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ABSTRACT

The application of isoelectric focusing (IEF) in molluscan sys
tematics is reviewed and illustrated using literature data and 
unpublished analyses. IEF can be used as any other electro
phoretic method, but is most appropriate for: (1) generating 
complex species-specific banding profiles, (2) assessing overall 
genetic similarities, (3) supplementing conventional electro
phoretic techniques by resolving hidden protein variation and 
(4) investigating minute organisms.
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INTRODUCTION

Protein electrophoresis is still one of the most frequently 
used molecular techniques in systematics and population 
genetics. The basis for this technique is that mobility 
differences of proteins in an electric field reflect changes 
in their amino acid composition and thus mirror differ
ences at the gene level. Hence, it is a simple, indirect, 
way to look at gene pools.

However, as conventional electrophoretic methods only 
detect mobility or molecular weight differences, they 
may fail to resolve hidden protein heterogeneity caused 
by amino acid replacements that are not accompanied 
by substantial charge and/or molecular mass alterations 
(Coyne et al., 1979; Ramshaw et al., 1979; Singh, 1979; 
Ferguson, 1980).

Other separation methods such as Isoelectric Focusing 
(IEF), may reduce this problem. IEF separates proteins 
according to their isoelectric point (pi) (e.g., Righetti, 
1983). To this end one creates a pH gradient by electro
phoretic segregation of “carrier ampholytes”- (i.e. syn

thetic polyaminopolycarboxylic acids) in a supporting 
medium. Proteins placed in such a pH gradient will move 
according to their net charge until they reach a point 
where the pH equals their pi so that their net charge 
becomes zero and no further migration occurs. In this 
way, IEF can separate protein fractions with pi values 
differing by only 0.01 pH units (Drysdale, 1975; Righetti, 
1983). Such resolution by charge is not normally obtain
able by other electrophoretic methods and IEF is there
fore well suited to examine hidden heterogeneity (Drys
dale, 1975; Ross, 1977; Righetti, 1983; Cicchetti et al., 
1990).

In this paper we review the use of IEF in molluscan 
systematics. We therefore provide a survey of IEF ap
plications, after which we focus on IEF data treatment 
insofar as this differs from other electrophoretic tech
niques. For general technical accounts on the method 
we refer to Righetti (1983) and Whitmore (1990a), even 
though we present some basic guidelines in Appendix 1. 
Authorships of the molluscan taxa mentioned are pro
vided in Appendix 2.

REVIEW OF IEF APPLICATIONS IN 
MOLLUSCAN SYSTEMATICS

Gastropoda: Pulmonata

The first applications of IEF in molluscan systematics we 
could trace, were published by Saladin et al. (1976) who 
used general egg proteins to distinguish between the 
bulinids Bulinus liratus and B. obtusispira from Mad
agascar. Ross (1977) studied glucose phosphate isomerase 
patterns in Bulinus spp. but drew no conclusions. Sub
sequently, Rollinson and Southgate (1979) investigated 
five enzymes in 38 populations of four B. africanus group
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Figure 1. Agarose IEF (pH 4-6.5) of digestive gland esterases 
in the Arion hortensis complex. A-D: A. distinctus (A: Bras- 
schaat; B: Wilrijk; C: Hoogstraten; D; Wilrijk). E: A. hortensis 
(Wilrijk).

species in Tanzania and found that B. nasutus is clearly 
differentiated from the other three species. In a more 
extensive survey of eight of the ten nominal species in 
the B. africanus group, Wright and Rollinson (1979) 
noted that certain enzyme profile combinations appeared 
to be associated with some taxa and others with regional 
distributions. Wright et al. (1979) found little hetero
geneity within and between populations of B. senega
lensis (based on five enzymes), but snails parasitized by 
different trematodes were easily distinguished. Wright 
and Rollinson (1981) investigated the same five enzymes 
in 103 populations of the B. tropicus-truncatus complex 
and found that diploid and tetraploid populations were 
clearly different. These observations were used by Brown 
and Rollinson (1982) and Brown et al. (1982) to char
acterize B. truncatus in the southern part of its distri
bution and to show that B. coulboisi from Lake Tan
ganyika is only a southern form of B. truncatus. Similarly, 
Brown et al. (1986) used IEF enzyme profiles to show 
that B. guernei from West Africa is conpecific with B. 
truncatus, while Southgate et al. (1985, 1989) relied on

Wright and Rollinson’s (1979,1981) work to demonstrate 
that diploid Kenyan populations of B. tropicus can trans
mit the fluke Schistosoma bovis and that snails parasit
ized by different trematodes can be separated on the 
basis of their IEF profiles. Rollinson and Wright (1984) 
and Rollinson et al. (1990) surveyed several enzyme loci 
in B. cernicus from Mauritius. Allele frequencies at these 
loci showed clear spatial heterogeneities, but were re
markably consistent over a period of six years. Finally, 
Brown and Shaw (1989) and Brown et al. (1991) used 
IEF of five enzymes to separate Kenyan B. tropicus, B. 
truncatus and B. permembranaceus.

Backeljau (1985) conducted an IEF analysis of ester
ases in sibling species of the Arion hortensis complex 
(Figure 1). Mean intra- and interspecific band similarity 
values showed that A. hortensis, A. distinctus and A. 
owenii are clearly different. The same study also illus
trated the striking difference between monomorphic IEF 
profiles of uniparental species (e.g., A. intermedius) and 
the highly variable profiles of allogamous species (e.g.,
A. hortensis and A. distinctus). Because of this, Backeljau 
(1985) assumed that A. owenii might be a facultative 
uniparental species. However, the specimens investigat
ed were probably highly inbred for they belonged to a 
captive stock derived from the original material used by 
Davies (1977, 1979). Hence the lack of variation in these 
profiles may have been caused by sustained inbreeding 
as well. Finally, since the IEF profiles of A. owenii were 
very similar to those of A. intermedius, Backeljau (1985) 
suggested that the latter species belongs to the same 
subgenus as A. hortensis s.l. This conclusion was further 
elaborated by Backeljau and De Bruyn (1990). In a sim
ilar way Backeljau et al. (1987) dealt with the A. fasciatus 
complex (Figure 2). IEF profiles of albumen gland pro
teins and esterases clearly separated three presumed spe
cies: A. fasciatus, A. circumscriptus and A. silvaticus. 
In contrast to A. hortensis and A. distinctus, but com
parable to A. intermedius, A. fasciatus s.l. revealed a 
remarkable “intraspecific” profile constancy (Figure 2), 
even over large geographic distances. This was inter

Figure 2. Agarose IEF (pH 4-6.5) of digestive gland esterases in Arion circumscriptus (C) and A. silvaticus (S).
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Figure 3. Detection of a cryptic species (genus Arion, subgenus 
Kobeltia) by agarose IEF of albumen gland proteins in a 4 - 
6.5 pH gradient. 1-2: A. (K.) frigophilus (Alsasua, Spain); 3-4: 
A. (K.) intermedius (3. Boeckhoute, Belgium; 4. Hamburg, 
Germany); 5-6: A. (K.) distinctus (Deurne, Belgium); 7-8: un
identified A. (K.) hortensis like species from southern France; 
9-10: A. (K.) hortensis (Wilmslow, U.K.); 11-12: A. (K.) owenii 
(11. Buncrana, Ireland; 12. London, U.K.).

preted as indicating uniparental reproduction and there
fore Backeljau et al. (1987) suggested to consider A. 
fasciatus s.l. as an agamospecies complex. A weight anal
ysis suggested that the putative albumen gland protein 
polymorphism in A. circumscriptus was not due to de
velopmental differences. The limited esterase variation, 
on the contrary, was assumed to be environmentally or 
physiologically determined (e.g., Oxford, 1975, 1978). 
Backeljau and De Winter (1987), finally, characterized 
albumen gland protein profiles of two paratypes of A. 
fagophilus in a qualitative IEF comparison of 10 arionid 
species. This work revealed a fundamental difference in 
the albumen gland proteins of the subgenera Kobeltia 
and Carinarion on the one hand, and Arion and Mes- 
arion on the other. A review of the use of albumen gland 
proteins in arionid systematics was presented by Back
eljau (1989). In this context, Figure 3 shows an unpub
lished comparison of albumen gland profiles of six arion- 
ids, indicating that an Arion (Kobeltia) hortensis-like 
slug from southern France differs so much from three 
morphologically extremely similar species (A. (K.) hor
tensis, A. (K.) distinctus and A. (K.) owenii), that it 
probably belongs to another (undescribed?) species.

