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single point mutation. If simple mutation were provecl
to be the primary causc for the origin of hybrizymes.
thcn the question shifts to what maintains the
h-vbrizl'mc alleles at such high licqucncies withirt
hybricl zones?

Kemperman & Dcgenaars ( I 992 ) first reported the
occurrence ol h1'brizvmcs in pulmonatc snails of the
Medilerranean genus AlDiriruln. ln the prcsent study, r
curious case of parallel evolutiort o1 a hybrizymc in thc
C.rctan Albiuriu hirlx)/r/i lBoettger) is reportecl and
possiblc causcs lor-its distribution are discussed.

This study is part of a much larger analysis of hybricl
zones rn Albinuriu hippol.tri: l irur ol the six subspccics
r h a l  m r k c  u p  t h i .  p o l y t \ p i c . p e c i c s  r r r c  l : r r i r l : r t r i ( .
interconncctcd by hybrid zones (Schilthuizen &
Lombaerts. 1992: Schilthuizen er a1.. 1993: sce also
f ig .  I  .  l  hes< h\hr id  / ( )nc\  i l rc  \cr )  t lar r  \  .  r rn ing in
width betwccn a few tens and a lew hrindreds Of metres.
'l 'hey 

are characterized by multiple. largcly coincident
and concordant clines in conchokrgical, an:rtomical
and biochemical characters iSchilthuizcn. unpublished
data). This paper. howevcr. ltrcuscs onl-v" on the distri
bution ()l .rAar (soluble Aspartate aminotran stcrasc )
alleles in two zones. l he najority ol thc clcscriptivc
and analvtical results ol the work will be published
clservhere.

Mater ia ls  and methods
'l wo hybrid zones wcre sampled: onc bctwccn .,1. h.
aphrodite (Boettger) and A. h. /ioltl Sturany some
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Pcrpulations of the land snail Albirnrfu hippolyti from Crete rvere sampletl across 1wo h1'brid zones
separirting A. h. aphru ite from A. h. holtzi and A. h. hurnutnia and studied by means of starch gel
electrophoresis. At both sitcs, frecluencics of an otherwise rare allcle ol s.,1nl reachecl 0.70 and 0.1lJ.
respectively. in thc centres of the hybrid zoncs. It is argued that the allclc is deleterious ancl that it is
maintainecl in thc zoncs by a balance bctween clcvated mutation rutc\ ll l l!-il\t l.-lx 1t) I rnd
3.2x l0  r ,  rcspect ivc ly)  and select ion (at  least  2x l0  '  and 1.8,  l l )  r .  I r - \pect ivq l ) l .  The
obscrved parallellism ma), [rc the result of constraints on the numbers of metabolically active .\'., '1l//
variants possible.
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lntroduction

It has long bcen known that indivicluals in hybrid zoncs
{areas rvhere gcnctically distinct populations meet and
procluce hybrid offspring (Barton & Hewitt. 1985))
olien carry characteristics that rre not tbund jn either
parental phcnotype. 

-['his 
is particularll obvious in allo-

zyme stuclies. Atier Clarke ( 1968) first lbund
unexpected allozl'mcs in hvbrid zones of the land snail
I 'artula, mln,y morc such instances were reported.
Barton & Hewitt (l9tt5i. in reviewing the then existing
literature on hvbrid zones. founcl that novel or rarc
alkrzymcs had been detected in 19 o1 23 scparate
studics. Woodruff (1989) extensively discusscd thc
phenomcnon, coining the term 'hybrizymcs' lbr such
cnzyme variants, and speculated on possible mechan-
isms by rvhich hvbrizvmes coulcl arise. His hypothcscs
inc ludccl  in t ruc i ' t ron i r '  r (comhi l la t i r ' l l .  tcnc c , rn\  er : i ( ,n
and relaxed suppression of mutation. At that time. the
availablc evidence could not resolve the question,
although intracistronic recombinatir)n in heterozygotes
seemed to bc the favoured h1'pothesis (D. S. Woodruff.
19139; Murphy etal., 1990). Recently. however, the first
DNA sequencc for the coding regions o1 a'hybrizyme'
allele, an Arl/r variant from a Georl-vs hybrid zone. has
become available (Bradley cl a1.. 1993J. The results
Irom this study do not support the intracistronic
recombination hypothcsis, as they show that the novel
allele was derivcd frorn one of the parental alleles by a
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Fig. I Area of distribution of
A I b iru riu hip po ltr i in (lcntral Crele.
Widclv spaccd stipplcs- A. h. hOpol\nl
verticafly hatchcd. A. lt. honnotia.
dense stipples,,1. lt. ap hrodi t t ' ; hor i-
zontally hatchcd. ,,1. lr. /ro1l:i. The nvo
hybrid zonc sitcs (Kroussrinas. bet*'een
A. h. aphrodie a:rd A. h. hob..i.tntl
Tilisos. bctween ,',1. h. aphrodie an<1 A.
h. lunnortiu:'are lnclicatcd Nith dots.
Scluares inr.l icatc l ivc othcr populalions
in which the *0.61 l l lclc was found.
The scale bar rcprcscnts l0 km and
( r r n t o u r . l t r (  " j \ c n  i l t  i ( i l l  n l  i n t c r v i l l .

,1 km wcst ol the town of Kroussonas. the other between
A. h. apltrodite and ,,1. /r. harmouio Schilthuizcn el a/..
some.l km west o1 the town ol Tilisos (Fig. 1). The
lormer was sampled at l5 sites along a more or less
linear transect ol somc lJ00 m. and the latter rvas samp-
lc t l  lw, . . l imcnsional l l  u t  2 l  s i lq .  in  an r rer  mclsur ins
approximately -100 x 700 m. Livc snails. prcdomi-
nantly adults, wcrc taken at sitcs not exceeding 2 mr in
area. From most sample sites. intlividuirls rvere killecl
for electrophoresis. Horizontal starch gel electrophore-
sis and histochemical staining procedures rvere
employed (as described in Schilthuizen & Lombaerts,
1994) to detect soluble asparate aminotranslerase
(sAAI,  E.Cl .  2 .6.1.1) .  ln  a l l .  l  l lJ  and 250 ind iv iduals
were scored from the Kroussrlnas and the lil isos
zones, respectively. ' l 'he identity of allozymes was
comparecl across both zones by running homogenates
from individuals from both zones alongside each other
on the same gels. The allozvmes were assigncd codes,
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retlccting their eJectrophoretic mobilitics relative to
marker samples consisting of the mixeLl homo{cnate of
scvcral hundred indivicluals of i\. rcrnlguto
{Bruguiirel. Conformance to thc Hard-v Weinberg
equilibrium was tested for each site where two or more
different allelcs were found, using the exlct probability
tcst provided by srosvs r. As rccommended by Rice
(1989)  and Lessios {1992) ,  the sequent ia l  Bonlerroni
test (Holm, 1979) was used on all 27 tests to determine
if any cases showcd significant departure fiom
Hardy Weinberg expectations. with a : 5%.

Resul ts

In cach zonc. thrcc alleles were detected: * L3 1 , ' ' 1 .00
ancl *0.61 (Fig. 2). ln thc Tilisos zonc, 'pure' ;1. /r.
harmoniu wls lirund to bc llxccl lor thc *1.31 allele
whereas 'pure' A. h. ophrodite was almost fixed for the
* l.(X) allele. ln the Kroussiinas zonc, both parcntal taxa
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lig. 2 Stirrch gel stainccl l irI AAT. showinu thc cxprcssion of
: r l l t h r . r . r l l e l . .  '  l , / /  r , r ' l r .  l h (  h \ l r r i / \ m ,

were  c l ia i le l i c  l i r r  i ' 1 .3  I  anc l  ' : ' 1 .00 .  In  bo th  zonr :s .  thc
'r{).(r I l l lclc rvls l irund onlt, in or ncar thc ccntrc ol thc
hltrrid zone. r 'eaching very high l ietlr.Lencies iup to
0 .701 in  the  Krouss i inas  zone an t l  c l i s t inc t l v  lo*er
frcquencies in the 

' l 
i l isos zore 1 Lrp to 0. I f i l . I i igules 3

ancl -1 shou'the clistributions ol all three alleles in both
zoncs. Significanl deparlurc fronr thc Harrlv \\t inbels
equil ibrium coulti not bc tlcmonslratcil in anv of thc
cases.

Discussion
' l here  

can bc  l i t t le  dout r t  lh r l  lhc  r '0 .61  a l l c lc  lepre-
sents a hvbrizl,me: in both hvbrid zoncs. i ls frequencv
pcaks rt the centre an(l tails otl to either side. Thc
occurrcncc ol this allclc. ho\\ 'cvcr. is not restricted t()
areas of hvbridizalion: it n as also tirund at klv to high
(0 .03  0 .E( r i  l requenc ies  a t  I i ve  d is lan l  loca l i t i cs  in
thrcc scparalc rctions u ithin the area ol clistr ibution ol'
'1. lt. l tolt: i : i t uas not touncl in anv ol the approxi-
nutcf l '  70 olhcr samplcs ot ;1. hippolni t ltat \\ 'er e

l ' ig., l Skctch ofthe'fi l isos sitc shorving s,.1ar allclc lrcc;uen-
cics. Thc stipplccl blnd indiciltcs lhc i lpproximrtc centrc of
thc morphokrgical hrbrid zonc. Altituclcs rtre givcn in nrctrcs.

