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ABSTRACT We have characterized cDNA and genomic
clones coding for a sponge collagen. The partial cDNA has an
open reading frame encoding 547 amino acid residues. The
conceptual translation product contains a probably incomplete
triple-helical domain (307 amino acids) with one Gly-Xaa-Yaa-
Zaa imperfection in the otherwise perfect Gly-Xaa-Yaa repeats
and a carboxyl propeptide (240 amino acids) that includes 7
cysteine residues. Amino acid sequence comparisons indicate
that this sponge collagen is homologous to vertebrate and sea
urchin fibrillar coliagens. Partial characterization of the corre-
sponding gene reveals an intron-exon organization clearly re-
lated to the fibrillar collagen gene family. The exons coding for
the triple-helical domain are 54 base pairs (bp) or multiples
thereof, except for a 57-bp exon containing the Gly-Xaa-Yaa-
Zaa coding sequence and for two unusual exons of 126 and 18 bp,
respectively. This latter 18-bp exon marks the end of the
triple-helical domain, contrary to the other known ribriflar
collagen genes that contain exons coding for the junction be-
tween the triple-helical domain and the carboxyl propeptide.
Compared to other fibrillar collagen genes, the introns are
remarkably small. Hybridization to blotted RNAs established
that the gene transcript is 4.9 kilobases. Together with previous
results that showed the existence of a nonfibrillar collagen in the
same species, these data demonstrate that at least two collagen
gene families are represented in the most primitive metazoa.

Collagens are multidomain, interactive proteins that consti-
tute the main extracellular component of all multicellular
animals (1). So far, 13 different collagen types have been
described in vertebrates, most of them forming polymeric
structures or being closely associated with other collagenous
polymers. Collagen molecules are made of three a chains,
which may or may not be identical. They are characterized by
the presence of triple-helical domains, which contain Gly-
Xaa-Yaa repeats, that are essential for helix formation (2).
More than 20 genes encode the different a chains. With the
exception of the gene coding for type X collagen (3, 4), the
described collagen coding genes have a complex exon-intron
organization. Among them, the genes coding for the fibril-
forming collagens (types I, II, III, V, and XI) have a homol-
ogous organization (5-8) with, in particular, triple-helix
coding exons related to a 54-base-pair (bp) unit. These exons
are believed to have evolved from an ancestral unit of 54 bp
encoding six Gly-Xaa-Yaa repeats (9). The nonfibrillar col-
lagen genes examined so far have more variable structures
even though a few 54-bp exon units have been described
(10-13).
Very few data have been reported on the collagen gene

organization in invertebrates. Variable exon sizes have been
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FIG. 1. Diagram showing partial restriction map and sequencing
strategy of the cDNA clone C23 (Lower) and some characteristic
features of the deduced translation product (Upper). Open box,
helical domain; solid line, noncollagenous domain; solid circles with
bars, cysteine residues; stippled boxes, triple-helical subdomains
devoid of imino acids; vertical arrow, putative carboxyl-proteinase
cleavage site. The Gly-Xaa-Yaa-Zaa imperfection and the number of
amino acids (a.a.) in each domain are indicated. The sequencing
strategy is indicated by horizontal arrows representing the directions
and length of sequencing runs. E, EcoRI; P. Pvu II; S, Sau3A.

found in the nonfibrillar collagen genes, either in Drosophila
melanogaster (14-16) or in Caenorhabditis elegans (17, 18),
contrary to the multiple 54-bp motif described recently in a
fibrillar collagen gene of the sea urchin Paracentrotus lividus
(19).
To clarify the evolution of the collagen gene family, we

have investigated the structure of the collagen genes in the
phylum Porifera. This phylum represents the most primitive
multicellular animals and contains several morphological
forms of collagen (20). All the sponge species contain colla-
gen fibrils displaying a typical banding pattern and having a
small, uniform diameter of -20 nm. In addition, some species
possess other highly variable forms of collagen aggregates,
generally made up of microfibrils. The collagen in sponges is
totally insoluble (20), and therefore it has been impossible to
correlate these morphological differences with biochemical
analyses.
We have recently cloned and sequenced a cDNA coding

for a sponge collagen that possesses the structure of a
short-chain collagen (21). The analysis of the corresponding
gene (unpublished results) reveals variable sizes (144 and 207
bp for the two exons sequenced so far) for the exons coding
for the triple-helical domain, demonstrating that this protein
does not belong to the fibrillar class of collagens.

