Xbal fragment of AmphiEXE. Arrow indicates the predicted 870 bp

gructura  halmarks characterized by sequence
andyss, 14-bpinverted repedats (IR) at the boundaries
of AmphiEXE, and the 7-bp direct repeats flanking
this sequence. The FGENES program predicted an
ORF of 41 amino acids split into two exons, and a
putative polyadenylation signd . However, no
significant homology with ary reported sequence was
found when AmMphiEXE was compaed with
databanks. Our data suggest that the AmphiEXE isa
highly conserved non-autonomous mobile element.

DISCUSSION

Amphioxusintragenic polymor phism.

The cephalochordate amphioxus is believed to
predate the large-scae gene duplications that marked
early vertebrate evolution and to this end, estimates
of amphioxus gene number have been crucid.
However, data on DNA varigbility a the coding
regions and the observation of variable banding
patterns after Southern analysis has led to the
widespread assumption that the genome of lancelets
is highly polymorphic (6 - 18). and this polymorphism
can hamper the gene-copy number assessments.
Previous studies showed that Adh3 was a sngle-
copy gene in amphioxus (16). Our data on the
Southern andysis of severd individuas corroborate
the dngle-copy datus, athough the inter-individud
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multiple banding pattern revealed that the lancelet
Adh3 is highly polymorphic. This high levd of
polymorphism produced complex Southern patterns,
which were subgtantidly smplified when reduced
Sze probes on single anima DNA were used (Fig. 2).
Sequence andyds indicates tha most of the
differences in the banding patterns could be ascribed
to intragenic repeated DNA such as VNTRs and
mobile elements. Additiond dldic variation could dso
be generated by smdl insationgddetions and
nucleotide subgtitutions. This overdl polymorphism
could be further increased during the animd lifetime,
as repeat indability leads to mosaicism. Different
individuas showed different degrees of mosaicism
(Table 3), probably because of the generation rate of
new forms, and the timing and cdl target of the
mutationd event. Hence, if early in development or in
a highly proliferative cdl lineage, more than two
aleles can be characterized from a single animal, and
even are detectable as faint bands by Southern blat,
as was the case for the BfAdh3 (Fig. 2D-F, lane 7).
Overdl, to avoid mideading esimations, the high level
of polymorphism tagether with the mosaic status of
the amphioxus genome should be taken into account
when eva uating gene copy number.

The amount of intragenic variability could be affected
by factors such as chromosomal location, methylation
datus, level of transcription, proximity to telomeres,



Table 3. Abnormal length variants detected by SP-PCR assays

Abnormal length variants/| Percentage of abnormal
SP-PCR reactions length variants'

| 14/134 013%
Introns Vi 23201 0.16%
. Homozygotes 27/213 016%
Heterozygosity Heterozygotes 13/122 013%
A 13/115 010%
- B 4/67 0070
Individuals C 21100 027%
D 1/51 0.02%
Somatic 28/189 01%%
DNAs Gonadal 12/146 010%
Total 40/335 0.15%

Yhe percentage has been cal culated assuming 80 haploid genomes per SP-PCR reaction.

centromeres, and dso to recombinaion hot-spots,
which affect the organization of repetitive DNA in
eukaryotic genomes (23 - 25). Hence, it can be
assumed that not dl amphioxus genes behave
smilarly.

Minisatellite instability

Previous evidence showing that the length variants
detected by SP-PCR represent genuine mutant aleles
rather than PCR artifacts (2) were confirmed in our
study because: i) length variants were never detected
under our SP-PCR conditions using cloned dledlesas
a mutant-free DNA control, and ii) the frequency of
new length variants differed among animds, contrary
to what would be expected if they were PCR
artifacts.

SP-PCR andysis on genomic DNA from dissected
sngle animas reveded that amphioxus repesat
ingtability was related to somatic polymorphism rather
than germline processes. We therefore conclude that
amphioxus are mosaic animas. The detected length
variants suggested a stepwise mutation fashion,
compatible with one subunit variation in each sep.
Longer variants were only observed in the anima
with the highest mosaicism leve, in which subsequent
steps would have taken place (Fig. 4, Table 3). Our
data suggest that mutationa bias (2) could drive the
repeat dynamics because gains or losses did not
occur with equad frequency: intron 6 exclusvely
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showed expandons, whereas intron 1,
reductions.

The Haelll-SP-PCR assays together with the
sequence andysis of cloned PCR amplified intron 6
showed recombinant dldes in the amphioxus
genome. Most d the intron 6 cloned segments could
be explained by single equa crossover events without
atering in the repeat copy number, whereas in others
unequal crossover and/or intra-dldic duplications and
ddetions have to be assumed. Therefore, dthough
we cannot exclude replication dippage as the cause
of minisadlite variahility, the mogt likely mechanism
for somatic ingtability is inter-alelic unequal exchange
and less frequently intrardldic or intramolecular
recombination. Findly, the deection of one
recombinant alele that increased in sSize provides the
link between variation of the repeat number and the
generation of recombinant aleles (Fig. 5, lane 8).

In summary, somatic polymorphism in amphioxus is
supported by three independent approaches. i)
Southern andysis, ii) SP-PCR experiments and iii)
characterization of recombinant aleles. Our data
vaidate cephaochordate amphioxus as a modd with
which monitor repeat dynamics in naturd populations
and to provide vauable data about the genome
dructure of the common ancestor of vertebrates.

only

"Miratges" , a novel type of minisatellites.

We here describe a new type of minisaelite
sequence, termed miratge whose digtinctive feature



with respect the conventiona tandem repests is that
the repeat subunit spans the exon-intron boundaries
and generates duplications of exon edges. Miratges
are abundant in the Adh gene of the two amphioxus
species (B. lanceolatum and B. floridae), 75% of
the introns. However, they are probably not restricted
to this genomic region, nor to this organism. In
humans, repetitive elements with a similar structure
have been reported in relation to genes associated
with human disorders, in exon 4 of the plaidet-
derived growth factor A (PDGFA) gene (26), in exon

13 of the cygtathionine b-synthase (CBS) gene (27)
and in exon 7 of the factor VII (F7) gene (28).
Although none of the miratge subunit was identica to
the exon-intron sequence from which it was
generated, 97.5% of miratge subunits retained the
AG/GT gplice dte. This smilarity did not appear to
compromise function, as no aberrant cODNA variants
were detected. Concerning their origin, a link
between the splicing machinery and the origin of
miratges cannot be discarded. Moreover, ther
expansion could increase the Smilarity of the regions
surrounding the coding exons, and affect gene
converson.

ACKNOWLEDGMENTS

Wethank G. Marfany, A. Jeffreys and A. Carracedo
for helpful discusson, and R. Rycroft for revising the
English verson of this manuscript. R.G. received a
grant from DGICYT (Minigterio de Educacion y
Cultura, Spain, BMC2000-0536) and C.C. was the
recipient of an FPI felowship from the CIRIT
(Generditat de Catdunya, 1997FI00007).

