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Abstract 

The dissolution of calcified invertebrate skeletons releases an elaborate mixture of proteins, glycoproteins and 
polysaccharides. These 'skeletal matrix' macromolecules are thought to play a major role in calcification and were 
widely used for phylogenetical studies. We tested the reactivity of water-soluble macromolecules from a wide range 
of invertebrate skeletons with two antisera raised against the shell matrix of the bivalve, Pinna nobilis. Projections 
of our results on the phylogenetical tree of Starobogatov (1992) show for the first time that, during evolution, 
antigenic determinants may degenerate in some stocks while they remain intact in others. The phylogenetic implic­
ations of these patterns of disjunct degeneration are discussed. 

Introduction 

Immunological properties of biological macromolec­
ules are often used for phylogenetic reconstructions 
(Muyzer et al. 1984, Lowenstein & Ryder 1985, 
Collins et al. 1988, Lowenstein & Scheuenstuhl 1991, 
Harte 1992, Robbins et al. 1993, Endo et al. 1994). 
The methodology exploits the ability of the mam­
malian immune system to produce antibodies to for­
eign macromolecules. Antibodies are a family of pro­
teins capable of recognizing with exquisite specificity 
antigenic determinants on these macromolecules, i.e., 
small domains, which in the case of proteins typic­
ally contain 6-15 amino acids (Harlow & Lane 1988). 
Usually, the serum of an animal in which antibodies 
are raised by injecting one or several foreign macro­
molecules, contains a collection of several antibodies, 
directed against the various determinants to which 
the immune system was exposed. Such antisera are 
used as analytical reagents, whereby the presence of 
determinants in an unknown sample can be easily 
detected. 

In general, an antiserum will strongly react with 
the macromolecules against which it has been raised, 

whereas weaker reactivities will be obtained with the 
homologous macromolecules of a different species. 
The reason is that evolutionary changes have affected 
the structure of the pertinent determinants. This prin­
ciple is employed in measures of 'immunological 
distance' (Sarich & Wilson 1966, Prager & Wilson 
1971, Olsen-Stojkovich et al. 1986). Thus, the major 
attraction of the method, although it does not provide 
structural information on the studied macromolecules 
by itself, is that an informative picture of the degree 
of structural similarity between macromolecules from 
different sources may be obtained with relatively little 
effort. 

We present in this contribution the results of a 
study on the phylogenetic distribution of sets of de­
terminants in water-soluble organic matrices extracted 
from invertebrate calcified tissues. Our data strongly 
suggest that, after their first appearance, the determ­
inants may be widely dispersed through daughter lin­
eages. Subsequently, they tend to disintegrate in some 
lineages while remaining intact in others. To the best 
of our knowledge, this is the first demonstration of dis­
junct degeneration of determinants during evolution. 
We suggest that, in principle, our finding may have 
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interesting implications for understanding the evolu­
tion of shell organic matrices. On the other hand, they 
put into question the uncritical use of immunology for 
phylogenetic reconstructions. 

Materials and methods 

When the mineral phase of calcified invertebrate skel­
etons is dissolved, complex amalgamates of proteins, 
glycoproteins, polysaccharides and other organic ma­
terials are obtained (Lowenstam & Weiner 1989). 
These 'organic matrices' play a regulatory role in cal­
cification (Weiner & Hood 1975, Wheeler et al. 1988), 
but their macromolecular structure is difficult to elu­
cidate (Weiner et al. 1983). Two major components 
may be distinguished in the organic matrix: a 'water­
insoluble' fraction, thought to occupy an intercrystal­
line position, and an acidic 'water-soluble' fraction, 
tightly bound to the mineral (Crenshaw 1972). As a 
result of this close association, the latter fraction is 
well protected against microbial degradation and may 
remain intact for many years after the death of the an­
imal (Weiner et al. 1979, Muyzer & Westbroek 1988; 
Collins et al. 1988, 199la, b, Endo et al. 1995). 

Using antisera against the soluble matrix of the 
nacreous layer of the bivalve Pinna nobilis, we con­
ducted a comparative study of twenty bivalve genera 
(representing fifteen superfamilies), four gastropods, 
two cephalopods, three brachiopods and three scler­
actinian corals. An additional and more specific an­
tibody preparation was obtained by adsorption of the 
anti-Pinna antibody with etched shell material of the 
cross-reacting bivalve, Mercenaria mercenaria. The 
data obtained with these two antisera (Figure 1, top) 
were compared with older data (Muyzer et al. 1984) 
of a similar experiment performed with an antiserum 
against the soluble matrix of Mercenaria mercenaria 
(Figure I , bottom). 