In the present study, we have characterized, in the same
sponge species, cDNA and genomic clonest related to a
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A

AA GGA GTA CCA GGA CCG AAT GGA GAT GTT GGC CCA GCT GGA CCC
Gly Val Pro Gly Pro Asn Gly Asp Val Gly Pro Ala Gly Pro

-300
45
ACA GGC CCT GCT GGA T
Thr Gly Pro Ala Gly Leu

B
61
TA GAT GGA GCC CCA GGA GCC CAA GGT CCT GAT GGA GAG CCT GGA
Leu Asp Gly Ala Pro Gly Ala Gln Gly Pro Asp Gly Glu Pro Gly

105
CTA CCT GGC TTG CCT GGT CAG TCT GGT AAG AGT GGA GCT TCT GGA
Leu Pro Gly Leu Pro Gly Gln Ser Gly Lys Ser Gly Ala Ser Gly

-270
150
CAG CCT GGA GTC CCT GGT CCA GTG GGA GCA GCT GGA AAG CCC GGA
Gln Pro Gly Val Pro Gly Pro Val Gly Ala Ala Gly Lys Pro

195
TCA ATA AGA GGC CAG CCT GGA CCA CCA GGA CCA CCT GGT GAC CTC
S Il g Gly Gln Pro Gly Pro Pro Gly Pro Pro Gly Asp Leu

240 -240
GGC AGA CCA GGA GAG AGG GGA GGA AAG GGT GTG AGA GGA ACG CCT
Gly Arg Pro Gly Glu Arg Gly Ala Lys Gly Val Arg Gly Thr Pro

285
GGA GCA CCT GGG GTG GAC GGT GTT GCT GGC ATT GCT GGA GCT ATT
Gly Ala Pro Gly Val Asp Gly Val Ala Gly Ile Ala Gly Ala Ile

-210
330
GGC TTC CCA GGA CGA ATG GGA CCA GAT GGA GCT GCT GGA CCT TCT
Gly Phe Pro Gly Pro Met Gly Pro Asp Gly Ala Ala Gly Pro Ser

375
GGC TAT CCA GGA TTT GAT GGT GTG GCC GGA AAG CCA GGA CCC CAG
Gly Tyr Pro Gly Phe Asp Gly Val Ala Gly Lys Pro Gly Pro Gln

-180
420
GGG GCC ATG GGA CCA AAG GGG CAG GCT GGG GAG AGG GGA CCC CAG
Gly Ala Met Gly Pro Lys Gly Gln Ala Gly Glu Arg Gly Pro Gln

465
GGG ACA CCA GGG ACC CAA GGA TCA AAG GGA GTG GTT GGA CCA AAG
Gly Thr Pro Gly Thr Gln Gly Ser Lys Gly Val Val Gly Pro Lys

-150
510
GGA GTG GTT GGA CCT CAA GGT GAC AGT GGA GAC ACA GGG GAT GCT
Gly Val Val Gly Pro Gln Gly Asp Ser Gly Asp Thr Gly Asp Ala

555
GGA CAG AAG GGA GCT AGA GGT ACA GCT GGT TCT GTT GGA GCC AAG
Gly Gln Lys Gly Ala Arg Gly Thr Ala Gly Ser Val Gly Ala Lys

600 -120
GGA ACA GTT GGA CTT CCT GGC AAC CAA GGG CCC CAA GGG CCT GCT
Gly Thr Val Gly Leu Pro Gly Asn Gln Gly Pro Gln Gly Pro Ala