REFERENCES

1 Jeffreys, A. J, Royle, N. J., Wilson, V. and Wong, Z.
(1988) Spontaneous mutation rates to new length alleles at
tandemrepetitive hypervariable loci in human DNA. Nature
332, 278-28L

2. Jeffreys, A. J, Tamaki, K., MacLeod, A., Monckton, D.
G, Nel, D. L. and Armour, J A. (1994) Complex gene
conversion events in germline rmutation at human
minisatellites. Nat.Genet., 6, 136-145.

-77-

3. Jdfreys, A. J and Neumann, R. (1997) Somatic
mutation processes at a human minisatellite. Hum Moal.
Genet,, 6,129-136.

4. GadaFernandez, J and Holland, P. W. (1994)
Archetypal organization of the amphioxus Hox gene cluster.
Nature 370, 563-566.

5. Hdlland, P. W., Garcia-Fernandez, J., Williams, N. A.
and Sidow, A. (1994) Gene duplications and the origins of
vertebrate development. Dev. Suppl., 43,125-133,

6. Holland, P. W., Koschorz, B., Hlland, L. Z. and
Herrmann, B. G. (1995) Conservation of Brachyury (T)
genes in amphioxus and vertebrates. developmental and
evolutionary implications. Devdopment, 121, 4283-4291.

7. Hodlland, L. Z., Kene, M., Williams, N. A. and Holland,
N. D. (1997) Sequence and embryonic expression of the
amphioxus engrailed gene (AnphiEn): the metameric pattern
of transcription resembles that of its segment-polarity
homolog in Drosophila. Development, 124, 1723-1732.

8. Shimdd, S. M. (1997) Characterisation of amphioxus
HNF-3 genes. conserved expression in the notochord and
floor plate. Dev. Bidl., 183, 74-85.

9. Tweedig, S, Charlton, J,, Clark, V. and Bird, A. (1997)
Methylation of genomes and genes at the invertebrate-
vertebrate boundary. Mal. Cdl. Bidl., 17, 1469-1475.

10. Karabinos, A. and Riemer, D. (1997) The single
calmodulin gene of the cephalochordate Branchiostoma.
Gae, 195, 229233,

11. Kusskabe, R., Kusskabe, T., Satoh, N., Holland, N. D.
and Holland, L. Z. (1997) Differentia gene expression and
intracellular MRNA localization of amphioxus actin isoforms
throughout development: Implications for conserved
mechanisms of chordate development. Dev. Genes BEval.,
207, 203-215.

12. Williams, N. A. and Halland, P. W. (1998) Gene and
domain duplication in the chordate Otx gene family: insights
from amphioxus Otx. Mal. Biol. Eval., 15, 600-607.

13. Kusakabe, R, Satoh, N., Holland, L. Z. and Kusakabe,
T. (1999) Genomic organization and evolution of actin
genes in the amphioxus Branchiogoma bdcheri and
Branchiostoma floridae Gene, 227, 1-10.

14. Shimeld, S. M. (1999) The evolution of the hedgehog
gene family in chordates. insights from amphioxus
hedgehog. Dev. GenesEval., 209, 40-47.

15. Kozmik, Z., Holland, N. D., Kalousova, A., Paces, J,
Schubert, M. and Holland, L. Z. (1999) Characterization of
an amphioxus pared box gene, AnrphiPax2/5/8:
developmental expression patterns in optic support cells,
nephridium, thyroid-like structures and pharyngeal gill dlits,
but not in the midbrain-hindbrain boundary region.
Devdopment, 126, 1295-1304.

16. Cafedtro, C., Hjedmaqvist, L., Albdat, R., Garcia-
Fernandez, J, GonzdezDuarte, R. and Jornvall, H. (2000)
Amphioxus acohol dehydrogenase is a class 3 form of



single type and of structural conservation but with unique
developmental expression. Eur. J. Biochem, 267, 6511-6518.
17. Yasui, K., Zhang, S., Uemura, M. and Saiga, H. (2000)
Left-right asymmetric expression of BbPx, a Pterelated
gene, in a lancelet species and the developmental left-
sidedness in deuterostomes. Development, 127, 187-195.

18. Ddfo, D., Cafestro, C., Albdat, R. and Gonzalez
Duarte, R. (2001) Characterization of microsoma retinol
dehydrogenase gene from amphioxus: retinoid metabolism
before vertebrates. Chem-Biol. Interact., 130-132, 359-370.
19. Chirgwin, J. M., Przybyla, A. E., MacDonad, R. J. and
Rutter, W. J. (1979) Isolation of biologicaly active
ribonucleic acid from sources enriched in ribonuclease.
Biochemidtry, 18, 5294-5299.

20. Gardia-Fernandez, J.,, Bagufia, J. and Sal6, E. (1993)
Genomic organization and expression of the planarian
homeobox genes Dth1 and Dth2. Devdopment, 118, 241-
23

21. Jansen, R. and Ledley, F. D. (1990) Disruption of
phase during PCR amplification and cloning of
heterozygous target sequences. Nudeic Adds Res., 18, 5153-
5156.

22. Buard, J, Shone, A. C. and Jeffreys, A. J. (2000)
Meiotic recombination and flanking marker exchange at the

-78-

highly unstable human minisatellite CEB1 (D2S90). Am J.
Hum Genet,, 67, 333344

23. Hancock, J. M. (1996) Simple sequences and the
expanding genome. Bioessays, 18, 421-425.

24. Charlesworth, B., Sniegowski, P. and Stephan, W.
(1994) The evolutionary dynamics of repetitive DNA in
eukaryotes. Naturg 371, 215220,

25. Colot, V. and Rossignol, J. L. (1999) Eukaryotic DNA
methylation as an evolutionary device. Bioessays, 21, 402-
411,

26. Bonthron, D. T., Smith, S. J. and Campbell, R. (1999)
Complex patterns of intragenic polymorphism at the PDGFA
locus. Hum. Genet., 105, 452-459.

27. Yang, F., Hanson, N. Q., Schwichtenberg, K. and Tsal,
M. Y. (2000) Variable number tandem repeat in exon/intron
border of the cystathionine beta-synthase gene: a single
nucleotide substitution in the second repeat prevents
multiple alternate splicing. Am J. Med. Genet., 95, 385-390.
28. Marchetti, G., Patracchini, P., Gemmdti, D., DeRosa, V.,
Pinotti, M., Rodorigo, G., Casonato, A., Girolami, A. and
Bernardi, F. (1992) Detection of two missense mutations
and characterization of a repeat polymorphism in the factor
VII gene (F7). Hum Genet., 89, 497-502.