In order to supplement morphological observations 
Manga-Gonzalez and Rollinson (1986) surveyed five en
zymes to differentiate seven Helicella species. Two en
zymes, malate dehydrogenase and glucosephosphate 
isomerase, were sufficient to separate all taxa.

Brito (1992) conducted a preliminary qualitative IEF 
analysis of esterases in seven species of Zonitidae, rep
resenting three genera and three subgenera. This work 
showed that IEF is also useful for taxonomic purposes in 
this group.

Gastropoda: Prosobranchia

Using IEF of esterases and general proteins Sella and 
Badino (1980) demonstrated that Mediterranean Patella 
coerulea and P. aspera are distinct, yet closely related, 
species, while P. lusitanica is very different (nomencla
ture used by Sella & Badino, 1980).

In order to find taxon specific IEF profiles, Viyanant 
et al. (1985) analyzed 12 specific enzymes in two species 
and one subspecies of Bithynia in Thailand. Their work 
showed that B. funiculata  and B. siamensis siamensis 
differ consistently in four enzymes, while the subspecies
B. siamensis siamensis and B. siamensis goniomphalos 
only differ in their esterase profiles.

Unpublished preliminary IEF patterns of esterases and 
general proteins of Baicalia species from Lake Baikal 
(Russia) illustrate the performance of automated IEF 
using PhastSystem (see Appendix 1). Figure 4 shows in
terpopulation esterase heterogeneity in B. costata, while 
Figure 5 compares esterase profiles of B. costata and B. 
turriformis. Genetic variation at a monomeric, diallelic 
esterase locus in this latter species is illustrated in Figure 
6, while Figure 7 shows the monomorphic profiles of B. 
bithyniopsis. Finally, two presumed species in the B. 
herderiana complex, viz. B. ventrosula and B. herder- 
iana laevis, reveal variable general protein profiles, but 
little or no interspecific differentiation (Figure 8).

Qualitative IEF profiles were also used by Nyumura 
and Hosokawa (1993) to separate two morphotypes of 
the apple snail Pomacea canaliculata in Japan.

Mill and Grahame (1988) obtained a “reasonable” sep
aration of the morphologically extremely similar Litto
rina saxatilis and L. arcana after IEF of non-specific 
esterases. In addition it was shown that L. saxatilis is 
more variable and heterogeneous than L. arcana. Similar 
results were reported by Dytham et al. (1992) and Mill 
and Grahame (1992), who also observed a clinal change 
in esterase variation in both periwinkles.

Bivalvia
Giinther and Hinz (1986) used IEF of amylases to sep
arate two morphologically similar Pisidium  species, viz. 
P. personatum  and P. nitidum . They also noted that two 
alleles detected by native agarose gel electrophoresis were 
not resolved by IEF. Yet, subsequently Giinther and Hinz 
(1988) remarked that IEF of amylases was superior to 
agarose gel electrophoresis in differentiating 15 Pisidium  
and three Sphaerium  species. The same authors also an
alyzed phosphoglucomutase with IEF and this, combined 
with the amylase data, allowed them to confirm: (1) the 
close relationship between P. hibernicum  and the group 
composed of P. henslowanum, P. supinum  and P. lill
jeborgii, (2) the close relationship between P. pulchellum  
and P. subtruncatum  and (3) the separate position of P. 
amnicum.

Cephalopoda
Brahma and Lancieri (1979) assessed phylogenetic re
lationships between Octopus vulgaris, Sepia officinalis
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Figures 4 -7 . Performance of PhastSystem in a preliminary IEF analysis of esterases in total body homogenates of some Baicalia 
spp. from Lake Baikal. 4. Interpopulation heterogeneity in B. costata (A: Dva Brata; B: Varnachka) (pH 3-9). 5. Interspecific 
differentiation between B. costata (A: Dva Brata) and B. turriformis (C: Dva Brata) (pH 4-6.5). 6. Genetic variation at a diallelic 
monomeric esterase in B. turriformis (first four specimens from Dva Brata, next four from Varnachka; genotypes are indicated 
above each lane) (pH 3-9). 7. Intrapopulation homogeneity of B. bithyniopsis (Bolskije Koty) (pH 3-9).

and Loligo vulgaris using IEF and immuno-IEF (= IEF 
followed by an immunodiffusion test against antisera) of 
eye lens proteins. Immuno-IEF showed a closer rela
tionship between Sepia and Loligo, than between either 
of these two and Octopus. “Classical” IEF, on the con
trary was uninformative as only Octopus yielded inter
pretable IEF profiles.

Lévy et al. (1988) used IEF of general proteins of 
mantle extracts to separate two sibling species of Bra
zilian Eledone, viz. E. massyae and E. gaucha.
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IEF DATA ANALYSIS

The preceding review shows that IEF data have been 
used in three ways: (1) qualitatively, by seeking taxon 
specific banding profiles, (2) phenetically, by calculating 
band pattern similarities and (3) genetically, by inter
preting the profiles in terms of loci, alleles and genotypes.

!**•

* m  0
Figure 8. General silver staining of proteins in total body ho
mogenates of Baicalia ventrosula (A-D) and B. herderiana lae
vis (E-H) collected at Bolskije Koty (pH 4-6.5).



Page 160 THE NAUTILUS, Supplement 2

Figures 9 -1 0 . Hidden heterogeneity among albumen gland 
protein profiles (Coomassie staining) of Arion hortensis (Mort- 
sel, Belgium). 9. Vertical polyacrylamide gel electrophoresis in 
a 7% gel showing no interindividual variation. 10. Agarose IEF 
of the same specimens in a 4-6.5 pH gradient resolving hidden 
variation in the protein bands near the application site. Migra
tion patterns are indicated by arrows.

Qualitative analyses will not be dealt with further, as 
they are amply illustrated in our review.

Phenetic analyses are usually performed on banding 
profiles for which no genetic interpretation is possible 
(e.g., general protein patterns, uniparental organisms, 
etc.). Such patterns are compared by the band-counting 
method (Ferguson, 1980), which treats each band as a 
distinct character. To this end gels are examined on a 
light table and adjacent profiles are compared pairwise 
two under a magnifying lens. The “resemblance” be
tween two profiles can then be expressed by a similarity 
index, which usually relies on a ratio between shared 
and unique bands (e.g., Lawson et al., 1980). The sim
plest index was defined by Ferguson (1980):

where c =  number of shared bands and m =  maximum 
number of bands in one of the two compared profiles 
(e.g., Munuswamy, 1982; Backeljau, 1985; Backeljau et 
al., 1987; Radice et al., 1988; Verheyen et al., 1991; 
Phillips et al., 1992).

