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Summary
Fibril-forming (fibrillar) collagens are extracellular matrix
proteins conserved in all multicellular animals. Verte-
bratemembersof the fibrillar collagen familyareessential
for the formation of bone and teeth, tissues that char-
acterise vertebrates. The potential role played by fibrillar
collagens in vertebrate evolution has not been consid-
ered previously largely because the family has been
around since the sponge and it was unclear precisely
how and when those particular members now found
in vertebrates first arose. We present evidence that
the classical vertebrate fibrillar collagens share a single
common ancestor that arose at the very dawn of the
vertebrate world and prior to the associated genome
duplication events. Furthermore, we present a model,
‘molecular incest’, that not only accounts for the char-
acteristics of the modern day vertebrate fibrillar collagen
family but demonstrates the specific effects genome or
gene duplications may have on the evolution of multi-
meric proteins in general. BioEssays 25:142–151, 2003.
� 2003 Wiley Periodicals, Inc.

What is a collagen?

Collagens are major components of the extracellular matrices

of all metazoan life and play crucial roles in developmental

processes and tissue homeostasis (e.g. Refs. 1,2). The con-

servation of basement membrane and fibril-forming collagens

between the simplest (e.g. sponges, Hydra) and most-

complex animals (vertebrates), illustrates the importance of

these proteins and the extracellular matrices that they form.

Inhibition of the synthesis of either of these classes of collagen

in Hydra, a simple diploblastic organism, results in a failure of

tissue regeneration after injury.(3,4) Mutations in similar genes

in man are either incompatible with life or result in a number

of severe diseases including osteogenesis imperfecta, aortic

aneurysms, Alports syndrome and even some forms of

cancer.(2,5) The 21 different types of collagen described in

mammals to date form a variety of structures from networks

to microfilaments to fibrils.(1,2,5) In each case, the collagen

molecules provide strong and supportive extracellular scaf-

folds or assemblies as well as contributing other important

properties such as defined interaction sites for cells and

macromolecules.

Collagens are composed of three polypeptide chains

(a chains) that fold together to form the characteristic triple

helical collagenous domain (Fig. 1). Different types of collagen

contain either three identical a chains (homotrimers) or a

mixture of two or three genetically distinct chains (hetero-

trimers). The sequences required to form a collagenous

domain are Gly-X-Y repeats in which the X and Y positions

are frequently proline and hydroxyproline. Glycine is required

every third residue as it is the only amino acid small enough

to pack into the central core of the triple helix. Amino acids

with larger side groups cannot fit into the available space in

the core of the helix and hence disrupt or prevent the folding

of the helix during trimer assembly in the ER (see Refs. 2,5).

The hydroxyproline residues stabilise the triple helical domain

by hydrogen bonding along the helix. Collagenous domains

vary in length from as short as 30 to in excess of 1500 amino

acid residues and are either uninterrupted or contain im-

perfections in the Gly-X-Y repeat that result in flexible regions

within the relatively stiff, rod-like triple helix.(1)

How are collagens synthesised?

Following transcription, collagen synthesis (Fig. 1) starts with

the translation of the a chain mRNAs on the rough ER. As the

growing a chains are translocated into the lumen of the ER,

the collagenous domains are post-translationally modified by

hydroxylation of peptidyl prolyl and lysyl residues to form

hydroxyproline and hydroxylysine respectively. In addition,

some hydroxylysine residues are glycosylated with galactose

and glucose residues. Once the full-length a chain has been
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translocated into the ER lumen, the carboxyl terminal non-

collagenous (NC1) domain folds. Correctly folded NC1

domains select appropriate partners and trimerise bringing

the three a chain collagenous domains together in register.