DISCUSSIO






Discussio General

L’estudi de I'Evolucio de les funcions:
“'EVO-FUN”"

El constant increment en el nombre de gens caracteritzats i
recollits en les bases de dades i la imminent seqiienciacié d'un
elevat nombre de genomes, anuncia la fi del periode dels
“cacadors de gens” per obrir les portes a I'era de “la recerca de
funcions”. Malgrat les comparacions entre organismes afavoreix
la comprensié de les diferéncies genomiques responsables de la
gran diversitat bioldgica actual, i S'accepta que l'increment en el
nombre de gens ha estat un dels motors de les grans transicions
en les formes de vida durant I'evolucié (Holland, 1998), encara
es desconeix com els gens duplicats han anant adquirint noves
funcions i com aquestes han afavorit la complexa organitzacio
dels éssers vius. L'estudi comparatiu de les funcions dels
membres pardlegs d'una familia genica amb els ortolegs de
diferents organismes, permet arribar a establir hipotesis sobre
I'evolucié funcional dels gens. Per fer aquest tipus d'estudi, és
necessari partir de camps molt diversos: genetica, biologia
molecular, bioquimica, zoologia, embriologia, fisiologia, evolucio,
filogénia i bioinformética. El caracter multidisciplinari d'aquest tipus
de recerca fa que sigui dificil de catalogar. L'EVO-DEVO, o0 estudi
de les estratégies de desenvolupament per entendre I'evolucid,
seria  l'enfoc multidisciplinari més proper. Perd quan
investigaci6 no estd directament relacionada amb el
desenvolupament en sentit estricte, sind que fa referéncia a
qualsevol procés bioldgic, s’hauria de parlar de 'Evolucié de les
Funcions (EVO-FUN) com una disciplina que en sentit ampli
englobaria qualsevol tipus d'andlisi dirigit a entendre I'Evolucié a
partir de l'estudi de les adquisicions i/o modificacions de les
funcions dels gens al llarg de la historia de la vida.

Estudiar la funci6 d'un gen és una tasca ardua i dificil, que la
major part de vegades passa per la generacid de mutants i
landlisi dels seus fenotips. Aquests tipus dinvestigacions de
vegades son infructuoses, ja sigui degut a la manca d'efectes
aparents dels mutants, o bé per la impossibilitat de generar-los. A
diferéncia de molts gens reguladors del desenvolupament, que
sovint presenten una elevada variabilitat i dominis conservats molt
restringits, l'andlisi de families d'enzims, normalment molt més

la
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conservades, ofereix l'avantatge de poder combinar els estudis
dels patrons d'expressio amb la quantificacio de l'activitat catalitica,
per discernir algunes de les possibles funcions biologiques. La
familia de les ADHs ha esdevingut al llarg d'aquest treball un
exemple paradigmatic per fer aquest tipus d’estudi.

1. L’'Evo-Fun a la familia de les ADHs
als cordats

L'expansi6 de la familia de les ADHs va tenir lloc fa uns 500 MA,
després de la separacié cefalocordats-vertebrats (700 MA),
probablement després de la separacié dels gnatostoms (550 MA)
perd abans de 'aparici6 dels tetrapodes (400 MA). Es creu que
en aquest periode hauria tingut lloc una “explosié d'isoformes”
que hauria generat nous gens com a fruit de nombroses
duplicacions a petita escala abans de I'aparici6 dels agnats (Suga
et al., 1999). Aixi doncs, cap de les dues rondes de duplicacions
genomiques haurien estat associades a l'aparicid de membres
funcionals de la familia de les ADHs. En aguest sentit les
innovacions funcionals lligades a I'expansié de la familia de les
ADHSs no haurien contribuTt de forma directa a l'aparicio dels
vertebrats, sind a la seva radiacid abans de I'aparicid dels
tetrapodes.

Un cop originades les noves copies, les forces evolutives varen
actuar a dos nivells per generar noves funcions: (i) a nivell de la
regié codificant del gen, modificant les propietats fisico-quimiques
de la proteTna codificada, i §i) a nivell de la regulacié génica,
alterant el lloc i moment de I'expressio.

1.1 Evolucio de la regio codificant

1.1.1 Quina era I’activitat ADH ancestral abans de
I’expansio?

El fet que l'activitat formaldehid deshidrogenasa dependent de
glutatié sigui I'inica detectada en els organismes prevertebrats
suggereix fermament que abans de l'aparicio dels vertebrats,
I'ADH ancestral precursora de les altres classes, p presentava
l'activitat d'una ADH de classe 3. Per aquest motiu, i malgrat
filogenéticament el gen de I'Adh dels procordats s’hauria de
denominar Adh1/2/3/4/5/6/7 o simplement Adh, doncs és el pro-
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ortoleg de tota la familia d’Adhs a vertebrats (Sharman, 1999),
seguint la nomenclatura proposada (Duester et al., 1999) s’ha
anomenat Adh3 (BfAdh3, BIAdh3 i CiAdh3), ja que codifica de
forma inequivoca per una ADH amb I'activitat de la classe 3 dels
vertebrats.

1.1.2 Processos evolutius implicats en el desti dels
gens duplicats

Donada la manca de multifuncionalitat de 'ADH en els procordats
s’ha de descartar la subfuncionalitzacié com el procés evolutiu pel
qual s’han generat les diferents classes d'/ADHs en els vertebrats.
Les noves funcions, enteses com a noves activitats enzimatiques,
provindrien d'un procés de neofuncionalitzacid. Per mutagénesi
dirigida s’ha demostrat que amb un nombre reduit de
substitucions aminoacidiques 'ADH3 adquireix caracteristiques
tipiques de les altres classes, com per exemple activitat front
I'etanol, 0 es torna sensible a inhibidors especifics de la classe 1
(Estonius et al., 1994, Hedberg et al., 1998).

Aqguestes observacions reforcen la idea que les noves activitats,
entre d'altres l'oxidacié del retinol per 'ADH4, haurien aparegut
per neofuncionalitzacié durant I'evolucié dels vertebrats. En
aquest marc l'amfiox, sense lelevada redundancia génica
observada a vertebrats, és un organisme model ideal per
estudiar el metabolisme del retinol en la via de sintesi de I'icid
retinoic. La recent caracteritzacio de la retinol deshidrogenasa de
cefalocordats apunta a aquest membre de la superfamilia de les
SDR com un possible protagonista en aquesta via metabolica en
prevertebrats (Dalf6 et al., 2001), i futures investigacions
permetran dilucidar quines innovacions ha aportat la incorporacio
de 'ADH4 a aquesta via.

Un fet interessant que reforcaria el procés de neofuncionalitzacio
per I'evolucié de les ADHSs, és la descripcid en els peixos d’una
ADH de classe 1 amb caracteristiques mixtes entre les classes 3 i
la classe 1 de mamifers (Danielsson et al., 1992), que podria
representar una forma transitoria en I'evolucié de les classes. No
obstant, al considerar aquesta hipotesi, cal tenir en compte que
en el linatge dels peixos shan donat més duplicacions
genomiques que a la resta de vertebrats (Aparicio, 2000), i per
tant poden tenir classes d’ADHSs sense pardlegs a mamifers. Tant
sols una anilisi bioquimica i gendmica exhaustiva resoldra si
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I'ADHL1 de peixos és un veritable ortdleg a ’ADH1 de mamifers, 0
bé si es tracta d'un trans-homoleg amb convergéncia funcional.