Skeletons of recent species, carefully selected to 
exclude contaminated or corroded specimens, were 
taken from the collections of the Laboratoire de 
Paleontologie (Universite Paris XI, Orsay). Prof. E. 
Gittenberger of the National Museum of Natural His­
tory (Naturalis) in Leiden (the Netherlands), kindly 
provided additional materials. 

The shells were mechanically cleaned, fragmen­
ted and the fragments soaked in 5% NaOCl for 24 h 
to remove contaminants. After thorough rincing in 
double distilled water, the fragments were dried and 
powdered. The powder of the individual shells (50 mg) 
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Figure 1. Superimposition of the immunological data obtained in 
Figure 2 on the phylogenetical tree of bivalves (top), proposed by 
Starobogatov ( 1992). The length of the branches in our representa­
tion does not have any significance on the phylogenetical distances 
between taxa. The unpurified antiserum gives a broad spectrum 
of reactivities since it reacts with most of the bivalvian soluble 
matrices (with the exception of Glycymeris), and also, with those 
extracted from Haliotis, Lit1orina (both gastropods) and the ceph­
alopod, Nautilus . The adsorption of this antiserum on Mercenaria 
mercenaria shell powder restricts the pattern of reactivities, but, 
unexpectedly, not according to the taxonomic position of the tested 
samples. It seems that some 'ancestral ' antigenic determinants, 
common to the whole phylum of molluscs, were lost independently 
by many lineages ('disjunct degeneration' ), and were retained by 
others. The bottom fi gure illustrates results obtained previously by 
Muyzer et al. (1984), which are coherent with most of the classi­
fications of bivalves, except those by Cope (1996) and by Morton 
(1996) Cnid = Cnidaria; Brach = Brachiopoda; Moll = Mollusca; 
Ceph = Cephalopoda; Gastr = Gastropoda. 

was dissolved overnight in 3 ml of 20% EDTA, pH 8. 
After the complete dissolution of the shell, the solu­
tions were centrifuged (5 minutes, 5000 rpm), and 
the supernatants containing the soluble matrix were 
directly used in Enzyme Linked Immuno Sorbent As­
says (ELISA: see Clark & Adams 1977). The reader 
is referred to Muyzer et al. (1984) and Collins et al. 
(1988) for further details of the experimental proced­
ure. The ELISA microplates were read with a Titertek 
multiscan spectrophotometer at 405 nm. All the tests 
were done in duplicate. 
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Figure 2. Immunological reactivity pattern obtained with a polyclonal antibody raised against the soluble matrix of the nacreous layer of the 
bivalve, Pinna nobilis (hatched bar). The presentation of the data for the class of Bi val via fo llows the classification of Starobogatov ( 1992), 
selected for giving the highest consistency with our results . The antiserum was used in non-purified form (grey histogram) and after adsorption 
against EDTA-etched Mercenaria mercenaria shell powder (black histogram). Against each of the EDTA-soluble matrices, the two antisera 
were tested with four different dilutions ranging from 500 to 25000. Ceph =Cephalopoda; Brachiop = Brachiopoda. 

For the preparation of the crude anti-Pinna serum, 
we refer to Marin et al. (1994 ). The more specific 
'adsorbed' antibody preparation (anti-Pinna serum -
Mercenaria) was obtained by reacting aliquots of di­
lute (0,01) anti-Pinna serum with powders of Mercen­
aria shell that had been EDTA-etched to expose the 
matrix macromolecules. After three consecutive ad­
sorptions with excess shell powder, ELISA showed 
no reaction between the final adsorbed antibody pre­
paration and the soluble matrix of Mercenaria. This 
proved that all antibodies reacting with Mercenaria 
determinants had been removed effectively from the 
original serum. The specificity of the adsorption was 
also controlled by adding to the antiserum, prior to 

the adsorption, another antiserum that did not react 
with any of the shell antigens (anti-Artemia elongation 
factor). After adsorption, the titer of the latter anti­
serum did not show any decrease when tested against 
its own target antigen (Artemia elongation factor). The 
addition of the anti-Artemia antiserum did not modify 
the titer of the anti-Pinna antiserum. 

Results and discussion 

The results are shown in Figure 2. The optical dens­
ity (OD) measures were translated in percentage of 
immunological reactivity, with the highest reactivity 
representing 100% (with Pteria) and the background 
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OD being 0%. Note that reactivities below 10% of the 
maximum are not shown, because they could not be 
distinguished unambiguously from the background. 