The triple helix nucleates at its carboxyl terminal end allowing

the complete collagenous triple helical domain to subse-

quently fold or ‘zip up’ in the C-to-N direction (Fig. 1). Upon

secretion, collagen molecules assemble to form macromole-

cular aggregates. For fibril-forming or ‘fibrillar’ collagens,

which are the focus of this article, the mechanisms controlling

macromolecular assembly are relatively well understood (in

vertebrate systems—Fig. 1). A full-length fibrillar collagen

molecule, or ‘procollagen’, consists of the C-terminal NC1

domain (C-propeptide), a collagenous domain with approxi-

mately 337–340 Gly-X-Y repeats (major helix), and an N-

propeptide consisting of a short triple helical domain (minor

helix) and a non-collagenous NC2 domain. The N- and C-

propeptides are highly soluble and keep the insoluble

collagenous domain in solution. As the fibrillar procollagen is

secreted from the cell, specific enzymes (C- and N-protei-

nases) cleave the propeptides from the collagenous domains.

The dramatic drop in solubility causes the collagenous

domains to laterally aggregate with a 1
4 =

1
3 stagger to the

overlap regions. Lysyl oxidasecatalyses covalent cross linking

between adjacent collagen molecules stabilising the fibril

(Fig. 1). More detailed accounts of collagen synthesis and

assembly are given in other recent reviews.(1,2,5)

Vertebrate fibrillar collagens

The first collagens to be purified and characterised biochemi-

cally were vertebrate and fibrillar (see Ref. 1), since these

proteins are the most abundant in connective tissues such as

skin, bone, tendon, ligament, blood vessel walls and cornea.

Much of the initial interest in the biochemistry of these tissues

arose due to their importance in the gelatin and leather

industries. It is therefore not surprising that the specific char-

acteristics and properties of the much-studied and -utilised

vertebrate forms have dominated our perception of fibrillar

collagens. The naming of vertebrate collagens (types I, II,

III etc.) reflects the order in which they were discovered.

The fibrillar forms comprise collagen types I, II, III, V and XI

(Table 1). Most members of this family of collagens are crucial

for skeletogenesis. Type I collagen is quantitatively the most

abundant fibrillar collagen in the body and is the major

structural protein of bone and teeth as well as many other

tissues. Type II collagen is the major structural protein of

cartilage. Types V and XI collagens, although quantitatively

less abundant, are found in association with types I and II

collagen in bone and cartilage respectively as well as in other

tissues (Table 1). Specific mutations in type I collagen cause

Figure 1. The biosynthesis of collagens. I:
mRNA encoding the proa chains is translated by

ribosomes on the ER and the nascent chains

translocated into the lumen of the ER. The nascent

polypeptide chains are post-translationally mod-

ified by hydroxylation and glycosylation reactions.

Full-length proa chains select appropriate part-

ners, trimerise at their C-terminal NC1 domains

and fold the triple helical collagenous domain in the

C- to N-terminal direction. II: Upon secretion, the

carboxyl- and amino-terminal propeptides of fibril-

lar collagens are enzymatically removed by C- and

N-proteinases, respectively. The collagenous do-

mains laterally aggregate forming fibrils that are

stabilised by covalent crosslinks.
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osteogenesis imperfecta (brittle bone disease) whereas

mutations in types II and XI collagen can result in a variety of

skeletal dysplasias and osteoarthrosis (see Refs. 2,5 for

recent reviews). Since these collagens play specific and

essential roles in the formation and growth of the cartilage

and/or bone-based skeleton, as well as other complex

tissues that characterise vertebrates, it is of interest to

examine how and when in evolution these collagen types

evolved.