1.1.3 La “densitat funcional” com eina per inferir
'Evo-Fun

Un concepte a tenir en compte en estudiar el procés de I'evolucid
de les noves funcions és la “densitat funcional”, introdutda de
forma tedrica per Zuckerkandl (1976) per quantificar la fraccid
d'una proteTna involucrada en la funci. Una elevada densitat
funcional determinaria que tan sols una redutda fraccio
d'aminodcids podrien variar sense comprometre la seva funcio,
establint-se una relacié inversament proporcional entre densitat
funcional i taxa evolutiva. A més, si la funcié d’'una protena no
varia entre diferents organismes, la densitat funcional, i per tant la
taxa evolutiva, romanen constants. En un procés de duplicacio
génica, si els dos gens seguissin un procés de degeneracio i
subfuncionalitzacio, les densitats funcionals es veurien alterades
produint canvis en les seves taxes evolutives. Per contra, si una
de les copies retingués la funcié ancestral i I'altre n'adquiris una
de nova, la taxa evolutiva de la primera romandria constant i la
segona la modificaria. El fet que la taxa d'evolucio de 'ADH3
s’hagi mantingut constant dins dels cordats, mentre que altres
membres de la familia (ADH1) hagin incrementat quasi 4 vegades
la seva taxa d'evoluci6, aporta una base real a les prediccions
tedriques de Zuckerkand! i obre la possibilitat de que a partir d'un
parametre mesurable com la taxa d'evolucié, es pugui inferir el
proces evolutiu seguit, neofuncionalitzacié o subfuncionalitzacid,
en l'adquisicié de les noves funcions.
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1.1.4 Evo-Fun de les proteines que formen
homodimers

Les proteTnes que actuen com a homodimers, com és el cas de
les ADHs, estan sotmeses a restriccions funcionals addicionals
que determinen el seu procés evolutiu. Aixi, malgrat una de les
copies pot preservar la funcié ancestral, laltra no és lliure
d'evolucionar mentre pugui interferir formant heterodimers no
funcionals. Aquesta interferéncia determina que la nova copia no
obté complerta libertat mutacional fins que assoleixi 0 bé la seva
independéncia  estructural impedeixin
I'heterodimeritzacid , o bé la seva independencia espaial
mitiangant canvis en el seus patrons d’expressié que condueixin

per mutacions que

a nivells de solapament tolerables o inexistents. Aquests dos
processos poden donar-se per separat 0 de forma simultania,
perd mentre no s'assoleixi la independéncia, la pressié de la
selecci6 mantindra les dues copies amb redundancia funcional.
Aixi doncs, després d'una duplicacié d'una proteTna que
dimeritza hi hauria una fase inicial on la seleccié mantindria una
redundancia funcional frenant la desfuncionalitzacié d'una de les
copies. En conseqiiéncia, s'allargaria el temps en el que es poden
adquirir noves funcions per neofuncionalitzaci6 directe o a través
d'un procés de refinament funcional i posterior subfuncionalitzacié
(fig. 2).

Totes les classes d’ADHs analitzades presenten independencia
estructural. No poden heterodimeritzar, degut a la redistribuci6 de

Duplicaci

I Funcio ancestral
[T Nova funcié
[ No funcional

Fasede

redundancia Ay <— y/(

funcional
Refinament i/o SELECCIO
subfuncionalitzacié NATURAL

v

Independéncia

estructural i/o A %

espaial

Ni@funcionali aci

[ 4

Figura 1. Model d’evolucié funcional per gens duplicats que codifiquen per proteTnes que dimeritzen. En la part superior es representa la
fase de redundancia funcional mantinguda per seleccio, degut a I'efecte deleteri de la formacié d’heterodimers no funcionals. En la part
inferior es mostra la fase d'independeéncia estructural i/o espaial on el nou gen ha assolit la llibertat mutacional i podria adquirir noves
funcions per neofuncionalitzacio directe (B) o per refinament i subfuncionalitzacié (A").y : pseudogen. « : dimeritzacio, «/: no dimeritzacio
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residus i algunes substitucions en posicions d'interacci6 entre els
monomers (Danielsson et al., 1994b) (Danielsson et al., 1994a)
(Cafiestro et al., 2000). Aix0 torna a reflectir una redistribucié de
la densitat funcional com un pas clau en l'adquisicié de noves
funcions. D’altra banda, el canvi de patré d'expressio de I'Adh3,
probablement lligat a les duplicacions geniques que expandiren la
familia de les Adhs, pot haver influTt en el seu desti. Malgrat no
es coneix com selimna el formaldehid en organismes
prevertebrats, a partir de 'expressio de I'Adh3 es podria pensar
que té lloc majoritiriament en teixits digestius. Aixi doncs, una
possible independéncia espaial podria haver-se produTt quan en
els vertebrats 'Adh3 va perdre I'especificitat tissular i passa a
expressar-se en molts teixits on no s'expressaven els seus
duplicats. Els efectes deleteris de la formacié d’heterodimers no
funcionals haurien estat menors i les copies geéniques haurien
pogut evolucionar de forma més independent.

1.2 Evoluci6 del patr6 d’expressio dels membres
de la familia ADH

El segon nivell sobre el qual 'evolucid pot actuar per determinar
el desti funcional dels gens duplicats és la regulacio de
I'expressid. L'’Adh3 a prevertebrats (Drosophila, ascidis i amfioxs)
presenta una expressio restringida a determinats teixits, els quals
directa o indirectament tenen relacié amb funcions digestives. Per
contra, els vertebrats (peix zebra, ratoli i home) presenten un
patrd d'expressio generalitzat (fig. 2). En base a aquestes dades,
sembla probable que el patré especific correspongués a I'estat
ancestral, i que l'expressié ubiqua dels vertebrats fos una
innovacié d'aquest llinatge, produrda per guanys o pérdues
d'elements reguladors en les regions de control.

Es interessant destacar la coincidéncia entre els patrons
d'expressi6 de I'Adh3 a organismes prevertebrats amb els
d'altres membres de la familia de les Adhs de vertebrats, com
['Adh4 a I'estémac (Moreno & Parés, 1991, Moreno et al., 1996) i
Adhl al fetge i lintesti (Smith et al., 1971). Aquests resultats
plantegen un escenari en el que després de les duplicacions
géniques una copia hauria preservat les seves propietats
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bioquimiques, pero hauria perdut 'especificitat tissular, mentre que
les altres haurien adquirit la capacitat de metabolitzar nous
substrats (etanol, retinol, hormones esteroidees) mantenint total o
parcialment els elements reguladors de I'especificitat tissular (fig.
3).
d'investigacid per estudiar 'Evo-Fun de les regions promotores
de diferents ADHs a animals models situats filogenéticament abans
i després de I'expansié (Drosophila, ascidi, amfiox i peix zebra).
Anilisis de prediccidé d'elements reguladors sobre les regions
promotores de I'Adh3 de prevertebrats, suggereixen I'existncia
de caixes reconegudes per factors de transcripcio com C/EBPS i
AEF-1, que a mamifers regulen I'expressié de molts gens en el
teixit hepatic. A més, experiments de retard en gel i proteccié a la
DNAsa, mostren com les C/EBPs que regulen I'expressié hepitica
de 'ADH1 murina, poden també reconéixer els llocs d'unié de les
C/EBPs de I'Adh-SDR a cos gras de Drosophila. Aquest puzzle
és un clar exemple de bricolatge molecular, on les mateixes
peces son utilitzades per gens diferents que han convergit a nivell
de funcié (ADH1-MDR i ADH-SDR), o per organismes diferents
que han d'expressar els seus gens en oOrgans anilegs i
funcionalment equivalents (cos gras i fetge).