Three other binary similarity indices have also been 
used for electrophoretic data. The coefficient of Mar- 
czewski and Steinhaus is defined as:

S =  E____
M aT +  bT — c

where c =  number of shared bands, aT =  total number 
of bands in profile A and bT =  total number of bands in 
profile B (e.g., Sywula and Bartkowiak, 1978). The

matching coefficient of Jaccard (Sj) and its modification 
(SJM) by Czekanowski [often attributed to Dice or So
rensen (Sneath & Sokal, 1973; Clifford & Stephenson, 
1975)] are given by:

  c _  2c
1 au +  bu +  c ay +  by +  2c

where c = number of shared bands, aG =  number of 
unique bands in profile A and by =  number of unique 
bands in profile B. (e.g., Sella & Badino, 1980; Stoddart, 
1983; Riutort et al., 1992). Sj has been used by Nixon 
and Taylor (1977) and Ribas et al. (1989) to estimate the 
time of divergence between noninterbreeding taxa ac
cording to Nei’s (1971) formula:

t _  D
2cnTHa

where D =  -logeSj, c =  the proportion of amino acid 
substitutions detectable by electrophoresis, nT =  the total 
number of codons needed to code for a protein and fia 
= the rate of amino acid substitutions per site per year. 
However, some assumptions and estimations made by 
Nei (1971) may not be applicable to IEF profiles of 
general proteins, because one cannot assign band ho
mologies. Moreover, Sj makes the unrealistic assumption 
that each band is a unique protein species. Finally, the 
estimation of c was based on charge characteristics only 
and thus needs correction in the light of the resolving 
power of IEF.

The statistical properties of 39 binary similarity indices 
(including Sj and SJM) have been compared by Shi (1993), 
who recommended the use of Jaccard’s coefficient (Sj), 
because this index meets most statistical requirements. 
SJM performs very well too (Shi, 1993), but gives more 
weight to shared bands (2c). This may be an undesirable 
property, since electrophoretic data tend to inflate sim
ilarity indices due to the fact that shared bands do not 
necessarily involve identical proteins (hidden heteroge
neity). Even though IEF reduces the likelihood of such 
chance similarities, it does not eliminate them and there
fore SJM may be less appropriate. The statistical properties 
of SF and SM have not yet been investigated. Hence their 
performance relative to Sj is unknown.

If bands can be characterized unambiguously (e.g., by 
their pi values), one may construct discrete presence/ 
absence data matrices (see also Nixon & Taylor, 1977), 
which can be subjected to multivariate ordination meth
ods or parsimony programs (e.g., Thorpe, 1985). This 
latter approach is conceptually similar to the “indepen
dent allele” model, which treats each allele as a distinct 
character with two states (presence/absence). However, 
the application of this model is highly questionable if 
not invalid (e.g., Murphy, 1993) and therefore it seems 
more appropriate to use Gelfand’s similarity as an alter
native:

SG = ---------- -----------
1 +  S (x, — Yi)2

where x¡ and y, are the frequencies of the ith band in
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populations X and Y, and S is taken over the total number 
of bands in both populations. Thus contrary to SF, SM, Sj 
and SjM, SG is not applicable to individual comparisons, 
but to group comparisons (e.g., Cline et al., 1992).

All similarity indices mentioned can be converted in 
dissimilarities using:

DIS =  1 -  S

A computer program to calculate SF, SM and SG and the 
corresponding DIS values has been written by Angus et 
al. (1988). Sj and SJM can be calculated with the program 
NTSYS-pc (Rohlf, 1993). General accounts on similarity 
indices and their statistical properties can be found in 
Constandse-Westermann (1972), Sneath and Sokal (1973) 
and Clifford and Stephenson (1975).

Similarities or distances can be compared hierarchi
cally. With SF, SM, Sj and SJM, for example, three levels 
of relatedness can be considered: (1) intrapopulational, 
(2) interpopulational and (3) interspecific (e.g., Backel
jau, 1985). Average similarities can then be calculated 
as the arithmetic means of all values for a given class of 
comparisons. Differences between these means can be 
tested with an estimation of the standard error of the 
difference between two means (Farnsworth, 1978), a Stu- 
dent-t-test or an analysis of variance followed by a Dun
can Multiple Range test or a Student-Newman-Keuls test 
(Sokal & Rohlf, 1981). These statistics require that the 
data are independent, normally distributed and hom- 
oscedastic (Sokal & Rohlf, 1981). Deviations from the 
latter two assumptions can be dealt with by applying 
data transformations or nonparametric tests (Sokal & 
Rohlf, 1981; Hageman, 1992). The statistical treatment 
of interdependent data (e.g., when single profiles con
tribute to more than one comparison) is a much more 
fundamental problem, which also applies to similarity 
values calculated from other molecular data such as Ran
dom Amplified Polymorphic DNA (RAPD) profiles 
(Chapeo et al., 1992). So, if mean SF, SM, Sj or SJM values 
are to be tested as outlined above, one should use each 
individual in only one comparison, such that a set of 
independent similarity values is generated. Gelfand’s in
dex (SG), on the contrary, can be compared statistically 
by resampling techniques such as bootstrapping or jack- 
knifing over bands (e.g., Crowley, 1992), followed by an 
estimation of variances and confidence intervals using, 
for example, an approach similar to that of Mueller and 
Ayala (1982).

Finally, phenetic IEF data can yield information with 
respect to the overall variability of organisms in relation 
to environmental characteristics. Mill and Grahame (1988, 
1992), for example, expressed esterase band heteroge
neity among littorinid populations from different sites 
and species by calculating the Shannon Wiener diversity 
index for each sample as:

DIVERSITYsw =  - Z  PilogePi

where p¡ is the frequency of the ith band in the sample. 
More generally, in phenetic protein similarity analyses 
one must always consider possible environmental, de

velopmental and seasonal variations before taxonomic 
conclusions may be drawn (e.g., Backeljau et al., 1987).

Next to phenetic analyses, IEF data can also be inter
preted genetically (e.g., figure 6; Rollinson & Wright, 
1984; Théron et al., 1989; Alstad & Corbin, 1990; Rol
linson et al., 1990; Alstad et al., 1991). Yet, such approach 
is not always possible because IEF may occasionally yield 
genetically uninterpretable profiles produced by artifac
tual interactions between carrier ampholytes and pro
teins (Hare et al., 1978; Righetti, 1983).

As the genetic analysis of IEF data proceeds in exactly 
the same way as for other electrophoretic data, we refer 
to the extensive literature on these methods for more 
details (e.g., Richardson et al., 1986; Nei, 1987; Weir, 
1990; Whitmore, 1990a; Hillis & Moritz, 1990). Com
puter packages and programs for various aspects of elec
trophoretic data analysis have been published by Swof- 
ford and Selander (1981), Suiter et al. (1983), Swofford 
and Berlocher (1987), Farris (1989), Lessios (1990), Weir 
(1990a, b), Felsenstein (1991), Swofford (1991), Lewis 
(1992) [see also Whitkus, 1985, 1988], Quesada et al. 
(1992) and Ota (1993). This list is not exhaustive. All 
these programs were written for PC’s and larger com
puters. Yet, there are also programs for Texas Instru
ments calculators (Spikell & Blumenberg, 1977; Blu
menberg & Spikell, 1978, 1980; Blumenberg, 1981).

DISCUSSION

Because of its generally higher resolving power, IEF 
provides an effective tool to analyse hidden protein vari
ation not detected by conventional electrophoretic meth
ods (Figures 9-10). It is therefore a complementary tech
nique, which is most conveniently used in conjunction 
with others. An extreme example of this is two-dimen
sional (2D) electrophoresis. In this approach proteins are 
separated by IEF in a first dimension and by, for ex
ample, SDS electrophoresis in a second dimension per
pendicular to the first one. The resulting profiles often 
show >100 protein spots and thus provide large data 
sets. Yet, only very few applications of 2D-electropho- 
resis in molluscan taxonomy have hitherto been pub
lished (e.g., Miyazaky et al., 1988; Tsubokawa & Mi
yazaki, 1993), but both studies clearly show the utility 
of this method.

Since IEF concentrates proteins on the basis of their 
isoelectric points it is also a convenient technique to 
analyse minute organisms (e.g., Kazmer, 1991). More
over, single IEF runs combined with general protein 
stainings, often yield considerably larger numbers of dis
crete characters (bands) than conventional electropho
retic methods. This may be advantageous when only few 
specimens can be screened (e.g., rare organisms). As such, 
IEF also provides a means to perform quick preliminary 
analyses of particular problems (e.g., in order to plan a 
more extensive survey using other methods). Finally, IEF 
seems a most efficient technique for species (taxon) iden
tification, particularly since bands can be identified by 
their pi values and thus can be compared between gels.
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Needless to say that IEF can just as well be used for 
conventional population genetic applications, even though 
we believe that other electrophoretic methods will con
tinue to dominate this field because of the lower costs 
involved.

In conclusion, IEF is a technique that has much to 
offer, particularly when employed in combination with 
conventional electrophoresis. Nevertheless, its advanta
geous features are currently far from fully explored or 
exploited in systematic malacology.

ACKNOWLEDGEMENTS

We are much indebted to two anonymous referees who 
provided valuable comments on an earlier draft of this 
paper. Mr H. Van Paesschen (Brussels) and Mr R. Schaer- 
laeken (Antwerp) kindly helped with the preparation of 
the illustrations. This work was supported by F.J.B.R.- 
grant 2.0004.91 and F.J.B.R.-M.I.-grant 30.35.

LITERATURE CITED

Alstad, D.N. and K. W. Corbin. 1990. Scale insect allozyme 
differentiation within and between host trees. Evolution
ary Ecology 4:43-56.

Alstad, D. N., S. C. Hotchkiss and K. W. Corbin. 1991. Gene 
flow estimates implicate selection as a cause of scale insect 
population structure. Evolutionary Ecology 5:88-92. 

Angus, R. A., S. W. Hardwick jr. and G.B. Cline. 1988. A 
computer program that calculates various similarity coef
ficients between electropherograms. Journal of Heredity 
79:74-75.

Backeljau, T. 1985. Estimation of genic similarity within and 
between Arion hortensis s.l. and A. intermedius by means 
of isoelectric focused esterase patterns in hepatopancreas 
homogenates (Mollusca, Pulmonata: Arionidae). Zeit
schrift für zoologische Systematik und Evolutionsfor
schung 23:38-49.

Backeljau, T. 1989. Electrophoresis of albumen gland proteins 
as a tool to elucidate taxonomic problems in the genus 
Arion (Gastropoda, Pulmonata). Journal of Medical and 
Applied Malacology 1:29-41.

Backeljau, T. and L. De Bruyn. 1990. On the infrageneric 
systematics of the genus Arion Férussac, 1819 (Mollusca, 
Pulmonata). Bulletin van het Koninklijk Belgisch Instituut 
voor Natuurwetenschappen, Biologie 60:35-68.

Backeljau, T. and A. J. De Winter. 1987. An electrophoretic 
characterisation of three paratypes of Arion pagophilus 
De Winter, 1986, with notes on the subgeneric division of 
the genus Arion Férussac, 1819 (Mollusca, Pulmonata). 
Zeitschrift für zoologische Systematik und Evolutionsfor
schung 25:169-180.

Backeljau, T., S. Z. Ahmadyar, M. Selens, J. Van Rompaey and 
W. Verheyen. 1987. Comparative electrophoretic anal
yses of three European Carinarion species (Mollusca, Pul
monata, Arionidae). Zoologica Scripta 16:209-222. 

Blumenberg, B. 1981. Calculator programs in general ge
netics IV. The genetic distance indices Gs2, <j>s, G, DH, and 
Dr . Journal of Heredity 72:460-462.

Blumenberg, B. and M. Spikell. 1978. Calculator programs 
in general genetics II. Nei’s indices of genetic distance, 
protein identity, migration rate, and divergence time. 
Journal of Heredity 69:278-280.

Blumenberg, B. and M. Spikell. 1980. Calculator programs 
in general genetics III. Latter’s indices of heterozygosity, 
population differentiation, and genetic distance. Journal 
of Heredity 71:293-294.

Brahma, S. K. and M. Lancieri. 1979. Isofocusing and im
munological investigations on cephalopod lens proteins. 
Experimental Eye Research 29:671-678.

Brito, C. P. D. 1992. Electrophoretic results of a biochemical 
systematic survey of Oxychilus (Drouetia) atlanticus and 
some other Zonitidae (Gastropoda: Zonitidae). Biological 
Journal of the Linnean Society 46:145-151.

Brown, D. S. and D. Rollinson. 1982. The southern distri
bution of the freshwater snail Bulinus truncatus. South 
African Journal of Science 78:290-293.

Brown, D. S. and K. M. Shaw. 1989. Freshwater snails of the 
Bulinus truncatus/ tropicus complex in Kenya: tetraploid 
species. Journal of Molluscan Studies 55:509-532.

Brown, D. S., D. B. Matovu and D. Rollinson. 1982. Bulinus 
coulboisi of Lake Tanganyika: Assessment of its taxonomic 
position and role as intermediate host for S. haematobium. 
Journal of Natural History 16:673-687.

Brown, D. S., K. M. Shaw, V. R. Southgate and D. Rollinson. 
1986. Bulinus guernei (Mollusca: Gastropoda) of West 
Africa: taxonomic status and role as host for schistosomes. 
Zoological Journal of the Linnean Society 88:59-90.

Brown, D. S., K. M. Shaw and D. Rollinson. 1991. Freshwater 
snails of the Bulinus truncatus/ tropicus complex (Basom
matophora: Planorbidae) in Kenya: diploid populations. 
Journal of Molluscan Studies 57:143-166.

Chapeo, W., N. W. Ashton, R. K. B. Martel, N. Antonishyn 
and W. L. Crosby. 1992. A feasibility study of the use 
of random amplified polymorphic DNA in the population 
genetics and systematics of grasshoppers. Genome 35:569- 
574.

Cicchetti, R., G. Argentin and B. Nicoletti. 1990. Investiga
tions on the PGM (phosphoglucomutase) polymorphism 
by isoelectric focusing in Drosophila melanogaster. Bio
chemical Genetics 28:247-255.

Clifford, H.T. and W. Stephenson. 1975. An introduction to 
numerical classification. Academic Press, New York, 229
pp.

Cline, G. B., C. W. Hardwick jr. and R. A. Angus. 1992. 
Diagnostic isozymic markers in stone crabs (Genus M en
ippe) from Mississippi Sound, Apalachicola Bay, and South 
Florida. In: Bert, T.M. (Ed.). Proceedings of a symposium 
on stone crab (genus Menippe) biology and fisheries. Flor
ida Marine Research Publications, No. 50, St. Petersburg, 
p. 4-9.

Constandse-Westermann, T.S. 1972. Coefficients of biological 
distance. Anthropological Publications, Oosterhout, 142 pp.

Coyne, J. A., W. F. Eanes, J. A. M. Ramshaw and R. K. Koehn.
1979. Electrophoretic heterogeneity of a-glycerophos- 
phate dehydrogenase among many species of Drosophila. 
Systematic Zoology 28:164-175.

Crowley, P. H. 1992. Resampling methods for computation
intensive data analysis in ecology and ecolution. Annual 
Review of Ecology and Systematics 23:405-447.

Davies, S. M. 1977. The Arion hortensis complex with notes 
on A. intermedius Normand (Pulmonata: Arionidae). 
Journal of Conchology 29:173-187.

Davies, S. M. 1979. Segregates of the Arion hortensis complex 
(Pulmonata: Arionidae), with the description of a new 
species, Arion owenii. Journal of Conchology 30:123-127.