Fibrillar collagens in invertebrates

The presence of fibril-forming collagens in the invertebrates

has been known for many years based on ultrastructural and

biochemical experiments (e.g. Refs. 6–8). With the advent of

molecular cloning and sequencing technologies, it became

apparent that fibrillar collagens belong to a family of genes

conserved at the sequence level throughout the animal

kingdom from sponges to man (Table 1). The only parts of

the multicellular animal kingdom that have lost fibrillar

collagens during their evolution (based on genome sequen-

cing) are the arthropods and nematodes. It is unfortunate that

these two genetically most tractable invertebrate systems

lack this class of protein which plays such important roles

in the rest of the animal kingdom and, in particular, in ver-

tebrates. Fibrillar collagensequences fromseaurchin(9,10) and

sponge(11) have been known for around a decade and the

recent additions of full-length sequences from abalone(12)

and Hydra(3) have significantly increased our ‘invertebrate’

database (Table 1). The delineation of multiple sequences

from several invertebrate phyla has enabled a more detailed

comparison of fibrillar collagens across species than was

previously possible based on the limited number and some-

times incomplete sequences available.

The structures of fibrillar collagens in the invertebrates

seem somewhat less rigidly conserved than those in verte-

brates. The fixed length of the major triple helical domain in

the known vertebrate fibrillar collagens is clearly inherited

from the earliest evolved invertebrates since this length of

domain is present in sponge (339 Gly-X-Y repeats). Hydra

also has a chains with similar sized collagenous domains

(340 triplet repeats for both Hcol 1 & 2) but in addition has co-

evolved a fibrillar collagen chain with a shorter major helix

(Hcol 3—323 Gly-X-Y repeats). Several lineages including

sponge, annelids andmolluscs have evolved fibrillar collagens

with interruptions in the helical domain (Table 1), a feature

not exhibited by any of the classical vertebrate genes. The

N-propeptides of fibrillar collagens represent the least

conserved region of the molecule with several species

exhibiting unique characteristics (e.g. vWF A and WAP

domains in Hydra (Hcol 2 & 3), multiple SURF domains in

sea urchin (a2), deletion of the minor helix in abalone (a1),
Table 1). In contrast, some of the invertebrate proa chains

have a vWF C domain located in their N-propeptide (abalone

a1 and a2; sea urchin a2) in common with several of the

vertebrate proa chains [a1(I), a1(II), a1(III), a2(V)].

Current models of fibrillar collagen evolution

Comparison of the invertebrate and vertebrate chain char-

acteristics (Table 1) leads one to the inevitable conclusion

that the basic template for those fibrillar collagens found in

the vertebrates was laid down extremely early in metazoan

evolution. There have been several attempts to describe how

the family of genes evolved and the likely structure of the

ancestral gene.(13–17) The discovery that the collagenous

domains of vertebrate fibrillar collagen genes are encoded by

exons with, or derived from, a 54 bp repeat (e.g. 108, 99, 54 or

45 bp coding for 12, 11, 6 or 5 Gly-X-Y amino acid repeats,

respectively) was the first indication that not only amino acid

sequence but also gene structure may be conserved.(13,18)

Indeed, the subsequent demonstrations that sea urchin(9,10)

and sponge(11,14) fibrillar collagengenesalso have very similar

exon organisations to those found in the vertebrate genes

further emphasised the high level of conservation in this family

of genes. Several attempts to define themechanismsbywhich

the family have evolved have been based on predicting how

subtle variations in the exact pattern of exons between

different phylamay have arisen.(14,15) Similarities in sequence

and domain structure has led to the suggestion that the sea

urchin a1 chain may be the invertebrate equivalent of the

a2(I) vertebrate gene(19) and thatHydraHcol 1 is most closely

related to the type I/II vertebrate collagens.(3) Structural

and biochemical studies on the collagens forming thin fibrils

in primitive invertebrates such as sponge and jelly fish have

revealed similarities with the vertebrate type V and XI col-

lagens suggesting a close evolutionary relationship.(16) The

natural tendency in these studies is to compare inverteb-

rate fibrillar collagens with their vertebrate cousins on the

assumption that there is a direct relationship between

individual chains.