Aquestes dades podrien fins i tot contribuir a aportar nova llum
sobre I'origen evolutiu del fetge: a 'amfiox existeix un drgan amb
funcions equivalents que es coneix com a cec hepitic que es
desenvolupa durant la metamorfosi a partir de la regié que uneix
I'esofag i lintesti anterior. Si es considerés I'expressio de 'Adh3
com un marcador posicional de la regi6 homologa entre
vertebrats i cefalocordats, les nostres dades recolzarien una
relacié d'analogia i no d’homologia entre fetge i cec hepitic, ja que
I'Adh3 s'expressa en lintesti mitja i posterior, lluny del lloc on es
desenvolupara el cec hepatic. A més, aquests resultats
conjuntament amb la recent deteccié d'activitat b-galactosidasa
endogena (Cafiestro, 2001), revelen una diferenciacio funcional
al llarg del tub digestiu de 'amfiox malgrat I'aparent manca de
diferenciacié morfologica, i aporten dades d'interés sobre l'origen
evolutiu del fetge i el sistema digestiu.

Aquests resultats ens han fet iniciar una nova linia
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Figura 2. Representacio grifica de I'evolucio de les funcions dels membres de la familia de les Adhs en relaci6 a la seva expansio. A
I'esquerra es representa la relacio filogenética de les ADHs i es mostra la historia evolutiva dels patrons d'expressio: especifica de teixit
(vermell) i generalitzada (verd). En el centre, s'agrupen les diferents classes d’ADHs segons les seves activitats catalitiques: ADH3 (fons

salmd) i ADH1/4 (fons lila).

-83-



Discussio General

Adh3 especifica de teixit

el

Duplicacié

' v

Canvisen elselementsreguladors Canvisen |'activitat enzimatica

' v
' v

Adh3 ubigua Adhl1/7 WWciﬁques de teixit

Figura 3. Representacié esquematica dels canvis produTts en les regions codificants i en les regions reguladores que haurien determinat
I'evolucié funcional de la familia de les Adhs. L’Adh3 ha preservat la seva activitat mentre que ha modificat el seu patr6 d’expressid
especific de teixit a ubic. Per contra, les noves Adhs haurien adquirit la capacitat de metabolitzar nous substrats perd haurien mantingut en
gran part la seva especificitat tissular.

abans d'adquirir noves funcions (Patton et al., 1998). A més, la

1.3 La familia ADH: un cas singular major part d'exemples d'evolucié per complementacié i
Una idea predominant en els estudis de I'evoluci6 de les funcions subfuncionalitzacio hipotetitzen que un patr6 general canvia a un
és que els gens reguladors tenen més possibilitats d’evolucionar de més restringit (Force et al., 1999). La familia de les ADHs és
que auells que realitzen funcions enzimitiques (Cooke et al., una clara excepcio d'aquestes dues premisses: son enzims que
1997). En els enzims s’haurien de donar substitucions maltiples han modificat les seves caracteristiques bioquimiques, reconeixen
en la regié codificant que generessin una nova funcié, i donada nous substrats i s’han donat canvis d'un patrd dexpressio
la baixa freqiiéncia d’aquest fenomen molts gens es perdrien restringit a general.

-84-



Discussio General

2. Constancia evolutiva de I’ADH3

L'alineament de I'ADH3 dels procordats amb les daltres
organismes tant distants com bacteris, llevats i plantes, revela la
seva “constincia” al llarg de tota I'escala evolutiva com un dels
seus trets caracteristics (Danielsson et al., 1994a). Un terg de les
posicions estan totalment conservades, i quasi la meitat de la
molécula presenta una variabilitat molt limitada. Tanmateix, el
patr6 de conservacid no és uniforme al llarg de la molécula,
havent-hi segments molt conservats i d'altres més variables. La
caracteritzaci de I'estructura tercidria de 'ADH3 ha mostrat com
aquestes regions més constants es troben a la part interna i
corresponen als dominis funcionals (centre catalitic, unid al
substrat, unié al cofactor, unié als atoms de zenc, i regions de
dimeritzaci6) mentre que les menys conservades ocupen regions
més superficials (Yang et al., 1997).

La baixa saturacié6 mutacional de I'ADH3 en el regne animal
juntament amb la seva constincia evolutiva, permet considerar
que I'ADH3 és una bhona eina per estimar els temps de
divergéncia entre diferents grups d’organismes. Les estimes fetes
a partir de 'ADH3 en el decurs d'aquest treball indiquen que:

i) les separacions entre deuterostoms—protostoms i cefalocordats-
vertebrats varen tenir lloc 731-744 MA i 682-694 MA,
respectivament, estimes molt similars a daltres fetes amb
molécules diferents (Nikoh et al., 1997, Gu, 1998, Doolittle et al.,
1996). Cal destacar el petit interval de temps (50-70 MYA) entre
les dues separacions, que recolzen una veritable “explosio
Cimbrica”, entesa com laparicié abrupta de la majoria de grups
dels metazous durant el Neoproterozoic tarda (Ayala & Rzhetsky,
1998). Moltes filogenies moleculars, entre elles les basades en
I'ADH3 (fig. 4), mostren incongruencies en les relacions entre
organismes que divergiren en aquest curt periode, degut a la
impossibilitat d'acumular diferéncies moleculars suficients com per
reproduir arbre filogenétics amb embrancaments robustes
(Philippe et al., 1994).

ii) la separaci6 entre les dues especies d'amfioxs, B. floridae i B.
lanceolatum, es va produir fa 190 MA. Aquesta és una de les
primeres estimes moleculars de ['especiacio entre dos
cefalocordats. Malgrat podria semblar massa gran per dos
organismes que morfologicament son tan semblants, és congruent
amb la distribucié geografica actual de ambdues espécies, als dos
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costats de l'oced Atlantic, i es relacionaria amb linici del seu
atllament geogrific produit pel trencament de la Pangea i
I'obertura del Atlantic fa uns 200 MA. Aixi, es podria argumentar
que la gran similitud entre les dues espeécies no es deguda a que
divergiren fa poc temps, sind a la abséncia de grans canvis
morfologics durant els darrers 200 MA. Recentment, la separacio
entre B. floridae i B. belcherei, dues espécies separades per
l'oced Pacific, reforcen els nostres resultats (Nohara et al., 2001).
De fet, aquesta estabilitat morfologica recolzaria la condicio
d'organisme “arquetipic” postulada per aquest subfilum (Owen,
1848, Garcia-Fernandez & Holland, 1994).

L'ADH3 probablement ha mantingut constant la seva taxa
d'evolucié des de temps remots, com reflecteix la reduTda
variabilitat de les seves constants cinétiques a bacteris, fongs,
plantes i animals. Aquesta darrera hipotesi no ha pogut ser
comprovada amb els métodes de filogénia actuals, donat que
encara subestimen el nombre real de substitucions entre dues
molécules quan el temps de divergéncia és massa gran, com és el
cas de les separacions animals-plantes-fongs i eucariotes-
procariotes. Les estimes dels temps de divergencia basades en
I'ADH3 malgrat possiblement no son acurades, donen valors molt
similars a d'altres obtinguts amb altres molecules (Nikoh et al.,
1997, Doolittle et al., 1996), 1120-1490 MA entre animals-
plantes-fongs i 1630 MA entre eucariotes-procariotes. En el
decurs de l'analisi filogenétic de totes les ADHs-MDR dels éssers
vius, i a partir del fet que 'ADH3 no ha estat mai identificada en
cap arqueobacteri ni en cap eubacteri gram positiu, essent
present en tots els eucariotes exceptuant els protistes, sempre
s’ha contemplat la possibilitat d'una transferéncia horitzontal molt
antiga. Aixi, I'estima de 1630 MA no indicaria la divergencia entre
eucariotes i procariotes siné el moment de la transferéncia
horitzontal. Aquesta possibilitat concordaria la hipotesi recent de
I'existencia de dues grans onades de transferéncies horitzontals,
una d'elles fa uns 1800 MA (Hedges et al., 2001), i amb l'andlisi
filogengtica de totes les ADHs al llarg de tota I'escala evolutiva
(Philippe & Lopez, 2001).
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Figura 4. Relacions filogenetiques entre les diferents classes d’ADHs (classe 3 en vermell i la resta de classes en blau) al llarg de tota I'escala
evolutiva. L'arbre filogenétic ha estat construit perneighbor-joining amb una distribucié gamma (2=0.8) i fent servir les ADHs bacterianes com a
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col-lapsats. El punt indicaria I'expansié de la familia dins del llinatge dels vertebrats.
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3. L’ADH3, un enzim housekeeping?

L'elevat grau de conservacio estructural i bioquimic que ha
mostrat 'ADH3 dels procordats, estaria d'acord amb que la seva
funcié enzimatica s'ha mantingut al llarg de l'evolucid dels animals.
No obstant, els canvis en el patr6 dexpressié, obre nous
interrogants sobre la seva funcié(ns) fisiologica en els vertebrats.
Una mateixa proteTna pot estar realitzant tasques diferents en
llocs o organismes diferents. Shan descrit gens que
desenvolupen rol: i) proteTnes
multifuncionals que degut a que contenen diferents dominis poden
dur a terme diferents funcions (Breitling et al., 2001), ii) hi ha
gens que malgrat la seva funcié molecular és Unica, el fet que
intervinguin en diferents xarxes géniques implica que fan tasques
molt diferents (Wilkinson & Shyu, 2001, Ladomery, 1997), i per
(ltim, i) el fenomen conegut com a fene sharing”, segons el
qual un gen pot adquirir i mantenir una segona funcié sense
perdre la funcié primaria com per exemple enzims com la lactat
deshidrogenasa, 0  aldehid
deshidrogenasa, a més de dur a terme la seva funcié enzimatica,
formen part de l'estructura del cristalli de I'ull participant en la
refraccié i absorcié de la llum (Borras & Rodokanaki, 1989;
Piatigorsky et al., 1988, Gonzalez et al., 1994).

Tradicionalment, 'ADH3 ha estat considerada un enzim involucrat
en el manteniment cel-lular basal eliminant el formaldehid. Es
defineix un gen com housekeeping quan té una tasca de
manteniment cel-lular, una expressio ubiqua, generalment baixa,
molts cops localitzat en regions genomiques no metilades amb
nivells de transcripcié basals poc regulats, i expressié uniforme
en la majoria de teixits. Sota aquest concepte, 'Adh3 no s’hauria
de classificar en aguesta categoria perqué: 1) en la major part de
prevertebrats no presenta una expressio ubiqua, 2) es troben
diferéncies importants entre diferents teixits, 3) I'estudi del seu
promotor sembla revelar que es un gen finament regulat amb
elements reguladors especffics de teixit, i 4) es troba en regions
genomiques metilades. Aquest seria el primer pas per obrir
noves perspectives en l'estudi funcional de 'ADH3 i tractar de
relacionar-la a d'altres possibles funcions: generador de poder
reductor en forma de NADH+, implicaci6 en el manteniment del

més dun existeixen

argininosuccinat  liasa
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potencial redox en situacions metaboliques particulars: elevada
proliferacid, sintesi de DNA, la fecundacio, etc.

4. L’amfiox com a model animal: un
organisme arquetipic amb un genoma
... peculiar.

Durant la darrera década, els amfioxs han tornat a ocupar el
centre de I'escenari de la recerca orientada a estudiar I'origen
dels vertebrats (Gee, 1994). Des de que Owen (1848) va
descriure el seu pla corporal com arquetipic, s’han intentat
identificar les homologies amb els diferents organs dels vertebrats.
En aquest sentit, 'estratégia de comparar els patrons d'expressio
de gens d’amfiox amb els homolegs a vertebrats ha servit per
identificar algunes homologies corporals i per a distingir les
funcions ancestrals de les innovacions evolutives dels vertebrats.
Aquests treballs s'han basat majoritiriament en la caracteritzacio
de gens a nivell de cDNA i de fet, des dels treballs sobre la
reassociacié de DNA genomic de Schmidtke (1979), pocs son els
casos on s’han estudiat les estructures géniques, la composicio de
les regions no codificants i l'arquitectura del genoma. La
caracteritzacié de les regions genomiques de I'Adh a B. floridae i
B. lanceolatum ha servit per a revelar propietats dels gens dels
cefalocordats, que posteriorment s’ha vist eren compartides per
altres gens, fentse aixi extensives al genoma d'aquests
organismes.

