
M ALACOLOGIA, 1981, 20(2): 403-422

SHELL PENETRATION AND FEEDING BY NATICACEAN AND MURICACEAN
PREDATORY GASTROPODS: A SYNTHESIS

M elbourne R. C arriker 

C o lle ge  o f M a rine  S tud ies, U n ivers ity o f D elaw are, Lewes, D e law are  19958, U.S.A.

AB STR AC T

Predatory gastropod shell borers occur among the Capulidae, Naticacae, Tonnacea, 
Muricacea, and Vayssiereidae. With the exception of boring nudibranchs, all known gastropod 
borers are shelled. This synthesis is concerned primarily with naticacean and muricacean borers 
that excavate smooth, round, beveled holes. They occur in every coastal region of the world that 
has been examined, and identify prey chemoreceptively. The shell penetrating mechanism 
includes at least an accessory boring organ (ABO) and radula. The ABO is located in three 
separate anatomical regions in different groups of borers: in muricaceans, in the sole of the foot 
antenor to the ventral pedal gland or atop the ventral pedal gland; in naticaceans, under the tip of 
the proboscis. Studies of the ABO of several species of naticacean and muricacean snails reveal 
a common ultrastructural form. An acid (possibly HOI) and unidentified chelating agents and 
enzymes in a hypertonic mucoid secretion released by the ABO are hypothesized to dissolve 
shell during hole boring. All 33 species of naticacean and muricacean snails examined possess 
an ABO and are shell borers; the ABO does not appear to have evolved in other shell penetrating 
molluscs. The role of tubular salivary glands (missing in some muricids and naticids), hypo- 
branchial glands, and anterior pedal mucous glands in shell penetration is uncertain. Borers 
release paralytic substances from the hypobranchial gland, and possibly also from other glands 
associated with the proboscis. Gastropods known to bore holes in prey shell date from the 
Jurassic and perhaps the late Triassic, some two hundred million years ago. Progress is being 
made in the control of commercially important species of muricaceans, but not of naticaceans.

IN TR O D U C TIO N

A no tab le  cha rac te ris tic  o f m any m olluscs is 
th e ir  capac ity  to  secre te  a pro tective  ca lca re ­
o u s  exoske le ton . A no the r is iron ica lly  the 
a b ility  o f som e of these  sam e m olluscs to bore 
o r bu rrow  in to  the  she lls  o f o ther inverte ­
b ra tes. A  vo lum inous  lite ra tu re  has described 
th e  s truc tu re  and  deve lopm ent o f m olluscan 
she ll (G régo ire , 1972; W ilbur, 1972; W atabe 
& W ilbu r, 1976), bu t m uch less is known 
a b o u t p rocesses  o f she ll b reakdow n by in ­
ve rte b ra te s  and low er p lan ts  (Carriker, