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M etapopulation structure and genetic differentiation among subpopulations will be tightly  related  to patterns and 
processes of local adaptation and microevolution. U nderstanding the mechanisms behind genetic substructuring 
will aid in  the  in terpretation  of species’ ecological performances and strategies. The m arine gastropod Littorina 
fabalis occurs in  two size morphs -  a small and a large -  found in  m icrohabitats of different wave exposure, but 
overlapping in  distribution where wave exposure is interm ediate. Earlier studies have found substantial genetic dif­
ferentiation linked to morph in  one allozyme locus (arginine kinase), while 29 other allozyme loci reveal no or 
m inute differences between morphs. Here we add new results showing DNA variation in a RAPD m arker being 
tightly linked to the allozyme variation. Indeed, 97% of the snails homozygotic for one of the  A rk  alleles had a 
unique DNA band, while 89% of the snails homozygotic for the  other A rk  allele lacked the marker. We discuss a lter­
native hypotheses explaining the genetic substructure and suggest th a t the linkage of size, allozyme and DNA tra its  
m ight be due to a paracentric chromosomal inversion involving loci coding for these tra its. A genetic linkage of tra its  
m ight promote m icrohabitat specialization of th is  species, and such a chromosomal transform ation may therefore be 
adaptive. © 2004 The Linnean Society of London, Biological Journal o f the Linnean Society, 2004, 81, 301-306.

A D D ITIO N A L KEY W O RD S: arginine kinase -  differential selection -  genetic linkage -  microgeographical 
genetic varia tion  -  paracentric  inversion -  RAPD -  size polymorphism.

IN T R O D U C T IO N

Genetic substructuring , reflected in  a patchy land­
scape of gene frequencies a t one or more loci, will have 
im portan t im plications for the  microevolution of a spe­
cies and for the  ecological perform ances and strategies 
adopted (Endler, 1977; Hedrick, 1986; Kassen, 2002). 
A patchy genetic landscape influences genetic v aria ­
tion w ith in  local populations, as well as differentiation 
and gene flow among populations. I t  m ight also affect 
local genetic adap tation  and stochastic loss of genetic 
variation.

More th a n  30 years ago E hrlich  & Raven (1969) 
stressed th a t  species are  indeed commonly substruc­
tu red  and extensive evidence for th is has since accu­
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m ulated  from studies of allozyme and DNA variation 
on both large (e.g. Sundberg et al., 1990; Shaklee 
et al., 1991; Avise, 1992) and local geographical scales 
(e.g. Johannesson & Johannesson, 1989; P iertney  & 
Carvalho, 1995; Schm idt & Rand, 1999).

Genetic substructu ring  a t n eu tra l loci m ight be a 
consequence of isolation by distance, and species w ith 
poor dispersal are the  m ost likely candidates for th is. 
Among species of m arine invertebrates, benthic 
species th a t  lack a larval stage and have sta tionary  
juvenile and adu lt stages are, as expected, often 
substructu red  over narrow  distances, while species 
w ith a dispersive larva are  m uch less so (e.g. Janson, 
1987; Hellberg, 1996; Parsons, 1996). However, 
genetic substructu ring  of a species m ight also be a 
consequence of differential selection in  different hab­
ita ts  or m icrohabitats (H ilbish & Koehn, 1985; Jo h an ­
nesson, Johannesson & Lundgren, 1995; Schm idt &
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Rand, 1999), biogeography (Parsons, 1996), founder 
effects (Knight, H ughes & Ward, 1987), or biased 
recru itm en t (Johnson & Black, 1984; P iertney  & C ar­
valho, 1995).

Littorina fabalis  (Turton), a m arine in te rtid a l gas­
tropod, is strongly substructu red  over microgeograph- 
ical scales a t  one of 30 allozyme loci (Tatarenkov & 
Johannesson, 1994, 1999). However, in  th is case it  
seems not to be a consequence of differential selection 
on the allozyme locus itself, or of any of the  o ther 
m echanism s listed  above. An a lternative explanation 
is a chromosomal rearrangem ent, an  inversion, lock­
ing several tra its  together in  a supergene, and in  this 
study  we p resen t support for th is m echanism  by show­
ing evidence of a strong linkage betw een the differen­
tia ted  allozyme locus and a random  DNA locus 
(RAPD). We furtherm ore discuss possible conse­
quences of a chromosomal inversion, for example, 
increase of fitness th rough gene complexes prom oting 
m icrohabitat adaptation , and fitness reductions 
th rough loss of zygotes from hybrid paren ts.