Dixon, B. R. and H. P. Arai. 1985. Isoelectric focusing of 
soluble proteins in the characterization of three species of



T. Backeljau et al., 1994 Page 163

Hymenolepis (Cestoda). Canadian Journal of Zoology 63: 
1720-1723.

Dixon, B.R. and H.P. Arai. 1989. Differentiation of three 
species of Hymenolepis (Cestoidea) using enzyme isoelec
tric focusing on thin-layer agarose gels. Canadian Journal 
of Zoology 67:51-54.

Drysdale, J. W. 1975. Isoelectric focusing in polyacrylamide 
gel. In-. Catsimpoolas, N. (Ed.). Methods of protein sepa
ration Volume 1. Plenum Press, New York/London, p. 93- 
126.

Dytham, C., J. Grahame and P. J. Mill. 1992. Esterase vari
ation in Littorina arcana and L. saxatilis at Robin Hood’s 
Bay, Yorkshire. Proceedings of the Third International 
Symposium on Littorinid Biology, 39-44.

Farnsworth, M. W. 1978. Genetics. Harper and Row, New 
York, 626 pp.

Farris, J. S. 1989. Hennig86: A PC-DOS program for phy
logenetic analysis. Cladistics 5:163.

Felsenstein, J. 1991. PHYLIP (Phylogeny Inference Package) 
version 3.4 (unpublished manual). University of Washing
ton, Seattle.

Ferguson, A. 1980. Biochemical systematics and evolution. 
Blackie and Son Limited, Glasgow, 194 pp.

Giinther, A. and W. Hinz. 1986. Elektrophoretische Unter
suchung der Amylasen (E.C. 3.2.1.1.) bei Pisidium per
sonatum  und Pisidium nitidum  (Sphaeriidae; Bivalvia; 
Mollusca). Zoologischer Anzeiger 216:95-98.

Günther, A. and W. Hinz. 1988. Vergleichende elektrophor
etische Untersuchungen an europäischen Sphaeriidae-Ar- 
ten (Bivalvia). Zoologischer Anzeiger 220:49-58.

Hageman, S. J. 1992. Alternative methods for dealing with 
nonnormality and heteroscedasticity in paleontological 
data. Journal of Paleontology 66:857-867.

Hare, D. L., D. I. Stimpson and J. R. Cann. 1978. Multiple 
bands produced by interaction of a single macromolecule 
with carrier ampholytes during isoelectric focusing. Ar
chives of Biochemistry and Biophysics 187:274-275.

Harris, H. and D. A. Hopkinson. 1976. Handbook of enzyme 
electrophoresis in human genetics. North Holland Pub
lishing Company, Amsterdam/Oxford, unpaged.

Herberts, C., J. de Frescheville, M. Quignon and Y.J. Golvan.
1989. A comparative study of the protein composition of 
the albumen gland of two populations of Biomphalaria 
glabrata (Say) differing in their susceptibility to Schisto
soma mansoni (Sambon). Journal of Molluscan Studies 55: 
373-377.

Hillis, D. M. and C. Moritz (Eds.). 1990. Molecular system
atics. Sinauer Associates, Inc., Sunderland, MA. 588 pp.

Holmes, R. S., B. Cheung and J. L. Vandeberg. 1989. Isoe
lectric focusing studies of aldehyde dehydrogenases, al
cohol dehydrogenases and oxidases from mammalian an
terior eye tissues. C om parative Biochem istry and 
Physiology 93B:271-277.

Kazmer, D. J. 1991. Isoelectric focusing procedures for the 
analysis of allozyme variation in minute arthropods. An
nals of the Entomological Society of America 84:332-339.

Keyvanfar, A., D. Rochu and J. M. Fine. 1988. Comparative 
study of sturgeon oocyte soluble proteins by isoelectric 
focusing. Comparative Biochemistry and Physiology 90B: 
393-396.

Kilias, H. 1988. Isoenzyme patterns as a tool in taxonomy of 
chlorococcal algae. Electrophoresis 9:613-617.

Lawson, R., D. H. Davies, J. Casey and S. A. Mohammad.
1980. The interpretation of protein separations on poly
acrylamide gels. Laboratory Practice 29:1065-1066.

Lessios, H. A. 1990. A program for calculating Nei s genetic 
distances and their jackknifed confidence intervals. Journal 
of Heredity 81:490.

Lévy, J. A., M. Haimovici and M. Conceicao. 1988. Genetic 
evidence for two species to the genus Eledone (Cephalo
poda: Octopodidae) in South Brazil. Comparative Bio
chemistry and Physiology 90B:275-277.

Lewis, P. O. 1992. GeneStat-PC 3.3. Unpublished manual, 
North Carolina State University, Raleigh.

Manga-Gonzalez, Y. and D. Rollinson. 1986. Preliminary ob
servations on the use of isoelectric focusing of enzymes for 
the identification of Helicella species (Mollusca, Stylom
matophora) from Leon province (Spain). Iberus 6:155-165.

Mill, P. J. and J. Grahame. 1988. Esterase variability in the 
gastropods Littorina saxatilis (Olivi) and L. arcana Ellis. 
Journal of Molluscan Studies 54:347-353.

Mill, P. J. and J. Grahame. 1992. Clinal changes in esterase 
variability in Littorina saxatilis (Olivi) and L. arcana Han- 
naford Ellis in Southern Britain. Proceedings of the Third 
International Symposium on Littorinid Biology, 31-37.

Miyazaki, J.-I., R. Ueshima and T. Hirabayashi. 1988. Ap
plication of a two-dimensional electrophoresis method to 
the systematic study of land snails of subgenus Luchu- 
phaedusa from southwestern Japan islands. Biological Bul
letin 175:372-377.

Morizot, D. C. and M. E. Schmidt. 1990. Starch gel electro
phoresis and histochemical visualization of proteins. In: 
Whitmore, D.H. (Ed.). Electrophoretic and isoelectric fo
cusing techniques in fisheries management. CRC Press, 
Boca Raton, p. 23-80.

Mork, J. 1990. Eggs and embryos, in: Whitmore, D.H. (Ed.). 
Electrophoretic and isoelectric focusing techniques in fish
eries management. CRC Press, Boca Raton, p. 297-311.

Mueller, L. D. and F. J. Ayala. 1982. Estimation and inter
pretation of genetic distance in empirical studies. Genet- 
ical Research, Cambridge 40:127-137.

Munuswamy, N. 1982. Electrophoregram studies of three 
problematic Streptocephalus species (Anostraca). Crusta- 
ceana 43:262-264.

Murphy, R. W. 1993. The phylogenetic analysis of allozyme 
data: invalidity of coding alleles by presence/absence and 
recommended procedures. Biochemical Systematics and 
Ecology 21:25-38.

Murphy, R. W., J. W. Sites jr., D. G. Buth and C. H. Haufler. 
1990. Proteins 1: isozyme electrophoresis. In: Hillis, D. 
M. and C. Moritz (Eds.). Molecular Systematics. Sinauer 
Associates, Sunderland, MA, p. 45-126.

Nei, M. 1971. Interspecific gene differences and evolutionary 
time estimated from electrophoretic data on protein iden
tity. American Naturalist 105:385-398.

Nei, M. 1987. Molecular evolutionary genetics. Columbia 
University Press, New York, 512 pp.

Nixon, S. E. and R. J. Taylor. 1977. Large genetic distances 
associated with little morphological variation in Polycelis 
coronata and Dugesia tigrina (Planaria). Systematic Zo
ology 26:152-164.

Nunamaker, R. A. and C. N. McKinnon. 1989. Electropho
retic analyses of proteins and enzymes in Culicoides var
iipennis (Diptera: Ceratopogonidae). Comparative Bio
chemistry and Physiology 92B:9-16.

Nyumura, N. and T. Hosokawa. 1993. Morphological and 
electrophoretic comparisons of two types of Pomacea can
aliculata in Chiba prefecture. The Chiribotan 24:6-8 [in 
Japanese],

Olsson, I., U.-B. Axiö-Fredriksson, M. Degerman and B. Olsson



Page 164 THE NAUTILUS, Supplement 2

1988a. Fast horizontal electrophoresis. I. Isoelectric fo
cusing and polyacrylamide gel electrophoresis using 
PhastSystem. Electrophoresis 9:16-22.

Olsson, I., R. Wheeler, C. Johansson, B. Ekström, N. Stafström, 
R. Bikhabhai and G. Jacobson. 1988b. Fast horizontal 
electrophoresis. II. Development of fast automated stain
ing procedures using PhastSystem. Electrophoresis 9:22- 
27.

Ota, T. 1993. DISPAN: genetic distance and phylogenetic 
analysis, version 1.1. Unpublished manual, The Pennsyl
vania State University, 328 Mueller Laboratory, University 
Park, PA 16802.

Oxford, G. S. 1975. Food induced esterase phenocopies in the 
snail Cepaea nemoralis. Heredity 35:361-370.

Oxford, G. S. 1978. The nature and distribution of food- 
induced esterases in helicid snails. Malacologia 17:331- 
339.

Payan, L. A. and D. W. Dickson. 1990. Comparison of pop
ulations of Pratylenchus brachyurus based on isozyme 
phenotypes. Journal of Nematology 22:538-545.

Phillips, M. S., B. E. Harrower, D. L. Trudgill, M. A. Catley 
and R. Waugh. 1992. Genetic variation in British pop
ulations of Globodera pallida as revealed by isozyme and 
DNA analyses. Nematologica 38:304-319.

Privalov, P. L. 1990. Cold dénaturation of proteins. Critical 
Reviews in Biochemistry and Molecular Biology 25:281- 
305.

Quesada, H., J. Sanjuan and A. Sanjuan. 1992. GENET2: A 
Basic program for the analysis of deviations from Hardy- 
Weinberg law. Journal of Heredity 83:460-461.

Rabilloud, T. 1990. Mechanisms of protein silver staining in 
polyacrylamide gels: A 10-year synthesis. Electrophoresis 
11:785-794.

Radice, A. D., R. D. Riggs and F. H. Huang. 1988. Detection 
of intraspecific diversity of Heterodera glycines using iso
zyme phenotypes. Journal of Nematology 20:29-39.

Ramshaw, J. A. M., J. A. Coyne, and R. C. Lewontin. 1979. 
The sensitivity of gel electrophoresis as a detector of ge
netic variation. Genetics 93:1019-1037.

Ribas, M., M. Riutort and J. Baguna. 1989. Morphological 
and biochemical variation in populations of Dugesia (G.) 
tigrina (Turbellaria, Tricladida, Paludicola) from the 
western Mediterranean: biogeographical and taxonomical 
implications. Journal of Zoology (London) 218:609-626.

Richardson, B. J., P. R. Baverstock and M. Adams. 1986. Allo
zyme electrophoresis - A handbook for animal systematics 
and population studies. Academic Press, Sydney, 410 pp.

Righetti, P.G. 1983. Isoelectric focusing: Theory, methodol
ogy and applications. Elsevier Biomedical Press, Amster
dam, 386 pp.

Riutort, M., K. G. Field, R. A. Raff and J. Baguna. 1992. 
Enzyme electrophoresis, 18S rRNA sequences, and levels 
of phylogenetic resolution among several species of fresh
water planarians (Platyhelminthes, Tricladida, Paludico
la). Canadian Journal of Zoology 70:1425-1439.

Robinson, M. P. 1989. Isoelectric focusing techniques for the 
identification of plant-parasitic nematodes. In: Loxdale, 
H. D. and J. den Hollander (Eds.). Electrophoretic studies 
on agricultural pests. Systematics Association Special Vol
ume No. 39, p. 431-442.

Rohlf, F. J. 1993. NTSYS-pc: Numerical Taxonomy and Mul
tivariate Analysis System, version 1.80. Exeter Software, 
Setauket, New York.

Rollinson, D. and V. R. Southgate. 1979. Enzyme analyses of

Bulinus africanus group snails (Mollusca: Planorbidae) from 
Tanzania. Transactions of the Royal Society of Tropical 
Medicine and Hygiene 73:667-672.

Rollinson, D. and C. A. Wright. 1984. Population studies on 
Bulinus cernicus from Mauritius. Malacologia 25:447-463.

Rollinson, D., R. A. Kane, A. Warlow and V. R. Southgate.
1990. Observations on genetic diversity of Bulinus cer
nicus (Gastropoda: Planorbidae) from Mauritius. Journal 
of Zoology (London) 222:19-26.

Ross, G. C. 1977. Analysis by isoelectric focusing of phos- 
phoglucoseisomerases in Schistosoma species and their snail 
hosts. Proceedings of the Analytical Division of the Chem
ical Society 14:76-79.

Saladin, B., A. Degrémont and N. Weiss. 1976. Isoelectric 
focusing in the taxonomy of Bulinid snails. Acta Tropica 
33:376-379.

Sattler, P. W. and L. R. Hilburn. 1985. A program for cal
culating genetic distance, and its use in determining sig
nificant differences in genetic similarity between two groups 
of populations. Journal of Heredity 76:400.

Sella, G. and G. Badino. 1980. Differenze elettroforetiche tra 
le specie mediterranee di Patella e loro impiego nella 
tassonomia del genere. Atti IV Congresso S.M.I., Siena, 6- 
9 Ottobre 1978:357-368.

Sévigny, J.-M. and P. Odense. 1985. Comparison of isoenzyme 
systems of calanoid copepods by use of ultrathin agarose 
gel isoelectric focusing techniques. Comparative Biochem
istry and Physiology 80B:455-461.

Shi, G.R. 1993. Multivariate data analysis in palaeoecology 
and palaeobiogeography - a review. Palaeogeography, Pa- 
laeoclimatology, Palaeoecology 105:199-234.

Singh, R. S. 1979. Genic heterogeneity within electrophoretic 
“alleles” and the pattern of variation among loci in Dro
sophila pseudoobscura. Genetics 93:997-1018.

Sneath, P. H. A. and R. R. Sokal. 1973. Numerical taxonomy. 
W. H. Freeman and Company, San Francisco, 573 pp.

Sokal, R. R. and F. J. Rohlf. 1981. Biometry (2nd edition). 
W. H. Freeman and Company, New York, 859 pp.

Southgate, V. R., D. S. Brown, D. Rollinson, G. C. Ross and R. 
J. Knowles. 1985. Bulinus tropicus from Central Kenya 
acting as a host for Schistosoma bovis. Zeitschrift für Par
asitenkunde 71:61-69.

Southgate, V.R., D.S. Brown, A.Warlow, R.J. Knowles and A. 
Jones. 1989. The influence of Calicophoron microboth
rium  on the susceptibility of Bulinus tropicus to Schis
tosoma bovis. Parasitology Research 75:381-391.

Spikell, M. and B. Blumenberg. 1977. Calculator programs 
in general genetics I. Computing genetic distance. Journal 
of Heredity 68:187-190.

Stoddart, J.A. 1983. The accumulation of genetic variation 
in a parthenogenetic snail. Evolution 37:546-554.

Suiter, K. A., J. F. Wendel and J. S. Case. 1983. LINKAGE- 
1: a Pascal computer program for the detection and anal
ysis of genetic linkage. Journal of Heredity 74:203-204.

Swofford, D. L. 1991. PAUP: Phylogenetic Analysis Using 
Parsimony, Version 3.0s. Computer program distributed 
by the Illinois Natural History Survey, Champaign, Illi
nois.