Phylogenetic analyses

Establishing the direct evolutionary relationships between

invertebrate and vertebrate a chains is hampered by the fact

that phylogenetic analyses have not provided clear-cut

insights (e.g. see Fig. 2A and Ref. 17). The problem arises

when analysingmodern-day invertebrate sequences because

the species in which these fibrillar collagen chains occur

diverged fromeachother sucha long timeago.Thesequences

of modern-day invertebrate a chains have had time to diverge

sufficiently from their closest relatives that the sequence sites

that can be mutated are saturated, and all the chains now

share approximately the same level of sequence identity. For

instance, two chains inHydra (Hcol 2 andHcol 3) containWAP

domains in their N-propeptides, presumably because they

were derived by duplication from a common Hydra-specific

ancestor. However, despite sharing this unique feature in the
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fibrillar collagen family, today the two Hydra chains are, upon

phylogentic analysis, nomore similar to each other than to any

other chain in the fibrillar family, be it invertebrate or vertebrate

in origin (Fig. 2A). Similarly, molluscs are the closest

evolutionary relatives of annelids (Fig. 2B) and the fibrillar

collagen chains in both phyla share a conserved interruption in

the collagenous domain. However, despite this evidence

suggesting these two phyla have derived their fibrillar collagen

chains from a common ancestor specific to their two lineages,

themollusc and annelid chains have been evolving separately

for too long aperiod for phylogenetic analysis to detect a closer

relationship than that shared by all family members. This lack

of clustering of sequences in the invertebrates holds true for all

but the three sequences from annelids (Riftia, Arenicola and

Alvinella) that form a distinct group or clade (Fig. 2A). Almost

certainly, this is because the three sequences that cluster

represent the same collagen gene in three closely related

species that have evolved relatively recently from a common

ancestor.

In contrast to the invertebrates, fibrillar collagen se-

quences from vertebrates cluster into two clades(17,18)

(Fig. 2) indicating that chains in a clade are more similar to

each other than to chains in either the other vertebrate

clade or invertebrates. The type A clade comprises a1(I),
a2(I), a1(II), a1(III) and a2(V) whereas the type B clade

contains a1(V), a3(V), a1(XI) and a2(XI).(17) The a3(XI) is

derived from the gene for a1(II) and so belongs to the type A

clade. The clustering of these two sets of sequences imme-

diately suggests that themultiplemembers of each clade have

arisen much latter in evolution than their invertebrate cousins.

However, the timingof theevolutionof the founder genesof the

two vertebrate clades is not clear from phylogenetic analyses,

although it has been proposed to have occurred at the same

time or after the duplication event giving rise to the two sea

urchin a chains.(17)

Genome duplication and vertebrate evolution

Ohno(21) was the first to propose thatmajor transitions such as

the evolution of vertebrates may have required genome

duplication events. Ohno’s hypothesis, based on comparative

data on genome size and chromosome number, was that

genome duplication events provide large pools of ‘redundant’

genes that can rapidly mutate and develop the novel functions

required to drive the evolutionary transition from, for instance,

invertebrate to vertebrate. Studies on the evolution of the

developmentally important Hox gene cluster that patterns the

anteroposterior axis of most animal embryos has been

particularly informative in this regard.(22) Amphioxus, an inver-

tebrate chordate and closest living relative of the vertebrates,

hasa singleHoxgenecluster(23) whereasmammals have four.

The amplification of this developmentally crucial gene cluster

and subsequent gain-of-function changes in the expression

patterns of the amplified clusters is proposed to have facili-

tated the evolution of vertebrate-specific features such as

control of neural crest cell fate, hindbrain differentiation and

otic morphogenesis.(24) The exact mechanism by which the

genomewas expanded remains controversial,(25) but it seems

logical that the resulting increased numbers of genes was a

significant factor enabling vertebrate evolution.

Genome duplications and vertebrate fibrillar

collagen evolution

The studies describing the amplification of the Hox gene

cluster bywayof partial or complete genomeduplicationsearly

during vertebrate evolution to produce the four clusters seen

in modern day mammals is of particular relevance to the

vertebrate fibrillar collagen family for the following reason. The

genes encoding each of the vertebrate fibrillar collagen type A

clade members are physically linked to the Hox gene clusters

in mammals (COL1A2 to HOXA; COL1A1 to HOXB; COL2A1

to HOXC; COL5A2 & COL3A1 to HOXD) and are believed to

have arisen through the same duplication mechanism.(26)

Indeed, one of the most detailed phylogenetic analyses on

vertebrate fibrillar collagens was in fact conducted to establish

the evolutionary relationships between the linked mammalian

Hox gene clusterswhich are not themselves particularly useful

for such analyses because of the limited lengths of conserved

sequences (183 bp for each Hox box).(20) From these studies,

Figure 2. A: Phylogenetic analysis of inverte-

brate and vertebrate fibrillar collagens and B: the
evolutionary relationships of the species fromwhich

they are derived. Distance matrix and parsimony

analyses were carried out on the NC1 domains (C-

propeptides) of fibrillar collagens and the consen-

sus tree from the two methods is shown. Boot-

strapping values are for consensus results where

these are above 50%. In each case, the first value is

fromdistance analysis, the second fromparsimony.

It should be noted that in the distance analysis, the

a2(XI) clusters with a1(V), a1(XI) and a4(V) with
100% bootstrap value.
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it is clear that the radiation of the type A and B clades occurred

early during vertebrate evolution as a result of genome, or at

least, large-scale duplication events. Therefore, since the

multiple members of the two clades of vertebrate fibrillar

collagensarose early in vertebrate evolution due to duplication

events, the major question remaining to be resolved is,

‘precisely when did the founder genes for the type A and B

clades first evolve’?

A rare genomic event characterises all

vertebrate fibrillar collagens

As described above, phylogenetic analyses based on se-

quence comparisons have not given any precise indication as

to when the type A and B clade founder genes first evolved.

However, direct sequence comparisonsarenot theonlywayof

determining molecular phylogeny. Rare genomic events,

mutational changes that have occurred in and distinguish the

genomes of particular clades, can also give clear insights into

phylogeny.(27,28) Indeed, it is just such a rare genomic event

described below, apparent in all the characterised vertebrate

fibrillar collagens but none of the invertebrate chains, that

provides the strongest indication to date of precisely when and

how the two vertebrate clades evolved.

During collagen synthesis, threenascenta chainsmust first

trimerise at their NC1 domains prior to nucleating and folding

the triple helix (Fig. 1). In order to trimerise, the chainsmust be

capable of recognising their correct partners. This is not a

trivial exercise since in some cells many different a chains are

being synthesised at the same time [e.g. a1(I), a2(I), a1(III),
a1(V), a2(V) and a3(V)] and yet these chains always associate
to form the correct trimers for type I, III and V collagen as

shown in Table 1. Lees et al.(29) reasoned that the regions of

the NC1 domain with little or no sequence conservation

probably account for the ‘collagen-type’-specific trimerisation

of NC1 domains. Accordingly, sequence swapping was used

to identify the discontinuous 15 amino acid residue sequence

required for chain selectivity during fibrillar collagen trimer

assembly in vertebrates.(29) During detailed analyses of novel

Hydra fibrillar collagen NC1 domain sequences (RBH,

unpublished), it became apparent that each was missing 7 or

8 amino acid residues from the core of their chain selectivity

sequences (Fig. 3). Indeed, further comparisons revealed that

all known invertebrate NC1 domains, including one from

an invertebrate chordate (the closest relatives of the verte-

brates) are alsomissing 7 amino acid residues from the core of

the chain selection sequence (Fig. 3). In contrast, all the

characterised vertebrate fibrillar NC1 domains, irrespective of

collagen type or species, contain the full-length sequence

originally identified in the human. By far the most likely way in

which this rare genomic change distinguishing invertebrate

and vertebrate fibrillar collagens could have arisen is by a

single founder gene for the vertebrate lineage acquiring the

sequence as an insertion, followed by multiple rounds of gene

and/or genome duplication coupled with numerous mutation

events, to produce firstly the founders for the type A and B

clades and, subsequently, their multiple members. One in-

evitable outcome of this assertion is that the founder verteb-

rate collagen gene formed a homotrimer. Since the insertional

mutation is not found in invertebrates yet occurred prior to

the early vertebrate genome duplications and the radiation of

the vertebrate collagenAandBclades, it is evidently oneof the

most ancient, or evolutionarily earliest, detectable genetic

events specific to the vertebrate lineage.