Littorina fabalis  is confined to litto ra l m acroalgae in  
subarctic and tem perate  p arts  of the north -eastern  
A tlantic. I t  is a direct developer, and crawl-away 
m in ia tu re  juveniles h a tch  from egg m asses th a t  are 
laid on algal fronds (Reid, 1996). Reimchen (1981) 
described B ritish  snails as being e ither dw arf (5— 
8 mm), w ith  a yellow and regularly  ornam ented shell 
and p resen t in  wave-protected shore hab ita ts , or large 
(11-14 mm), w ith a brown and irregu larly  orna­
m ented shell and p resen t in  exposed hab ita ts . The two 
m orphs are even found in  different m icrohabitats of 
the  sam e shore. A sim ilar association betw een snail 
size and m icrohabitat is found in  Sweden b u t colour 
v aria tion  is not correlated w ith h ab ita t (Ekendahl, 
1994). Both shell colour and grow th ra te  are under 
genetic control (Reimchen, 1979; Tatarenkov & Jo h an ­
nesson, 1998).

Of 30 allozyme loci, one, arg inine kinase (Ark, E.C. 
code 2.7.3.3), shows strong hab ita t-re la ted  variation 
(Tatarenkov & Johannesson, 1994). Two alleles, A rk 80 
and A rk 100, are common in  wave-exposed p a rts  of 
shores, while A rk 120 dom inates less exposed parts . Two 
ra re  alleles, Ar/s1111 and A rk ' "" are  also found in  the  pro­
tected parts. The genetic clines can be extrem ely 
sharp, and a sw itch from a clear dominance of exposed 
alleles (‘E ’) to a dominance of sheltered alleles (‘S’) 
m ay occur over a few tens of m etres of shore, or even 
less (Tatarenkov & Johannesson, 1994, 1999).

In  subpopulations w ith both groups of alleles 
present, there  is a m arked deficiency in  num bers of 
heterozygotic (‘ES’) snails (Tatarenkov & Johannes­
son, 1999), b u t th is seems to be explained n e ither by 
selection against heterozygotes (Tatarenkov & Jo h an ­
nesson, 1998) nor by assortative m ating  of genotypes 
(Tatarenkov & Johannesson, 1999). EE and SS

homozygotes from the sam e sites have slightly differ­
en t allele frequencies in  two of th ree  o ther polymor­
phic allozyme loci (Tatarenkov & Johannesson, 1998). 
Thus, gene flow betw een the two m orphs is im peded to 
some extent, and the  question is, by w hat m echanism ?

G rowth ra te  and A rk  genotype are strongly corre­
la ted  (Tatarenkov & Johannesson, 1998) and a mech­
anism  th a t  m ight explain th is is th a t  these tra its  m ay 
be trapped  in  the  sam e chromosomal inversion. Such 
an  inversion would prevent crossing-over and all loci 
w ith in  the  inversion would be tightly  linked (Ayala & 
Kiger, 1980). If  a chromosomal inversion is p resen t i t  
m ight involve a num ber of loci, and by screening ran ­
dom m olecular loci i t  m ight be possible to find addi­
tional m arkers linked to the size-allozyme genotypes.

Screening 19 random ly am plified DNA loci (RAPD), 
we found one (OPH-11) th a t  in  a sm all sam ple (two 
subpopulations, n = 3 in  each) suggested different 
frequencies of a band betw een the two m orphs of 
L. fabalis  (M ikhailova & Johannesson, 1998). H ere we 
have extended the analysis considerably and have also 
exam ined the possibility of genetic linkage betw een 
the RAPD m arker and the A rk  locus.

MATERIAL AND METHODS
In  1997 we collected individuals of L. fabalis  from 
th ree  shores on two different islands (Jutholm en, 
Lökholm en-north and Lökholmen-south) on the Swed­
ish  w est coast. On each shore we took th ree  sam ples a t 
sites of in term ediate  exposure over an  exposure g ra­
dient from slightly more wave-exposed to slightly less 
wave-exposed. In  th is  way we were likely to include 
sam ples w ith different d istributions of the  exposed 
and sheltered A rk  alleles.

We used 109 m ales and 47 m atu re  fem ales and dis­
sected all of them  to confirm the  soft p a rt characters 
th a t  discrim inated them  from L. obtusata  (see Reid, 
1990). We discarded snails th a t  were infected by dige- 
nean  trem atodes, in  order to elim inate the  risk  of con­
tam ination  in  the PCR-based RAPD analysis. Tissue 
from each snail was used both for extraction of DNA 
for RAPD analysis and for allozyme analysis. The tis ­
sue was e ith er used fresh or stored a t -80°C for up to
I  year before analysis.