Swofford, D. L. and S. H. Berlocher. 1987. Inferring evolu
tionary trees from gene frequency data under the principle 
of maximum parsimony. Systematic Zoology 36:293-325.

Swofford, D. L. and R. B. Selander. 1981. BIOSYS-1: a For
tran program for the comprehensive analysis of electro
phoretic data in population genetics and systematics. Jour
nal of Heredity 72:281-283.



T. Backeljau et al., 1994 Page 165

Sywula, T. and S. Bartkowiak. 1978. Preliminary study of the 
isoenzymes of Ostracoda. Crustaceana 35:265-272.

Taylor, D. J., T. L. Finston and P. D. N. Hebert. 1994. The 
15% solution for preservation. Trends in Ecology and Evo
lution 9:230.

Théron, A., P. Brémond and D. Imbert-Establet. 1989. Allelic 
frequency variations at the MDH-1 locus within Schis
tosoma mansoni strains from Guadeloupe (French West 
Indies): Ecological interpretation. Comparative Biochem
istry and Physiology 93B.-33-37.

Thorpe, R. S. 1985. A numerical analysis of isoelectric focused 
keratin monomers: affinities of some western Indian Ocean 
green geckos. Biochemical Systematics and Ecology 13: 
63-69.

Tsubokawa, R. and J.-I. Miyazaki. 1993. Application of a two- 
dimensional electrophoresis method to the systematic study 
of Notaspidea (Mollusca: Opisthobranchia). The Veliger 
36:209-214.

Verheyen, E., J. Van Rompaey, R. Blust and W. Decleir. 1991. 
The eye-lens protein pattern of eight Lake Tanganyika 
cichlids studied by isoelectric focusing. Annalen van het 
Koninklijk Museum voor Midden-Afrika, Zoölogische We
tenschappen 262:29-32.

Viyanant, V. and E.S. Upatham. 1985. Isoenzyme analyses 
of Malayan Schistosoma, S. mekongi and S. japonicum  
by isoelectric focusing in polyacrylamide gel. Southeast 
Asian Journal of Tropical Medicine and Public Health 16: 
539-545.

Viyanant, V., E. S. Upatham and S. Siriteramongkol. 1985. 
Enzyme analyses of Bithynia (Mollusca: Bithyniidae) by 
isoelectric focusing. Malacological Review 18:15-20.

Weir, B. S. 1990a. Genetic data analysis. Sinauer Associates, 
Sunderland, MA, 377 pp.

Appendix 1. Basic guidelines for IEF experimentation. 

Sample preparation

Either total body homogenates or specific tissues can be 
used for IEF. Muscle, mantle, gonad and digestive gland 
extracts are good sources to resolve specific enzymes, 
whereas albumen glands, eggs and eye lenses (cephalo- 
pods) are more convenient for general protein stainings. 
Samples have to be prepared on ice to prevent heat 
dénaturation of the proteins. Since salts may distort IEF 
gradients (Sévigny & Odense, 1985; Robinson, 1989; 
Whitmore, 1990b), tissues are preferably homogenized 
in distilled water (e.g. Sella & Badino, 1980; Manga- 
Gonzalez & Rollinson, 1986), to which we add 20% (w/ 
v) sucrose (Backeljau, 1985, 1989). Yet, organic (e.g., 
Brahma & Lancieri, 1979; Viyanant et al., 1985) or dilute 
inorganic (e.g., Wright & Rollinson, 1979; Günther & 
Hinz, 1986, 1988; Mill & Grahame, 1988) buffers are 
tolerated too. Wright & Rollinson (1979) also added 1.0 
mM of dithiothreitol, r-aminocaproic acid and ethyle- 
nediamine tetraacetic acid (EDTA) as enzyme stabiliz
ers. Still many more extraction solutions are possible (e.g., 
Dixon & Arai, 1985; Sévigny & Odense, 1985; Kilias, 
1988; Keyvanfar et al., 1988; Holmes et al., 1989; Rob
inson, 1989; Payan & Dickson, 1990; Phillipsei al., 1992).

We add 5 pi extraction solution per mg tissue, but 
other proportions have been used too: Viyanant et al.
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(1985) and Mill and Grahame (1988) homogenized in
dividual snails in respectively 300 pi and 200 pi buffer; 
Günther and Hinz (1986, 1988) placed single Pisidium 
specimens in 50 pi solution; Wright and Rollinson (1979) 
and Sella and Badino (1980) used 1:1 proportions, while 
Brahma and Lancieri (1979) prepared 2% (w/v) ho
mogenates. Tissues may be homogenized with a pestle 
and mortar (Mill & Grahame, 1988), a mixer (Sella & 
Badino, 1980; Backeljau, 1989) or a sonicator (Günther 
& Hinz, 1986, 1988). Viyanant et al. (1985) first homog
enized snails with a mixer and subsequently sonicated 
the suspensions three times for 20 sec at 150 W. Ho
mogenates are subsequently centrifuged during 30-45 
min at 18000 X g (= 13000 r.p.m.) to 27000 X g (= 
15000 r.p.m.) (4°C) (Backeljau, 1985, 1989). Following 
regimes have also been reported: 25 min at 50000 X g 
(Wright & Rollinson, 1979), 10 min at 6000 r.p.m. and 
5 min at 12000 r.p.m. (Sella & Badino, 1980), 30 min at 
12000 r.p.m. (Viyanant et al., 1985) and 4 min at 5000 
r.p.m. (Herberts et al., 1989). Brahma and Lancieri (1979) 
used glass fiber papers (5 X 10 mm) to absorb 20 pi 
extract without centrifugation. Mill and Grahame (1988) 
centrifuged their homogenates during 2.5 min at 4000 
r.p.m. and freeze-dried the supernates. These were re
hydrated with distilled water when needed.

Supernates can be stored at or below -70°C. Some 
proteins, however, may denature at these temperatures
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Figure 11. IEF (pH gradient 3-9) patterns of esterases from 
digestive gland homogenates of Bukobia sp. (Mufindi, Tanza
nia) after more than five years of storage at -70°C. IEF was 
performed with PhastSystem. Note the granulation caused by 
undissolved Fast Blue RR (cf. figures 4-7).

(Sévigny & Odense, 1985; Privalov, 1990). For long term 
storage, it is better to freeze complete individuals or 
tissues, than to store extracts. Nevertheless, albumen gland 
homogenates of arionids did not deteriorate over a period 
of six years, even after repeated freezing and thawing 
(Backeljau, 1989). Similarly, complete Bukobia speci
mens, stored for more than five years at -70°C, still yield
ed satisfactory and reproducible esterase profiles (figure 
11). The need of fresh material and its storage are dis
advantages of protein electrophoresis in general. How
ever, Westheide and Brockmeyer (1992) published pro
tocols for IEF of ethanol-fixed oligochaetes. Taylor et al. 
(1994) reported the possibility of air-drying samples in 
15% (w/v) trehalose.

Table 1. Programmed conditions for IEF separations in two 
pH gradients in mini polyacrylamide gels using PhastSystem 
(tested with esterases and albumen gland proteins).

Sample appl. down at
pH 3-9 

2.2 0 Vh
Sample appl. up at 2.3 0 Vh
Extra alarm sound at 2.1 73 Vh
SEP 2.1 2,000 V 2.5 mA 3.5 W 5 °C 75 Vh
SEP 2.2 200 V 2.5 mA 3.5 W 5 °C 15 Vh
SEP 2.3 2,000 V 2.5 mA 3.5 W 5 °C 510 Vh

Sample appl. down at
pH 4-6.5 

1.2 0 Vh
Sample appl. up at 1.3 0 Vh
Extra alarm sound at 1.1 73 Vh
SEP 1.1 2,000 V 2.0 mA 3.5 W 5 °C 75 Vh
SEP 1.2 200 V 2.0 mA 3.5 W 5 °C 15 Vh
SEP 1.3 1,500 V 4.0 mA 3.5 W 5 °C 510 Vh

Table 2. Programmed silver staining procedure as used with 
the PhastSystem development unit. EtOH = ethanol, HAc = 
Acetic acid, TCA = Trichloroacetic acid. Background reducer 
consists of 2.5 g sodium thiosulphate +  3.7 g Tris in 10 ml 
reagent grade water; developer consists of 1 ml 2% formal
dehyde +  150 ml 2.5% sodium carbonate.