645
GGT CTG AAG GGA GTG AAG GGA GAG AAA GGA GAG GTT GGA GAC AAG
Gly Leu Lys Gly Val Lys Gly Glu Lys Gly Glu Val Gly Asp Lys

-90
690
GGA ATC CTT GGT CCT GAT GGA GAC AAG GGA CCA ACA GGC ATG TCA
Gly le Leu Gly Pro Asp Gly Asp Lys Gly Pro Thr Gly Met Ser

735 S
GGT GAT GCA GGA CCA GCT GGA CCC ATT GGT GAT GCT GGT ATC CAG
Gly Asp Ala Gly Pro Ala Gly Pro Ile Gly Asp Ala Gly Ile Gln

-60
780
GGT CCA CCA GGA CAG GAT GGA CCC ACG GGG GCC CAA GGT CCC CGA
Gly Pro Pro Gly Gln Asp Gly Pro Thr Gly Ala Gln Gly Pro Arg

825
GGA GGT CAA GGT CCA AAG GGC CCG GCA GGA GCA GTT GGT GAT GTT
Gly Gly Gln Gly Pro Lys Gly Pro Ala Gly Ala Val Gly Asp Val

-30
870
GGT GAT CGT GGG TCA ACT GGA CCA GCT GGA CCT CCT GGA CCG CCT
Gly Asp Arg Gly Ser Thr Gly Pro Ala Gly Pro Pro Gly Pro Pro

915
GGA CCA ACT GGT GGT GGC ATT ATC CTG GTT CCC GTT AAT GAT C
Gly Pro ThriGly Gly Gly Ile Ile Leu Val Pro Val Asn Asp Gln

-1 lc
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C
958
AA AAT CCT ACC AGA AGT CCA GTT TCA GGT TCC GTG TTC TAT CGC
Gln Asn Pro Thr Arg Ser Pro Val Ser Gly Ser Val Phe Tyr Arg

1002
GGG CAA GCT GAG GAG ACA GAT GTC AAT CTG GGA TCT GTT GCA GAT
Gly Gln Ala Glu Glu Thr Asp Val Asn Leu Gly Ser Val Ala Aspft.. . . .. . .

1047 30c
GTG ATT GAA CTG CAC AAG AAG CTG CAA CAC CTC AAG AGC CCC ACA
Val Ile Glu Leu His Lys Lys Leu Gln His Leu Lys Ser Pro Thr

1092
GGC ACC AAG GAC TCG CCA GCA AGG AGC TAC CAT GAC CTG TTC CTA
Gly Thr Lys Asp Ser Pro Ala Arg Ser > His Asp Leu Phe Leu

60c
1137
GAG GAC AAT TCC TCG GAT GGG TAC TAC TGG ATT GAT CCC AAT
Glu AsplASnSer oiSer Asp Gly Tyr Tyr Trp ILe Asp Pro Asn

1182
GGT GGT ; ATC GGG GAT GCT GTC AAG GTG TTC MAAT TTC ACT
Gly Gly ( Ile Gly Asp Ala Val Lys Val Phe

90c
1227
GGA GGT GTA CAG CAG ACT C ATC TCT GCA ACA AAG AAC GCT GGT
Gly Gly Val Gln Gln Thr C Ile Ser Ala Thr Lys Asn Ala Gly

1272
GAT CTG AAG AGC TGG TCC GGC CAT TCA ATC TGG TTC AGT GAC ATG
Asp Leu Lys Ser Trp Ser Gly His Ser Ile Trp Phe Ser Asp Met

120c
1317
CTA GGA GGG TTC AAG CTC ACC TAT GAC ATC AGC AGG TCC CAG CTG
Leu Gly Gly Phe Lys Leu Thr Tyr As-p Ile Ser Arg Ser Gln Leu

1362
CAG TTC ATT CGT GCT GCC TCT CGC CAT GCT GTT CAA TCC TTC ACT
Gln Phe Ile Arg Ala Ala Ser Arg His Ala Val Gln Ser Phe Thr

lSOc
1407
TAC AAG CGC AAC TCA GCT GCA GCT GTC ATA TTC CGC ACT CAA
Tyr Lys ( Arg Asn Ser Ala Ala Ala Val Ile Phe Arg Thr Gln