Why should an elongated form of the chain

selection sequence be conserved?

A discontinuous selection sequence chain of 8 amino acids

appears completely adequate for promoting collagen proa
chain homo- or hetero-trimerisation in all invertebrates (Fig. 3;

Table 1). Why, therefore, should a selection sequence of

Figure 3. Invertebrate NC1 domains lack amino

acid residues at the core of the vertebrate fibrillar

collagen chain selection sequence. Alignment of

the segment of representative NC1 domains

containing the discontinuous 15 residue chain

selection sequence(29) (boxed). Homologous re-

gions from Sponge, Hydra (Cnidaria), Alvinella

(Annelid), Abalone (Mollusc), Sea urchin (Echino-

derm) Sea squirt (Urochordata: Ciona intestinalis

genomeproject, http://www.jgi.doe.gov/programs/

ciona.htm, LQW104235)], Zebra fish (CAC51021),

Xenopus laevis (BAA94972), chicken (P02457),

and human NC1 domains are aligned. Unless

otherwise stated, accession numbers are pre-

sented in Table 1.
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almost twice the length be so conserved in vertebrate fibrillar

collagens? Firstly, this conservation indicates functional

importance—if the acquired extra residues were non-essen-

tial, onewould expectmost if not all the chains to havemutated

back to the presumably minimal sequence length required for

chain selection as seen in the invertebrate genes. Secondly,

we wish to advance the hypothesis that the elongated chain

selection sequence of the founder vertebrate collagen gene

acquired functional significance in the context of gene and

genome duplications. For multimeric proteins such as col-

lagen, gene duplications offer the possibility of rapidly evolving

not just one novel protein but several by what we term a

mechanism of ‘molecular incest’. The vertebrate-specific

elongated chain selection sequence may have been essential

to allow the rapid development of the large number of

‘incestuous’ interactions required to promote the evolution of

the complex family of vertebrate fibrillar collagens needed to

form tissues that characterise vertebrates, such as bones

and teeth.

The vertebrate fibrillar collagen family

evolved by ‘molecular incest’ resulting

from gene duplications

Let us consider the situation of the founder vertebrate collagen

gene immediately following the first gene (or genome) dupli-

cation event (Fig. 4 panel B). There are now two identical

copies of the gene which, when expressed and translated,

produce identical a chains that trimerise to form the same

homotrimer produced by the parental gene. However, the

sequences of the two identical genes inevitably start to

diverge. Bear in mind that evolution is selecting for a chains

that maintain the ability to trimerise and subsequently poly-

merise to form fibrils. There are twopossible outcomes. Firstly,

one of the duplicated genes becomes inactivated and deleted

from the genome. Secondly, as depicted in Fig. 4 panel C,

combinations of the evolving a chains derived from the now

non-identical but instead ‘sibling’ genes continue to trimerise in

what is now an incestuous molecular interaction between

siblinga chains. Should thesenew formsof collagen trimers be

Figure 4. Vertebrate collagens evolved by a

mechanism of gene duplication and molecular

incest. A: The parental collagen gene encodes a

proa chain that forms a homotrimeric collagen

molecule that assembles to form a fibril. B:
Immediately following gene (or genome) duplica-

tion, the two identical duplicate genes make an

unchanged collagen that assembles to form an

identical fibril to that formed before the duplication

event. C: With time, the sequences of the

duplicated genes drift so that they are no longer

identical but instead become ‘sibling’ genes

(yellow and green genes). The genes no longer

encode identical proteins but the sibling proa
chains may retain their ability to trimerise together

in what is now an incestuous relationship. Novel,

heterotrimers can be formed which may then

assemble to form a number of new fibrils with

differing compositions.