, . i

Krou""iiu"

Fig. 3 Skctch ol thc Krorrssrinas sitc shorr ing r,1rrt allclc
tiequcncics. 1 hc stipplccl bancl inclicatcs the approximatc
centrc of thc morphokuical hrtricl zonc. Altitutlcs arc givcn
in nrctrcs.



str.rdied electrophoreticallv iM. Schilthuizen. rLnpub-
l ishcd dat l l .  Givcn thc lact  th l t  normal lv  thc chtnce o l
encountering this allele it ttt A. ltiplxtlrti snmplc is ol'
thc order  o l  5 :70:7 per  cent .  thc prcscncc o l  the l l le le
in l0 of 29 hl"trrid zone samples signifies thc associn-
t ion wi th hvbr ic l  zones i ; r  test .  / ,  <  0.00I  I .  The Obser-
valion that both hvt[id zones ancl various unconnccted
populations are charactcrizcci bv the presencc of thc
sitme electlomorph. stronglv suggests pa|allel cvolu-
tion. Plrallelism in hvbrizvmes has not lteen ciescritred
bcfor.c. althoush D. S. Wrxrclrutl i I 9lJ9 i hintcd rt tl ic
cxistcnce of a sirnilar phcnomcnon in Ccrlon hvbricl
zones in  the West  Ind ies.

Thc or ig in of  the hvbr izvnre a l lc le  is  unknoun but
inlracislronic recombinalion sccms unlikelv becausc
the neu a l lc lc  is  not  l ( )und in  a l l  c l ia l lc l ic  s i tua l ions.  At
Kloussrinas. it is onlv prcsent in cliallelic populations in
l h \ '  ( ( t ) l t C  , r l  I h c  , /   c .  S r m p l t  P  i r t t  r n l  i l t i  l t .  i l \
clescribctl bv Bratl lcr cr ul. i19t)3: sce abovet mav rvell
l r c  thc  ca tLse  in  th is  s i tun l io | .  too .  Whateve l  i t s  o r ig in .
the ob\crvcd parallcl ism in this hlbrizvnre nray
possiblv shccl i iqht on its maintenancc in the hvbricl
zoncs .

Thc (Frcsti(n ol \\ 'hat mirintains the hvbrizvmc
ltl lelcs at such high Ir-ctlucncies in the ivcr\ ' l l lrrow)
hvbricl zone is not easv 1o it(ldrcss. The parallelism mlv
hint at a seleclivc ucivnntage of the hvbrizvme. This
advirntage. ho\\cvcr. worrlcl be strictlv l inkcd to the
hytrrit l  gcnctic backgrouncl or to spccific ecolo-gicnl
cit.cumstances prcscnt in thc zone. 

' l  
he l i l l tcr possi

bil i tr is verv unlikclv because hvbricl zoncs in Alhinuriu
rppear  k )  be  ' tens ion  zones  iKev .  I  968] .  thc  pos i t ions
of which i lrc no1 detcrminccl trv exogenous selection
( \4 .  Sch iJ thu izen.  unpubJ ishcc l  c ia t l i  In  l i l c t .  most
ruthors (c.!1. Barton r,r a/.. l9ll]: Barton & Hcwitt.
1985: D. S. Wixxlruft. l9E9i hnlc favourcti a scenario in
l 'hich hvbrizvmes lre rlclclcrious ancl are lemovcd Lr."
se lec t ion  a{a ins t  thern . ' l ' h is  sc lcc t ion  p lessure .  hou-
evcr. is thought to l)c cou|]tercd l)v thc conlinuous
gencralion ol neu. identicnl mutilt ions. sonrchorv tri{-
gcrcd bv ltt l  unbalanccd genetic backgrounil (analrr
gous to the release of mutittor i lctivitv dcscribccl bv
R. C'. \Vrxrtlrull d ul. !1919) antl I l . C. Wooclruff &
Ih t rnson i l9 lJ0 .  l9 i j2 t  in  I ) ros t4 t l t i l u t .  I f  th i r  las r
hvl.rolhcsis lrere to trc correct. the clueslion remains
lhv lhc same hvblizvmc *ould arise ovcr and over
again in the hrtr-id zonc antl uhv it would indcpen-
clcntlv arise in t\\ 'o scpltratt: lreas 0l hvbridization'l
Onc possible solution 10 this problem nrrulcl be that
thc number Of rnetatrolicallY lctive J,.lr/t alkrzvmcs is
limilcd lnd that. \\ ' i th the " 1 .01) ard " l. l  I ailclcs as rirrr
n ra te l ia l  l i ) r  mut i l l i on  to  i l c t  on .  thc  "0 . ( r l  l l l e lc  i s  the
on lv  a l lozvn te  tha l  can  c lo l r ,e .
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On the basis ol thc mutat ionlselecl ion hvpothesis. as
Barton cl rr1. I 1 9831 har.c pointecl out. thc strengths Ol
the proccsscs involvcd can bc inlcr rccl lrom the spatial
(l islribulion ol the hrtrizvnrcs. In the Kloussrinlts zone.
thc  a rca  in  qh ich  hvbr iz rmcs a le  found is  approx i -
matc l r ' ( r00  m u ic le .  In  thc  T i l i sos  zone.  lh is  a rca  is
nar ro \ \ 'e r .  app lox inn lc lv  l (X)  rn .  lhesc  u ic l ths  a le
sinti lnr to those ol thc clincs in morpholotical rnd bio-
chemical tr-aits thal charircterize the hvbrid zonc's.
There fore .  the  c f fcc t i . "c  sc lcc t ion  pressure . i ' : ' on  thc
hVbrizvmc ll lele must be at least 0f the- sante orcler Of
magnitude ts thc r"'acting on the morpholotical lncl
b iochcmica l  t r l i t s .  i .e .  . r " :E(o / r r , ) :  iSzvmura  c t
Bar lon .  I986) .  in  rvh ich  o  i s  thc  d ispcrsa l  r t te  and x ,  i s
the cline rvidth. On thc blsis ol t lattr in Schiithuizcn ct
Lombacrts i I 99.1i. tho dispersal rate nav l)c cstirnatcd
at -l Irr gcn . The r e srLlting lou cr bounds lirr '  .r ' : '  arc
I x  1 0  - a l  K r o u s s r i n u s  a n d  l . l J  x  1 0  I a t  l f l i s o s . W i t h
t l t i s  l o r r e t  l i r r t i t  l , ' r  ' .  l l r c  r \ ' \ 1 1 ( e l i \ (  r l r r r i m r r r n
hltrizvmc frcquencies ol 0.70 rnd 0.I 8 srlcsest mutu-
tion r lcs i,r{ i ol at least l.+ x l0 ' rt KroLlss(inils an(l
3 .2x  l0  '  a t ' l r ' l i sos .  