1452
GAT AAC AAG GAG ATT GCT GCC AAC AAG GTG ACC TAC GAT GGC MC
Asp Asn Lys Glu Ile Ala Ala Asn Lys Val Thr Tyr Asp Gly

180C
1497
AAG TCA AGA CCA TCT GTT CCA GAT GCT GCT TTT GTT GCC GTG GAG
Lys Ser Arg Pro Ser Val Pro Asp Ala Ala Phe Val Ala Val Glu

1542
ACT AAG AGG GTG GAG CAA TTG CCC ATC AGG GAT TTT GCC TCC AGT
Thr Lys Arg Val Glu Gln Leu Pro Ile Arg Asp Phe Ala Ser Ser

210c
1587
GAC ATT GCT GGT CAG CAT CAA GAG TTT GGC TTT GAG ATG GGT CCA
Asp Ile Ala Gly Gln His Gln Glu Phe Gly Phe Glu Met Gly Pro

1632
GCC TTC TAC TAA gca tac tga aac taa taa cag ttt gat gtg
AlaQ0jPhe Tyr *

240c
1677
tat tgt tgt aac tta gat acc aac gtt tga acg ctt cga aaa ttg
1722
toc atg tac ttc ata act aca tgt aag tgt att tat ctc cag tac
1767
000 aac ott ott tot ttt gtg tct tca 000 0

FIG. 2. Nucleotide and deduced amino acid sequences of Emfla determined by cDNA sequencing (A-C) and by genomic DNA sequencing
(B). Upper line, capital and lowercase letters indicate the coding and the 3' noncoding sequences, respectively. Amino acid residues of the
triple-helical and the C-terminal domains are numbered from -306 to -1 and from 1c to 240c, respectively. Vertical bar marks the end of the
triple-helical domain and arrowhead indicates the putative carboxyl-proteinase cleaved bond contained in a characteristic sequence (underlined
with a dotted line). Cysteine residues are circled, and the potential N-carbohydrate attachment sites are boxed. Thick line underlines the
Gly-Xaa-Yaa-Zaa imperfection. Dashed line indicates the potential cross-linking site. Thin line shows the triple-helical regions with no imino
acid residue. Solid circles in B demarcate the exons and asterisk in C indicates the termination codon.

fibrillar collagen. We thus demonstrate that the distinction
between at least two collagen gene families is already estab-

lished in primitive animals corresponding to the outset of
collagen evolution.
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MATERIALS AND METHODS
Freshwater sponges (Ephydatia mulleri) were cultivated in
the laboratory from asexual buds (gemmules) collected in the
field. Total RNA, poly(A)+ RNA extract, and blot analyses
were performed as described (21). By using cDNA synthesis
and cloning kits (Amersham), based on the method of Gubler
and Hoffman (22), a sponge cDNA library was constructed in
the Agt1O vector using cDNA enriched in fragments >2
kilobases (kb) by gel electroelution. This library was
screened using as a probe the 1.2-kb insert of the previously
described EmC4 clone (21) labeled by the oligonucleotide
labeling method (23). The conditions of hybridization and
washing were as reported (21). E. mulleri genomic DNA was
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FIG. 3. Alignment of portions of the carboxyl propeptide of
Emfla, sea urchin COLL1a (19), and human fibrillar collagens (7, 8,
30-35). Computer alignments were done with the sequence analysis
program DNAid (28). The less conserved regions are only represented
by their number in amino acids. Identical residues are boxed,
whereas chemically similar amino acids (ILMV, DNEQ, KHR,
FWY, ST, and AG) are indicated by dashed boxes. Numbered
arrows indicate cysteine residues and asterisks represent gaps in-
serted to give the best alignment. Dashes indicate the nonsequenced
region of a2(XI).