Review articles

148 BioEssays 25.2



capable of polymerising to form fibrils with improved or

advantageous properties, the duplicated but diverging genes

would become conserved in the genome. As illustrated in

Fig. 4, one round of gene duplication for a homotrimeric

collagen produces three possible new trimer combinations

and even more potential combinations in terms of polymerisa-

tion into fibrils. Clearly, we only see the successful and useful

products of this selective process since unsuccessful combi-

nations are not conserved. This mechanism of multimeric

protein evolution, driven by gene duplication and subsequent

molecular incest of the resulting sibling proteins, can readily

account for the structure, complex set of a chain trimeri-

zation patterns, and patterns of co-polymerisation, seen in the

vertebrate fibrillar collagen family. Indeed, when viewed in this

light, the vertebrate family of fibrillar collagens is highly

incestuous with all the classical fibrillar collagen genes of both

clades being very close relatives.

The incestuous nature of interactions extends throughout

and across both clades of the vertebrate family. For instance,

types V and XI collagen molecules are heterotrimers com-

posed of a chains from both clades (Table 1). These chains

must not only be able to select appropriate partners for

trimerisation through their chain selectivity sequences, but

alsomaintain similar lengths of collagenous domain in order to

correctly fold their triple helices. Furthermore, the co-

polymerisation of type I collagen with types III or V collagen

and type II with XI collagen generates further extensive and

common evolutionary constraints on the collagenous domains

of genes in both clades. Accordingly, the vertebrate fibrillar

family of collagens represents a complex set of closely related

and interdependent a chains. Consequently, amutation in one

a chain can potentially have profound effects throughout the

fibrillar collagen system and the chains are therefore evolu-

tionarily tied together in an interdependent manner. This is a

major reason why the classical vertebrate collagen chains

appear so similar (e.g. uninterrupted helix of same length and

highly conserved NC1 domain with same length of chain

selection sequence).

Support for the ‘molecular incest’ model of fibrillar collagen

evolution is derived from modern day fish (teleosts). There is

considerable evidence accumulating that fish have undergone

a further round of genome duplication after they diverged,

approx. 450 million years ago, from the lineage leading to

amphibians, reptiles, birds and mammals. Indeed, some

species of fish are thought to have up to seven Hox gene

clusters (see Ref. 30 and references therein). So what about

the fibrillar collagengenes?Thepuffer fish genome is currently

being sequenced and the first draft was published in the

autumn of 2001.(31) A initial simple search reveals that at least

four of the vertebrate fibrillar collagen genes found in man are

duplicated in the puffer fish [a1(I), a1(II), a2(V) and a1(XI)].
These duplicated genes are ‘siblings’ in that their sequences

are not identical and appear to be slowly diverging both from

each other and from the mammalian equivalent (Fig. 5). In

puffer fish, the a1b(I) chain, as compared to a1a(I) chain, has
accumulated almost twice as many amino acid changes. This

difference is intriguing because it suggests different levels of

evolutionary constraint on the two chains.

Does gene duplication and molecule

incest give genes encoding multimeric

proteins an evolutionary advantage?

The mechanisms of gene duplication and molecular incest

illustrated in Fig. 4 are not only of relevance for collagen

molecules but hold for all multimeric proteins, be they

homomeric or heteromeric, including other matrix families

such as laminins, thrombospondins and integrins. The

opportunities for developing potentially useful ‘novel’ proper-

ties following a genome duplication are far greater for

multimeric than monomeric proteins. In essence, following a

duplication, monomeric proteins drift by acquiring new muta-

tions and eventually one of the duplicates achieves a new

Figure 5. Alignment of the NC1 domain of

human a1(I) collagen with the duplicated a1(I)
sequences found in Puffer fish. Amino acid