4.1 Dinamica dels introns durant I'evolucio dels cordats.

Els guanys o pérdues d'introns com a canvis genomics rars
(RGCs) han estat molt (tils com a marcadors cladistics en estudis
filogenétics de peixos (Venkatesh et al., 1999) o d'insectes (Rokas
& Holland, 2000) i per estudiar expansions de families geniques
(Cafiestro et al., 2002). Pero, a més a més l'anilisi del numero,
mida i posicid dels introns, també aporta informaci6 sobre
l'evolucid del genoma. Aixi, els nostres resultats i els daltres
autors indiquen que les posicions dels introns tendeixen a estar
altament conservades en tots els cordats i el seu nombre a ésser
lleugerament més elevat en el procordats. La mida mitjana dels
introns difereix significativament entre els diferents subfila, des dels
extremadament petits dels urocordats (pocs centenars de bp), als
moderadament petits dels cefalocordats (poques kb) i als enormes
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introns dels vertebrats (fins a centenars de kb). D'altra banda, els
protdstoms solen tenir un baix nimero d'introns i de mides petites,
perd la manca d'un nombre de dades suficients no permet
caracteritzar I'estructura genomica ancestral dels deuterdstoms i
protostoms, alimentant el classic debat sobre l'origen primerenc o
tarda dels introns. Malgrat tot, 'andlisi d'introns de les Adhs
encaixaria millor amb la preséncia d'introns primerencs, els quals
s'haurien perdut majoritiriament en els protostoms, possiblement
ligat a la compactacié del seu genoma en un procés d'adaptacio
a un rapid desenvolupament embrionari.

4.2 El polimorfisme genétic de I'amfiox com a eina per
I'andlisi funcional

Una de les caracteristiques més notories del genoma de I'amfiox
és el seu elevat grau de polimorfisme genétic tant a nivell de
regions codificants com no codificants. La comparaci6 dels
abundants polimorfismes a nivell inter- i intraespecifics en el cas
de 'ADH, mostra com la majoria dels canvis no sindnims es
produeixen en les posicions variables entre les dues espécies
d'amfioxs. Aquestes posicions probablement deuen alterar poc la
funcié basica de 'ADH3 de 'amfiox i per tant tindrien poc pes en
la densitat funcional de 'enzim. Per altra banda, les regions no
codificants (regions reguladores, introns i regions transcrites no
traduTdes) presenten un elevat nombre de substitucions i petites
insercions-delecions. També en aquest cas, lanilisi dels
polimorfismes en aquestes regions pot permetre identificar regions
invariables com a candidates a tenir constriccions funcionals
participant en el control de la regulacié génica.

4.3 Polimorfisme intronic de I'amfiox

Landlisi Southern d'un gen de copia Unica en cefalocordats
presenta fregiientment patrons d'hibridacié complexos amb
I'aparici6 de multiples bandes de mida variable entre diferents
individus, i ocasionalment bandes addicionals ténues. En el cas
del gen Adh, l'andlisi de les regions gendmiques corresponents
ha revelat una quantitat important de DNA repetit amb un gran
polimorfisme al-lélic que genera una elevada variabilitat en la
mida dels introns. Aquest DNA repetit esta format majoritiriament
per repeticions imperfectes en tindem del tipus minisatel-lit
(VNTRs) i en menor grau de microsatéllits i elements genétics
mobils.
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En vertebrats, la inestabilitat dels minisatél-lits va generalment
ligada a la linia germinal. Per contra, en cefalocordats sembla ser
abundant a nivell somitic i en aquest sentit 'amfiox seria un
organisme mosaic. La deteccio dallels recombinants en el
genoma d'amfiox, algun dels quals havia variat la seva mida,
planteja la possibilitat que l'entrecreuament desigual sigui el
mecanisme generador de la inestabilitat d'aquestes repeticions. El
grau de mosatrcisme per un locus determinat varia entre diferents
probablement  depenent  del del
desenvolupament o del tipus cel-lular en qué es va donar el

individus, moment
canvi.

Aquest elevat grau de polimorfisme gengtic s'ha de tenir en
compte en fer les estimes del nombre de copies d'un gen en el
genoma d'amfiox, doncs podria conduir a valoracions erronies.
Per tant, seria recomanable en anlisis Southern utilitzar sondes
curtes, sense regions introniques, i sobre DNAs de diferents
individus per separat per evitar patrons d'hibridacio complexos. A
més, s'ha de tenir en compte que I'aparicié de bandes d'hibridacid
tenues podrien ser variants al-leliques fruit del polimorfisme
somatic, enlloc d'altres gens relacionats. Les variants fins i tot
podrien ser atllades en cribratges gendmics on apareixerien més
de dos al-lels per un gen de copia Unica i individu. Finalment,
aquest elevat polimorfisme genétic hauria d'ésser considerat a
I'hora de dissenyar el possible projecte de sequenciacio del
genoma d'aquest organisme.

4.4 Miratges: un nou tipus de minisatél-lits

Cal esmentar I'abundant preséncia d'un nou tipus de minisatel-lits
anomenats miratges, que es caracteritzen perqué la seva
subunitat de repeticid inclou part de I'extrem de I'exd i part de la
sequiencia intronica adjacent. La seva abundancia en el genoma
d'amfiox apunta a que la seva estructura no seria atzarosa, i es
generarien i es processarien per mecanismes especifics, que
farien dels miratges una nova entitat genética. Malgrat no hi ha
cap evidencia al respecte, I'elevat grau de conservacié dels
senyals donadors-acceptors de splicings en cadascuna de les
subunitats, insinuaria que l'origen i la dindmica dels miratges
podria estar lligada d'alguna manera a la maquinaria de splicing.
Tanmateix, que s’hagin descrit repeticions similars en vertebrats
planteja dos possibles escenaris: a) els miratges ja estaven
presents en l'ancestre dels vertebrats i cefalocordats i han estat
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gairebé eliminats en el genoma de vertebrats, mentre que s’han
preservat en els cefalocordats, recolzant la visié de 'amfiox com
un organisme arquetipic; b) la seva preséncia en vertebrats és
una mera coincidéncia sense cap mena de lligam evolutiu amb els
miratges dels cefalocordats.

S’ha demostrat que entrecreuaments i reordenacions dins dels
miratges provoquen la formacié d'al-lels recombinants. Aixi
doncs, l'existéncia de miratges podria afavorir I'aparicié de
regions amb alta freqiiéncia de recombinacié desigual i per tant
contribuir de forma important a 'augment de la diversitat al-lelica
d'aquests frequiéncia
d'entrecreuaments desiguals és proporcional a la quantitat de
sequeéncies similars, en els casos de gens duplicats, I'existéncia
de miratges flanquejant els exons incrementaria la freqiiéncia de
recombinacions entre ells i daquesta manera promouria
fenomens de conversio genica. Shan descrit casos de
“resurreccions” de pseudogens per conversié génica mitjangant
la transferencia d'informacié d’un gn funcional de la mateixa
(Trabesinger-Ruef et al., 1996). Aixi doncs,
I'homogenitzacié dels gens duplicats per entrecreuament desigual
i conversié genica afavorida per la preséncia de miratges,
retardaria la desfuncionalitzacié i augmentaria la pobabilitat de
neofuncionalitzacié d'una de les copies. Finalment, en un suposat
escenari evolutiu en qué els miratges fossin ancestrals, la seva
preséncia podria haver influenciat el desti dels gens resultants de
les duplicacions a gran escala postulades durant I'evolucio
primerenca dels vertebrats.