Three types of reactions were distinguished: neg­
ative before adsorption, positive before, but not after 
adsorption, and positive both before and after adsorp­
tion. We plotted our results on phylogenetical trees of 
the class Bivalvia, which have been proposed in the 
last six years (Starobogatov 1992, Cope 1996, Morton 
1996, Salvini-Plawen & Steiner 1996, Waller 1997, 
Adamkewicz et al. 1997). To arrive at Figure 1, we se­
lected the tree of Starobogatov (1992), because its out­
line showed the highest consistency with our results. 
We superimposed on one tree the data for anti-Pinna 
and for the adsorbed antiserum. Note again that the 
determinants reacting with the absorbed serum were 
a subset of those recognized by the crude anti-Pinna 
serum. These plots suggest from which ancestral line 
the recognized determinants originate, although an 
earlier origin remains possible. The possibility cannot 
be excluded that non-homologous determinants are 
recognized in the different stocks. 

The reactivity patterns for the various antibody 
preparations in Figure 1 differ significantly. Thus, 
although overlap may well occur, different sets of 
determinants were detected by the three antibody pre­
parations. These preparations reacted with matrices 
of widely different sources. Particularly interesting 
are the very strong reactions between the two anti­
Pinna sera with the organic matrices of the gastropods 
Haliotis and Littorina, whereas the gastropods Tro­
chus and Strombus and even the bivalve Glycymeris 
were not recognized. The reactivity between the non­
adsorbed anti-Pinna and the cephalopod Nautilus was 
also considerable. From the cross-reactivities with 
genera belonging to different molluscan classes, we 
conclude that some of the determinants predate the 
molluscan radiation at the begining of the Cambrian. 
Only the anti-Mercenaria pattern was fully consist­
ent with the phylogeny eastablished by Starobogatov 
( 1992; Figure l, bottom), while both other antibody 
preparations gave distinct departures from the standard 
tree (Figure 1, top). 

We conclude that antigenic determinants that are 
shared by a wide range of ancient calcifying inver­
tebrates were lost indiscriminately during evolution. 
Recurring, disjunct degeneration of the original im­
munological signal, detected at the levels of genera, 
families, orders and subclasses, is the most significant 
observation to be derived from Figure 1. 

Several considerations might argue against the sig­
nificance of these results: 

1. as immunology does not reveal the chemical 
nature of antigenic determinants, we cannot ex­
clude the possibility of false reactivities based on 
similar, but not homologous chemical structures 
(Faye & Chrispeels 1988), but we believe, in view 
of the generally high specificity of the immune re­
sponse, that fal se reactions cannot have affected 
the patterns significantly; 

2. different types of in vivo structural alterations may 
have similar effects on the reactivity of the matrix 
preparations, so that a mutation at the DNA level 
cannot be distinguished from a conformational 
change owing to post-translational modification; 

3. bacterial infection may lead to a rapid degrada­
tion of the water-insoluble fraction of the matrix 
(Simon et al. 1990), whereas chemical hydrolysis 
and polymerisation may cause partial diagenesis 
of the soluble fraction (Gaffey 1988, Collins et 
al. 199lb, 1992). On the other hand, the sol­
uble matrix may be protected for long periods of 
time from contamination and degradation at am­
bient temperatures, owing to its close association 
with the mineral phase (Crenshaw 1972, Muyzer 
& Westbroek 1988). 

Although early diagenesis was found to cause smear­
ing in the electrophoretic pattern of matrix molecules, 
the immunological reactivities remained largely intact 
(Collins et al. 1988, Marin unpublished data). Note 
that we took great care to use fresh shells and to 
remove contaminating materials with NaOCJ. 

Despite these limitations, our data strongly suggest 
that disjunct degeneration of immunological determin­
ants is a major phenomenon in macromolecular evol­
ution. This finding may have important implications 
for our understanding of calcification mechanisms, 
as it is generally believed that the constituent min­
eral microstructures of the shells are influenced by 
the chemistry of their matrices. The value of immun­
ology for phylogenetical reconstructions was ques­
tioned earlier on theoretical grounds (Cohen 1992). 
The present contribution corroborates these consid­
erations with experimental results. For example, our 
immunological data suggest a closer relationship of 
the bivalve Mya with the gastropod Haliotis than with 
the bivalve Glycymeris. A similar critical evaluation of 
other than immunological criteria for phylogenetical 
reconstructions is now in order. 
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