- l  
hcsc  l lgures  cor rcsponc i  le l l

w i th  the  muta t ion  ra te  o l  >  1 .5  x  l0  r  es t i rna ted  bv
l i i r l i , t )  , , / , / / .  l r r \ 1  l t ) r  l l \ l r f i , / \ n t ! .  i r r  / i , / r v r r , i  l l i r ' *
hoppers. Thcv lre. hou'ever. al lcltst an orcler ol mrgni-
lutlc higher thal those rcportsd for enzt'mc loci in
humans {Neel & Rothnran. lt) lJ I i. l t shoulcl be stresscd
that thc values presented hele for .r" ancl 4 are mini
m t t t t t  r l r l u c . .  I - h e  e l l c t t i r c  { c l ( L t i  | ]  l \ t c \ \ u t c \  i r t c
unlikelr io bc loucr as the hvtrrizvme rl lclcs rvoulcl
then be expected t0 havc di|usctl over a r.vider arca.
Highcr scl{rcti()n pressures iand accorclinglv hiuher
mutation rates i. on thc olhcr hand. arc cqually possiblc.
Experimental hvbrit l izations could provide clirccl
mc i l \u rcmcn l  ,  ) l  lhc  In  u l  i i l i ,  ' r t  r i l l c

' l  
hc occurrcnce ol hvbrizvmes u'cll otrtsiclc hvtticl

zones isee I ' ig. I ) rcquircs lurther explanation. Similar
observlt ions have otjen bccn rcportecl in hvbrid zonc
stutl ics. In fact. hvbrizvmc allcles are mosth r.elerrcd to
as 'alleles rvhich arc ustrallr '  i i .e. outside hvbrir-l zonesl
a l  f rcqucnc ies  o l  a  leq  per  cent  o r  l css ' lBa f ton  &
Hcwi11. l9lJ-) i. I l  these alkrzvmes are jncicccl iclentical
to the hr,brizvme-s. thc'-v Inight have ariscn thcre b\
'natural' Drutation. i.c. not l lssociatecl with hvbridiza-
tion.' l 'hcir rclativell hiuh frecluencics ntav hlve been
brought tboul bv gcnclic dri l i . given the vcrv lclk
seleclion prcssurc on thcm.

The rlost impoftant question conccming hvbri
zvnes remains. ol course. rvhal is their ev)lutionarv
significance'.) If i t were incleed true thal mutalion ralcs
arc incrcasccl in hl 'brids. thcn this nrxv rcsull in somc
hvbrid disatlvantagc as mulll ions in gcncral arc dclclc-
r ious  iA lber ts  c ta l . .  l9S i lanc l  the  inc reased nu ta t ion
r-ales uil l  probablv l)e lel1 across largc parls of lhc
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genome. Hvbrizl'me studies. therefore. may provide a
winclow on the senetic processes underlying the evolu-
tion of reproductive isolation and, hence, speciation.
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