extracted (24), partially digested with Sau3A to obtain frag-
ments with an average size of 15 kb, and submitted to a partial
fill-in with dATP and dGTP according to a method described
elsewhere (25). A genomic library was constructed by insert-
ing the prepared E. mulleri genomic DNA fragments into the
Xho I site of Lambda GEM-1l DNA (Promega), partially
filled in with dTTP and dCTP. High stringencies for hybrid-
ization (50% formamide/900 mM NaCl/90 mM sodium cit-
rate, pH 7.0; 420C) and washing (15 mM NaCl/1.5 mM
sodium citrate, pH 7.0/0.1% sodium dodecyl sulfate; 650C)
were used to screen the genomic library with 32P-labeled
cDNA used as a probe. Sequencing of both strands was
performed in M13mp18 and/or M13mpl9 vectors by the
dideoxynucleotide chain-termination method (26) with a Se-
quenase kit (United States Biochemical). The orientation of
the cloning fragments was tested by S1 nuclease digestion as
described elsewhere (27). Computer analysis was performed
using the program DNAid (28).

RESULTS
Cloning ofE. muilen Collagen cDNAs. A previous study led

to the isolation ofa sponge cDNA clone, EmC4, that encodes
a nonfibrillar collagen (21). The 1.2-kb insert cDNA ofEmC4
was used as a probe to screen a sponge cDNA library at low
and high stringencies. A clone (C23) positive only at low
stringency was isolated. Its 1.8-kb insert was digested with
the restriction endonuclease Sau96I, which recognizes the
site GGNCC encoding the sequence Gly-Pro frequently ob-
served in the triple-helical domain of collagens (9, 29). The
fragments obtained, which were multiples of 9 bp (data not
shown), suggested that this clone contained a collagen coding
sequence. The partial restriction map, the sequencing strat-
egy, and the structure of the deduced translation product
(designated Emfla) are presented in Fig. 1. This clone
contains an open reading frame coding for 547 amino acids,
terminated by a stop codon (TAA) with 151 nucleotides
downstream (Figs. 1 and 2). The conceptual translation
product can be divided into two domains, an uninterrupted
collagenous domain of 307 amino acids with one Gly-Xaa-
Yaa-Zaa imperfection and a noncollagenous, C-terminal do-
main of 240 amino acids with 7 cysteine residues. By North-
ern blot analysis, it was shown that the C23 insert hybridized
to a 4.9-kb mRNA (data not shown).
The noncollagenous, C-terminal domain of Emfla was

compared by computer alignment to similar domains of
human and sea urchin fibrillar collagen chains (Fig. 3) (7, 8,
19, 30-35). The homology of Emfla with fibrillar collagens is
evident and a conservation of the general organization of this
region is observed. As shown in Table 1, comparison of
sequences corresponding to highly conserved domains of the
C-terminal region showed that Emfla is more similar to
al(XI) and a2(XI) collagen chains than to any other chain,
including the sea urchin collagen. This similarity is further
emphasized by distinct features. As in al(XI), cysteine
number 2 is missing. As in a2(XI), the polypeptide chain is
shorter between cysteines 5, 6, and 7, and the classical
N-linked carbohydrate attachment site is absent. However, a
putative N-glycosylation site (Asn-Phe-Thr) following cys-
teine 4 is observed as in the al(XI) and a2(XI) chains.
Gene Organization. A genomic library from E. mulleri was

screened by using the 1.8-kb insert of C23 as a probe. One
positive clone (G238) was characterized. Its 3' end lies in an
exon coding for the beginning of the noncollagenous C-
terminal domain. The sequenced fragment covers the exons
coding for almost the entire collagenous sequence of the
cDNA clone. The corresponding gene was designated
COLFJ. Nine complete and two partial exons were se-
quenced. They all begin with a complete Gly codon and
terminate with a Yaa codon. Six exons have a size of 54 bp

Biochemistry: Exposito and Garrone
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Table 1. Percentages of sequence identities between the nonhelical C-terminal domain of the
sponge Emfla chain and similar domains of other fibrillar collagen chains