Dev Solution In Out
Time
(min)

T
(°C)

1 20% TCA 1 0 5 20
2 10% EtOH 5% HAc 3 0 2 50
3 10% EtOH 5% HAc 3 0 4 50
4 5% Glutaraldehyde 4 0 6 50
5 10% EtOH 5% HAc 3 0 3 50
6 10% EtOH 5% HAc 3 0 5 50
7 reagent grade H20 5 0 2 50
8 reagent grade H20 5 0 2 50
9 0.4% AgN03 6 0 10 40

10 reagent grade H20 5 0 0.5 30
11 reagent grade H20 5 0 0.5 30
12 developer 7 0 0.5 30
13 developer 7 0 3.5 30
14 background reducer 8 0 1.5 30
15 reagent grade H20 5 0 5 50

Casting and running IEF gels

IEF is usually performed in polyacrylamide (PAA) or 
agarose gels. Information on PAA gel preparation is pro
vided by Righetti (1983), Viyanant and Upatham (1985), 
Nunamaker and McKinnon (1989), Robinson (1989), 
Mork (1990), Whitmore (1990b) and Westheide and 
Brockmeyer (1992). Agarose recipes can be found in 
Righetti (1983), Sévigny and Odense (1985), Whitmore
(1986), Backeljau (1989) and Dixon and Arai (1989). Most 
of these references also provide protocols for IEF running 
conditions. Additional information can be found in Righ
etti et al. (1990) and Whitmore (1990a).

Recently, LKB-Pharmacia introduced an automated 
electrophoretic unit (PhastSystem) capable of executing, 
among others, horizontal IEF in mini PAA gels of 50 X 
43 X 0.35 mm (Olsson et al., 1988a). In this unit all 
running conditions are controlled by a programmable 
microprocessor. It achieves exactly the same resolution 
as ‘manual’ IEF in larger gels, but in much shorter times 
(±  30 min). Table 1 lists our PhastSystem programs for 
IEF separations of esterases and general proteins in two 
pH gradients, while figures 4-7 and 11 illustrate some 
separations obtained with these programs.

Gel staining

After IEF, gels can be stained for either nonspecific pro
teins or specific enzymes. Recipes for the latter are es
sentially the same as those published for conventional 
electrophoresis (e.g. Harris & Hopkinson, 1976; Rich
ardson et al., 1986; Morizot & Schmidt, 1990; Murphy 
et al. 1990). Righetti (1983) provided a review of stain- 
ings applied in IEF. Some recipes used for molluscs are
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given by Wright and Rollinson (1979) and Manga-Gon- 
zalez and Rollinson (1986).

Our recipe for esterase staining is as follows (Backeljau, 
1985): dissolve 40 mg Fast Blue RR in a mixture of 25 
ml 0.1M KH2P 0 4/N a0 H  buffer at pH 7.0 (= 6.804 g 
KH2P 0 4 +  1.164 g NaOH in 1000 ml H20), 25 ml H20  
and 2 ml a-naphtylacetate solution (1% w /v a-naphty- 
lacetate in 50% v/v  acetone). Before pouring this solution 
on the gel, it should be filtered to avoid precipitation of 
undissolved Fast Blue RR (figure 11). Staining takes about 
45 min.

General proteins are often stained with Coomassie 
Brilliant Blue R-250 (= Serva Blue R), as outlined by 
Backeljau (1989). Silver staining, however, is more sen
sitive (e.g., Rabilloud, 1990). Several recipes are provided 
by Righetti (1983). The programmed protocol we follow 
with PhastSystem (Olsson et al. 1988b) is given in table 2.

Agarose and thin PAA gels can be dried and stored 
after staining. PhastSystem gels can be kept as slides. 
After prolonged storage (>  two years) gels stained for 
esterases may be covered by a white “dust”. This can be 
washed away by rinsing the gel under gently running 
tap water. Specific enzyme stainings are less stable for 
long term storage. Therefore we recommend to photo
graph or photocopy all gels.

Appendix 2. Systematic list of the molluscan taxa men
tioned.

CLASS: GASTROPODA

Subclass: Prosobranchia

Fam. Patellidae
Patella aspera Röding, 1798 
Patella coerulea Linnaeus, 1758 
Patella lusitanica Gmelin, 1791

Fam. Bithyniidae
Bithynia funiculata  Walker, 1927 
Bithynia siamensis siamensis Lea, 1856 
Bithynia siamensis goniomphalos (Morelet, 1866)

Fam. Baicaliidae
Baicalia (Baicalia) turriformis Dybowski, 1875 
Baicalia (Maackia) costata Dybowski, 1875 
Baicalia (Eubaicalia) bithyniopsis Lindholm, 1909 
Baicalia (Eubaicalia) herderiana laevis Kozhov, 1936 
Baicalia (Eubaicalia) ventrosula Lindholm, 1909

Fam. Ampullariidae (= Pilidae)
Pomacea canaliculata (Lamarck, 1804)

Fam. Littorinidae
Littorina saxatilis (Olivi, 1792)
Littorina arcana Hannaford-Ellis, 1978

Fam. Planorbidae
Bulinus liratus (Tristram, 1863)
Bulinus obtusispira (Smith, 1882)
Bulinus africanus (Krauss, 1848)
Bulinus nasutus (von Martens, 1879)
Bulinus senegalensis Müller, 1781 
Bulinus tropicus (Krauss, 1848)
Bulinus truncatus (Audouin, 1827)
Bulinus coulboisi (Bourguignat, 1888)
Bulinus guernei (Dautzenberg, 1890)
Bulinus cernicus (Morelet, 1867)
Bulinus permembranaceus (Preston, 1912)

Fam. Arionidae
Arion (Kobeltia) hortensis Férussac, 1819 
Arion (Kobeltia) distinctus Mabille, 1868 
Arion (Kobeltia) owenii Davies, 1979 
Arion (Kobeltia) fagophilus de Winter, 1986 
Arion (Kobeltia) intermedius Normand, 1852 
Arion (Carinarion) fasciatus (Nilsson, 1823)
Arion (Carinarion) circumscriptus Johnston, 1828 
Arion (Carinarion) silvaticus Lohmander, 1937

Fam. Urocyclidae 
Bukobia sp.

Fam. Helicidae 
Helicella sp.

CLASS: BIVALVIA

Fam. Sphaeriidae
Pisidium personatum  Malm, 1855 
Pisidium nitidum  Jenyns, 1832 
Pisidium hibernicum  Westerlund, 1894 
Pisidium henslowanum  (Sheppard, 1823) 
Pisidium supinum  Schmidt, 1851 
Pisidium lilljeborgii Clessin, 1886 
Pisidium pulchellum  Jenyns, 1832 
Pisidium subtruncatum  Malm, 1855 
Pisidium amnicum  (Müller, 1774)
Sphaerium  sp.

CLASS: CEPHALOPODA

Fam. Sepiidae 
Sepia officinalis Linnaeus, 1758

Fam. Loliginidae 
Loligo vulgaris Lamarck, 1798

Fam. Octopodidae
Octopus vulgaris Cuvier, 1798 
Eledone massyae Voss, 1964 
Eledone gaucha Haimovici, 1988

Subclass: Heterobranchia (partim Pulmonata)