Both a modified phenol-chloroform  extraction 
(M ikhailova & Johannesson, 1998) and the CTAB 
(hexadecyltrim ethyl am m onium  bromide) extraction 
(W innepennincks, Backeljau & De Wachter, 1993) 
m ethods were used to ex trac t high m olecular weight 
nuclear DNA from the  snails. The extracted  DNA 
was stored e ither a t -20°C  (weeks), or a t  -70°C 
(months). We used an  a rb itra ry  10-mer prim er OPH-
I I  (CTT CCG CAG T) (Operon Tech. Inc.) to amplify 
the DNA of each snail, following the m ethods 
described in  M ikhailova & Johannesson  (1998). We

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 81, 301-306



G E N E T IC  LINKAGE IN  A M ARINE SN A IL  3 0 3

used only the OPH-11 prim er, as the  earlier study 
had  shown an  amplified fragm ent to be p resen t in  
m ost snails of exposed hab ita ts  while being absen t in  
snails of sheltered hab ita ts . The amplified fragm ent 
had  a size of 282 bp. (In M ikhailova & Johannesson, 
1998, we suggested the  fragm ent length  to be about 
240 bp, b u t la te r  cloning and sequencing of the  frag­
m ent has revealed the  exact length  to be slightly 
larger. The fragm ent sequence is indicated in  the 
Appendix.)

The arginine kinase (Ark) genotype was scored in  
the sam e snails as those scored for RAPD m arker 
using horizontal s ta rch  gel electrophoresis. The buff­
ers and sta in ing  techniques used were those described 
by Tatarenkov & Johannesson  (1994). No inform ation 
about the  presence or absence of the DNA m arker was 
m ade available a t tim e of scoring of the  A rk  genotype.

RESULTS
All individuals scored for the DNA m arker were also 
successfully scored for the  allozyme genotype, and we 
found strong evidence of a genetic coupling betw een the 
RAPD and the  allozyme genotypes. T hat is, of 103 ind i­
viduals w ith a RAPD band a t  the  282-bp position of the 
OPH-11 prim er, 100 (97%) were homozygotic for the E- 
allele of A rk, while of 35 individuals homozygotic for 
the S-allele, 31 (89%) had  no RAPD band a t the  282-bp 
position. Among the 15 A rk  heterozygotes, 11 had  a 
band and four lacked a band. This d istribution did not 
differ significantly from an  expected 50 : 50 d istribu­
tion (%2 = 3.27, d.f. = 1, P  > 0.05); however, the  sm all 
sam ple size caused low sta tistica l power, and the 
%2 value was close to the significant value of 3.84. 
Despite sm all sam ple sizes of individual subpopula­
tions, significant genetic linkages betw een the A rk  gen­
otype and the  DNA m arker were evident in  m ost sites, 
and on all shores, for pooled sam ples (Table 1).

DISCUSSION
The RAPD locus was strongly linked to the  A rk  locus, 
and th u s we have evidence of two m olecular loci being 
linked to each other and to one or several loci influ­
encing grow th and adu lt size. Furtherm ore, the  v aria ­
tion in  all th ree  characters (size, A rk  and RAPD) 
correlates w ith snail m icrohabitat (Tatarenkov & 
Johannesson, 1999; th is study), b u t the varia tion  in  
these characters cannot be explained solely by differ­
en tia l selection over h ab ita ts . The reason is th a t  the  
linkage would disappear in  populations of in term edi­
ate hab ita ts  owing to recom bination when the  two 
m orphs cross-bred, b u t th is is not the  case as indeed 
we found th a t  the  linkage persisted  completely over 
the in term ediate  zones, suggesting an  additional 
m echanism  besides h ab ita t selection.

A com peting hypothesis is th a t  the  m ultilocus link­
age is due to separate  evolutionary histories of the  two 
snail m orphs. If  separate  lineages recently came into 
secondary contact and if  gene flow betw een them  was 
ham pered, differentiation a t gene loci would be 
expected. However, i t  is unlikely th a t  strong differen­
tia tion  has evolved a t two m olecular loci, while a large 
num ber of loci (29) rem ain  in v arian t (Tatarenkov & 
Johannesson, 1994). Furtherm ore, the genetic struc­
tu re  of the o ther polymorphic allozyme loci suggests 
genetic coherence of populations of both m orphs over 
geographical areas (Sweden, Wales, France) ra th e r 
th a n  a prim ary  separation over hab ita ts  (Tatarenkov 
& Johannesson, 1999).