COLL1a al(I) a2(I) al(II) al(III) a2(V) al(XI) a2(XI)

Emfla 47.5 51.9 51.9 50.6 51.9 50.6 53.8 56.2

Results were obtained with the computer program DNAid (28). The highest homology was obtained
with the al(XI) and a2(XI) chains. The comparison was limited to the sequences presented in Fig. 3
(amino acids 54c-109c, 144c-164c, and 189c-192c).

or multiples of 54 bp. One exon of 57 bp contains the coding
sequence for the imperfection Gly-Xaa-Yaa-Zaa. Two exons
of 126 and 18 bp, respectively, are different from exons
described so far for fibrillar collagens and are localized at the
3' end of the region coding for the triple-helical domain (Fig.
4). The 18-bp exon codes for the last two Gly-Xaa-Yaa repeats
ofthis domain. The sequences ofthe donor and acceptor splice
junction sites are in agreement with the consensus sequences
observed in eukaryotes (36) (data not shown).

DISCUSSION
Our data demonstrate that Emfla, the protein encoded by the
cDNA clone C23, is homologous to vertebrate fibrillar col-
lagens. This homology is supported by the high conservation
ofthe primary structure ofthe carboxyl propeptide and by the
presence ofpredominantly 54-bp unit exons in the triple-helix
coding region of the corresponding gene.
The complete insolubility of sponge collagens (20) has

precluded any detailed structural study at the protein level.
Our present data suggest that Emfla participates in a het-
erotrimeric collagen molecule. Indeed the carboxyl propep-
tide of Emfla contains seven cysteines, as observed for
vertebrate collagen chains participating only in heterotrim-
eric assemblies (7, 19). Furthermore, our previous results of
cell-free translation experiments (21) have suggested that at
least two collagen chains of a size similar to that of vertebrate
fibrillar collagens are present in sponges.
No sequence identical to known carboxyl-proteinase

cleavage sites has been identified in Emfla. Nevertheless, a
possible site of cleavage could be the Ala-Glu bond in the
sequence Tyr-Arg-Gly-Gln-Ala-Glu-Glu (Fig. 2), which is
comparable to known sequences containing a carboxyl-
proteinase cleavage site (presence ofTyr and Arg close to the
cleavage site, Ala at the P1 position, and two acidic residues
at P1' and P2' positions). Such a propeptide removal would
leave a C-terminal telopeptide of 29 amino acids, beginning

.14 108 57 54 54 216
171 in273E 89 fl 55 fl 56

I

by a triplet Gly-Gly-Gly as observed in the a2(I) chain (30)
and following a triple helix stabilized by a high imino acid
content in the last few triplets as already described for other
collagen chains (37). This telopeptide does not contain any
lysine residue that could participate in covalent cross-linking,
a situation already encountered in the a2(I) chain (30).
As the vertebrate collagen chain al(I) and a2(V) (31, 35),

Emfla contains, in the triple-helical region, long stretches of
amino acids without proline residues. One stretch of 27 amino
acids (-131 to -105) is located -100 amino acids from the
carboxyl end of the triple helix and contains a sequence
(Lys-Gly-Ala-Arg) reminiscent of (but not identical to) the
vertebrate consensus sequence for lysyl oxidase attachment
(38). This site could be involved in cross-link formation.
Another stretch of 18 amino acids (-92 to -75) contains 4
lysine residues in position Yaa. This is frequently observed
in Emfla as well as in nonfibrillar sponge collagen (21) and
in vertebrate type IV collagen (39, 40). Most of these lysine
residues could be hydroxylated and subsequently glycosyl-
ated since sponge collagens are highly glycosylated (20, 41).
The presence of an imperfection (Gly-Xaa-Yaa-Zaa) in the
triple-helical domain is exceptional for fibrillar collagen. So
far, it has been described only in human and mouse a2(IV)
chain (42, 43). It should be noted that in Emfla, two
Gly-Pro-Pro stabilizing triplets occur near the imperfection.
The gene coding for Emfla sponge collagen chain, COLFI,

has an organization that is related to fibrillar collagen genes (9)
but with some unique features. Among the prevalent 54-bp
unit exons, an unusually large 216-bp exon is present. The
triple-helical domain is terminated by an 18-bp exon, the
shortest exon ever described coding for a triple-helical se-
quence. Contrary to other known fibrillar collagen genes, the
junction between the triple-helical domain and the carboxyl
propeptide is not encoded by a single junction exon. Finally,
the introns are short compared to other fibrillar collagen genes.
Almost all the characterized exons of this sponge collagen
gene are multiples of 18 bp and begin with a complete glycine