organismes. Donat que la

familia

4.5 Origen i manteniment del polimorfisme genétic de
I’'amfiox

L'elevat polimorfisme genétic observat en les poblacions de
cefalocordats és el reflex de I'estat transitori resultant de I'equilibri
dinamic entre la creaci6 i desaparicié de variants al-léliques al
llarg del temps. Les poblacions grans i ben establertes poden
mantenir una gran riquesa al-Ilelica com a fruit del baix efecte de la
seleccio sobre caracters quasi neutres i la poca influéncia de la
deriva geénica. Aixi doncs, el polimorfisme dels amfioxs podria
estar revelant la seva estructura poblacional, amb una profunda
estahilitat sense colls d'ampolles recents. De fet, son les
poblacions marginals amb un nombre reduTt d'individus, ja sigui
degut a extincions massives 0 atllament geogrific, les més
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susceptibles a I'especiacié i a patir canvis drastics en les seva
biologia. L'ecologia dels cefalocordats, amb poblacions grans en
ambients estables, podria explicar el baix nombre d'espécies
existent en aquest subfilum i hauria contribuTt a mantenir I'estatus
arquetipic del seu disseny corporal.

4.6 L’'amfiox com a organisme model

L'amfiox és I'animal viu més interessant per l'estudi de I'evolucid i
origen dels vertebrats, degut a la seva privilegiada posicio
filogenética, la seva haixa redundancia geénica i el seu disseny
corporal “arquetipic”. No obstant, aquest organisme presenta una
série de caracteristiques que dificulten el seu establiment definitiu
entre els organismes models més emprats. Tot i la seva distribucid
cosmopolita, la seva accessibilitat és bastant redurda. Malgrat
s'estan fent progressos en I'estabulacié de I'espécie B. belcherei
(Watanabe et al., 1999), encara és llunyana la possibilitat de
mantenir-los en un laboratori i controlar el seu cicle biologic.
L'espécie B. floridae és una de les més estudiades de les quals es
coneix més la seva hiologia. No obstant, la particular forma de
reproduir-se, una nit cada dues setmanes durant l'estiu a les
costes de Florida, a més de suposar un elevat cost, limita molt les
condicions de treball i els tipus d’experiments que es poden
realitzar. De I'especie B. lanceolatum, la més abundant en les
costes europees, ho es coneix amb exactitud el seu cicle
reproductiu, i el fet que sol viure a fondiries de més de 3 m
dificulta la seva captura requerint I'iis de dragues.

D'altra banda, els embrions d'amfiox s6n molt frigils, i fins ara no
s’ha establert cap protocol dintroducci6 de DNA per
electroporacié ni microinjeccio. L'existéncia de certa fluorescéncia
corporal i el descobriment que I'amfiox té activitat b-galactosidasa
endogena (Cafiestro et al., 2001), també dificulten I'is dels gens
GFPiLacZ com a gens reporters en experiments de transgénesi.
Finaiment, el fet que molts gens hagin tingut la seva particular
historia evolutiva en el llinatge dels amfiox (Dalf6 et al., 2001,
Ferrier et al., 2001, Garcia-Fernindez et al., 2001) I'elevat
polimorfisme del genoma de I'amfiox i 'existéncia notoria de DNA
repetit (minisatel-lits i elements mobils) dificulten en gran mesura la
recerca i caracteritzacié de gens i els possibles projectes de
seqlienciacid genomica. Aquestes dades, juntament amb la
preséncia no tan esporadica de duplicacions geniques propies del
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linatge dels cefalocordats, fan que 'amfiox no sigui un organisme
tan senzill d’estudiar com s'esperavaa priori.
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CONCLUSIONS

. L’expansid de la familia genica de les Adhs es va produir fa uns 500 MA, després de la separacid entre els
cefalocordats i els vertebrats (690 MA), probablement per duplicacions geniques en tandem i independentment
de les 2 rondes de duplicacions genomiques postulades durant I'evolucid primerenca dels vertebrats. Es tracte
d’'una familia complexa i heterogénia formada per més de set classes diferents. L'’ADH3 és I'inic membre de la
familia present en els procordats

. The Adh gene family expansion took place 500 MA, after the cephalochordate-vertebrate split (690 MA), probably by gene tandem
duplications, rather than linked to the 2Rounds of genome duplications postulated in the early vertebrate evolution. This is a
complex and highly heterogeneous family that contains a minimum of seven classes. ADH3 is the only family member present in pro-
chordates

. L’Adh3 codifica per una proteTna que ha mantingut les propietats bioquimiques i ha canviat el patré d’expressid
al llarg de I'evolucié dels cordats. Contrariament, els gens duplicats han adquirit noves funcions - per
neofuncionalitzacié- i han mantingut I'especificitat tissular ancestral.

. The Adh3 encodes a protein that has retained the biochemical features but its expression pattern has changed during the evolution
of chordates. On the other hand, the duplicated genes have acquired novel functions -by neofunctionalization- and have maintained
the original tissue specificity.

. L’Adh3 a invertebrats presenta una expressio especifica de teixit. Aixd suggereix diferéncies funcionals respecte
al rol de manteniment cel-lular basal de '’ADH3 postulat a vertebrats.

. The Adh3 tissue-specificity shown in invertebrates suggests functional differences with the housekeeping role ascribed to the
vertebrate ADH3.

. L’abundéncia de DNA repetit —minisatél-lits i elements mobils- en els introns de I'Adh3 de B. floridae i B.
lanceolatum és la causa de I'elevat polimorfisme descrit en aquesta regié genomica.

. The abundance of repetitive DNA —minisatellites and mobile elements- found in intron sequences of the B. floridae and B.
lanceolatum Adh3 is the cause of the high level of polymorphism described in this genomic region.
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L'existéncia d'inestabilitat genética a nivell sométic, probablement generada per fenomens d'entrecreuaments
interal-lelics, fa de I'amfiox un organisme mosaic.

The genetic instability described at the somatic level, probably resulting from inter-allelic crossover events, confers to the amphioxus
animal a mosaic status.

. S’ha descrit un nou tipus de minisatel-lits -miratges — caracteristics del genoma dels cefalocordats, que es
caracteritzen per la seva peculiar subunitat de repetici6 que inclou part de I'ex6 adjacent.

A novel kind of minisatellites has been described —miratges- as an extended feature through the cephalochordate genome. They
are characterized by an odd repeat subunit, which spans over the exon-intron boundaries.

Finalment, s’ha descobert que els amfioxs tenen activitat b-galactosidasa endogena, i la seva deteccié aporta
un nou marcador histoquimic del seu sistema digestiu util per I'estudi de la seva diferenciacié funcional i
morfologica.

Finally, endogenous b—galactosidase activity has been detected in amphioxus, which provides a new histochemical marker for the
digestive system, and is useful to monitor its functional and morphological differentiation.
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