A paracentric  chromosomal inversion including the 
linked loci would be a possible explanation of the 
observed genetic linkage and the  hab ita t-re lated  
varia tion  of the  th ree  loci. A chromosomal inversion 
usually  suppresses crossing-over among the loci of 
the  inversion. The reason is th a t  in  the  individuals 
th a t  are heterozygous for the inversion only those 
gam etes th a t  contain the non-crossover chromosome 
are  in tac t and produce viable progeny (Ayala & Kiger, 
1980).

Initially  we used 19 RAPD prim ers to study 
intraspecific varia tion  in  L. fabalis, of which 15 
revealed one or several polymorphic bands, b u t only 
one (the OPH-11 fragm ent) differed betw een m or­
phs (M ikhailova & Johannesson, 1998). Snails of the  
genus Littorina  have 17 pairs of chromosomes (Jan- 
son, 1983; Rolán-Alvarez, Buno & Gosalvez, 1996), 
and thu s only one or perhaps two of the polymor­
phic RAPD m arkers are  likely to be situa ted  on any 
particu la r chromosome. If  the inversion involves a 
large p a rt of the  chromosome, there  is a reasonably 
high chance th a t  one of 15 m arkers is from inside 
the  inversion; one or more loci affecting grow th and 
ad u lt size being included in  the  inversion supports 
the  hypothesis of a relatively large p a r t of the 
chromosome being affected.

Chromosome inversions are frequently  reported in  
various species (e.g. Dowler, 1989; Taylor, 1990; Diez & 
Santos, 1993). In species of Drosophila, d istributions 
of inversions often seem to be related  to geographical 
g rad ien ts and thus are  probably a resu lt of selection 
(Rodriguez et al., 2000). In  the  congeneric species 
L. saxatilis, two allozyme loci are tightly  linked, pos­
sibly due to a chromosomal inversion ( Janson  & Ward, 
1984).

A chromosomal inversion in  L. fabalis  in  which the 
inverted  and the  non-inverted genotypes are  linked to 
different m icrohabitats (sheltered and exposed) m ust 
involve a t least one or a few loci th a t  are under differ­
en tia l selection. The selected loci would th en  te th e r all 
polymorphic (even neutral) loci of the  inversion to a 
certa in  m icrohabitat. P relim inary  resu lts indicate
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Table 1. Results from samples of Littorina fabalis from three different sites along each of th ree shores on two different 
islands, indicating for each Ark genotype the num ber of snails w ith or w ithout the DNA RAPD m arker band

Island and shore Site
Ark
genotype

Number w ith DNA 
m arker bandf Significance

Yes No Per site Per shore

Jutholm en J1 EE 18 1 X 2 = 0.055
SE 1 0 d.f. = 1
SS 0 0

J2 EE 18 1 X 2 = 14.7**
SE 6 0 d.f. = 2
SS 1 3

J3 EE 9 0 yf = 14.4***
SE 1 1 d.f. = 2
SS 1 8 y2 = 4 4 7 * * *

Lökholmen North LN1 EE 11 0 X 2 = 8.6*
SE 0 0 d.f. = 1
SS 1 2

LN2 EE 8 0 X 2 =  11.0*
SE 1 0 d.f. = 2
SS 0 2

LN3 EE 7 0 X 2 = 15.0***
SE 1 0 d.f. = 2
SS 0 7 X 2 = 35.4***

Lökholmen South LSI EE 11 1

IOII

SE 1 0 d.f. = 2
SS 0 1

LS2 EE 14 0 X2 = 15.0
SE 0 1 d.f. = 1
SS 0 0

LS3 EE 4 0 X 2 =  11.0**
SE 0 2 d.f. = 2
SS 1 8 %2 = 3 1 . 4 * * *

Significances were tested  using Monte-Carlo sim ulations (Zaykin & Pudovkin, 1993) when d.f. = 2 and Fisher’s exact test 
when d.f. = 1.
fRAPD m arker OPH-11, 282-bp band. E = exposed allele; S = sheltered allele.
*(0.01 < P<0.05); **(0.001 < P< 0.01); ***(P < 0.001).