changes most likely occurring after the fish-

specific genome duplication event and therefore

unique to either of the puffer fish sequences are

highlighted in red. Sequence changes common

to both puffer fish sequences and therefore

probably occurring after the divergence of the

lineages leading to fish and man, but prior to the

fish genome duplication event are shown in blue.
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function or becomes functionally inactivated and deleted

from the genome. After the duplication of genes forming a

multimeric protein, the same accumulation of mutations

occurs but, what may be a neutral event in the context of, for

instance, a homotrimer, may in fact be advantageous within

the context of a heterotrimer. In this manner, multimeric

proteins have a larger ‘context’ within which to test the effects

of a specific mutation and would therefore seemmore likely to

achieve a novel function and their genes become conserved.

Concluding comments and questions

for the future

In this review, we have taken a number of relatively recent

findings and some completely newdata to develop a novel and

radical view of how the fibrillar collagen family and, in par-

ticular, the vertebrate members, evolved. We have presented

evidence of a rare genomic event affecting the chain selectivity

sequence of fibrillar collagens that strongly suggests that the

classical fibrillar collagens share a single common ancestor

that arose at the very dawn of the vertebrate world and prior

to the genome duplication events. Furthermore, we have

presented amodel based on gene duplication and subsequent

molecular incest that accounts for all aspects of the modern

day vertebrate fibrillar collagen family.

It is clear that the emergence of vertebrates was the

consequence of numerous factors acting in concert and

Ohno’s hypothesis that genome duplications played a part in

driving these major transitions in evolution is an extremely

plausible explanation. The fibrillar collagens have not pre-

viously been considered or suggested to play any particular

role in vertebrate evolution since this class of collagens has

been around since the sponge first evolved. The ‘tongue-in-

cheek’ title to this reviewsuggesting that fibrillar collagensmay

have played the key role in vertebrate evolution was created to

draw attention to the fact that we now believe this family of

vertebrate-specific genes played an active role in this process,

albeit alongside numerous other gene families. Included

amongst these are 15 other types of collagen (VI–X, XII–

XXI) that haveanuncertain evolutionary history in that, to date,

they have only been described in vertebrates.(1) Most of these

collagens, which presumably first evolved in early vertebrates

and radiated alongside their more ancient fibrillar and base-

ment membrane collagen relatives, also play important roles

in the highly specialised and complex tissues that characterise

vertebrates.(1,2,5)

Many fascinating questions remain to be answered in-

cluding: are theduplicatedgenesencoding fibrillar collagens in

puffer fish still expressed in the same cells permitting the

development of new collagens by way of ‘molecular incest’ or

are the sibling genes now expressed in different cells or

tissues? What is the structure of the fibrillar collagen genes of

hagfish and lampreys, living descendants of the earliest

vertebrates that are thought to have undergone only one

roundof genomeduplication?Did theFACIT (Fibril Associated

Collagen with an Interrupted Triple helix) collagen family,

which encodes collagens found in intimate association

with fibrils in vertebrates, evolve in the invertebrates or

vertebrates? Do multimeric proteins have a demonstrable

evolutionary advantage over monomer proteins? Genome

database searches reveal the presence of some novel

collagens that have yet to be biologically characterised—

how will these new genes influence our perception of collagen

evolution?

It is an intriguing possibility that the elongated chain

selection sequence acquired by the founder vertebrate fibrillar

collagen gene produced a more sophisticated chain selection

site that was better suited and perhaps even essential to

support the complexity of incestuous interactions evident in

the vertebrate family of fibrillar collagens. Indeed, it is con-

ceivable that without the elongated chain selection sequence,

the fibrillar family may have developed with fewer members

or types causing the emergence of vertebrates from the

invertebrate world to take a different evolutionary course,

perhaps not involving the development of bone as we know it.

Although fibrillar collagens are clearly not the key factor in

vertebrate evolution, they play a key role in putting the

vertebrae in vertebrates.
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