54 36 54 18 + 250
301 185

54 162 ". 1261 1 .34
E

|FM I L

I \ ,~~~~~~~~~~~~
162\ \18 10/ 110 \101 6 \,162 72

_ _ _ _ a - * _

40 41 42 43 44 45 46 47 48 49

COL11A2

COLF1

COLLla

COL1A2

EXON

FIG. 4. Comparison of the exon-intron organization of the COLFI gene with the equivalent regions of human proa2(XI) and proa2(I) genes,
COLJJA2 and COLIA2, and the sea urchin COLL~a gene. Exons are represented by solid boxes for the triple-helical domain coding exons,
and by open boxes for the carboxyl propeptide coding exons. Introns are indicated by lines. Numbers indicate the size in bp of exons and introns,
without a scale for the latter. The numbering of the human proa2(I) exons is indicated at the bottom. Two approximations have been accepted
in constructing this diagram. One is due to the Gly-Xaa-Yaa-Zaa imperfection (a 57- plus a 54-bp exon corresponding to a 108-bp exon), and
the second comes from the heterogeneous sizes of the exons coding for the end of the triple-helical domains (6). The latter heterogeneities are
represented by dashed lines.
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codon. The 57-bp exon has very likely arisen from a 3-base
insertion in a 54-bp exon. It is worth noting that other exons
that are multiples of 18 bp (36 and 72 bp) have been described
in COL9A2, COLJJA2, COLM2AJ, and COLJ3AI genes (8,
10-13). It is generally admitted that the 54-bp unit is itself the
result of amplification events (9) of a primordial unit such as
a 9-merGGN CCN CCN oligonucleotide, coding for the triplet
Gly-Pro-Pro (44, 45). Interestingly, the 18-bp sponge exon
encodes the sequence Gly-Pro-Pro-Gly-Pro-Thr.
Although a more thorough treatment of the sequences

would be needed to establish definite relationships between
Emfla and vertebrate fibrillar collagens, the comparison with
type XI collagen is highly suggestive. A similarity is also
observed at the end of the triple-helical coding region. Within
the junction exon of COLIJA2, there are just 18 bp coding the
last two Gly-Xaa-Yaa repeats, while in COLFJ these residues
are encoded by a separate 18-bp exon. These similarities
between two collagens so distant in evolution should have
some significance. The postulated role ofan axial template (46)
for type XI collagen might reflect some ancestral structural
function. The fibrillar collagen of sponges could then consti-
tute what in higher animals will be the backbone of a collagen
fibril.
The existence in sponges of at least one fibrillar collagen

gene, as demonstrated in the present work, and one non-
fibrillar collagen gene (ref. 21; unpublished results) clearly
establishes that the divergence between two collagen gene
families (or the convergence of two unrelated genes) has
occurred very early during evolution. It is clear that the
fibrillar collagen gene family has evolved relatively little.
Contrarily, the vertebrate nonfibrillar collagen genes appear
to form several distinct families (47). The nonfibrillar collagen
encoded in sponges (21) shares features with basement mem-
brane collagen (types IV) and with nematode cuticular col-
lagens and might thus reflect two lines of evolution. One line
might have been the "exocollagens," such as collagen at-
taching sponges to their substratum, exoskeletons of Cnidar-
ians, cuticles of worms, secreted collagens of mussels, and
the egg case of Selacians. The other line of evolution might
concern an internalization of such collagens, leading to the
differentiation of basement membrane collagen.
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