th a t  size m ay be involved, as i t  affects fitness differ­
ently  in  sheltered and exposed environm ents. Thus 
the  inversion in  L. fabalis  m ight have profound effects 
on the genetic substructu ring  of the  species, while pro­
m oting accum ulation of alleles into the  inversion th a t 
increase the overall fitness in  one of the h ab ita ts . In 
th is way i t  is expected th a t  gene complexes will build 
up w here favourably in terac ting  genes are  kept u n re ­
combined. Obviously, building gene complexes m ight 
prom ote m icrohabitat specialization in  the exposed 
and sheltered hab ita ts . On the  o ther hand, heterozy­
gotes for the inversion will lose gam etes, as all cross­
over chromosomes will be unviable. Indeed i f  heterozy­
gotes are less fecund th a n  are homozygotes, th is m ight 
act as a w eak ba rrie r to gene flow am ong m orphs and

such a sm all partia l reproductive b a rrie r is indeed 
observed as a sm all b u t significant differentiation in  
two o ther allozyme loci (Pgi and Pgm -2) (Tatarenkov 
& Johannesson, 1998).

One observation is not, however, readily  explained 
and th a t  is the  deficiency of heterozygotes in  mixed 
populations. (Only about h a lf  the  num ber of heterozy­
gotes expected from a population in  H ardy-W einberg 
equilibrium  are observed in  mixed populations, 
despite the  fact th a t  the  two m orphs m ate a t  random , 
Tatarenkov & Johannesson, 1999). The loss of fecun­
dity of the  heterozygotes in  itse lf does not predict 
fewer heterozygotes (FI) being produced. There is, 
however, a possibility th a t  a reproductive ba rrie r is 
favoured by reinforcem ent selection i f  the  heterozy­

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 81, 301-306



G E N E T IC  LINKAGE IN  A M ARINE SN A IL  3 0 5

gotes are  less fertile. A lternatively, the  observed defi­
ciency of heterozygotes could be a consequence of a 
post-zygotic barrier. D ispersal into the hybrid zone is a 
th ird  possibility, although th is explanation is poorly 
supported by dispersal data. The w idth of the  studied 
hybrid zones is in  the range of 20-30 m while m ean 
dispersal distances over more th a n  a m onth were in  
the range of 1-2 m in  all hab ita ts  (Tatarenkov & 
Johannesson, 1998).

Overall, the  chromosomal inversion hypothesis 
explains well observations th a t  we failed to predict by 
earlie r suggestions of hab ita t-re la ted  selection in  A rk  
(Tatarenkov & Johannesson, 1994) or the  presence of 
sibling species (Tatarenkov & Johannesson, 1998). 
F u rth e r  tests  of the predictions of the  inversion 
hypothesis are, however, necessary to confirm its 
existence.
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APPENDIX

S e q u e n c e  o f  t h e  2 8 2  b p  DNA f r a g m e n t

POLYMORPHIC IN LITTO RINA FABALIS 

Cloning of the  fragm ent was achieved by purifying 
a piece of agarose gel w ith the band  p resen t using 
Sephaglas bandpreparation  k it (Pharm acia Biotech, 
Sweden) and precipitating  w ith ethanol. The purified 
fragm ent was ligated into a PCR 2.1 linearized vector 
and transform ed into One Shot com petent cells (TA 
Cloning Kit, Invitrogen). The recom binant clones were 
detected as w hite colonies in  LB plates containing 
ampicillin, X-gal and IPTG (Sambrook, F ritsch  & 
M aniatis, 1989). Plasm id DNA was isolated by the 
alkaline lysis m ethod and purified by centrifugation in  
a C sC l-eth id ium  brom ide g rad ien t containing 0.5%

sarcosyl a t  30 000 g for 24 h  a t  room tem perature. 
E thidium  brom ide was removed by m ultiple isoamil 
alcohol extraction. DNA was precipitated by ethanol, 
air-dried and redissolved in  sterile  w ater. Recombi­
n a n t plasm ids were used as tem plates for sequencing 
by the  dideoxynucleotide chain term ination  method. 
Sequencing was perform ed by the  company Cyber­
gene, Stockholm, Sweden.

C TTC C GCAGTCAGGCGGGGAATGGTAGAC CAGACCGTCTGA 
GAAAATCAGATCTAAAACGCAGGAAGTTATAAAATAGAAG- 
TAACATTTACAGAATAAAACAGAAAATCAGGTCT- 
CAAAACGCAGGAAGTTATAAAATAGAAGTAACATTTACAGA 
ATAAAACACTGAGAGAATCTGAAAAAGTAAGGTCT-  
TAAAAAAAAAGGTGCGGGTGTGTCTGAAAATGGTGTGTCT- 
TAATAGGGGGACTC CAC TGTACAGAGTGAC TGAGGATCGAA 
CTGCGGAAG
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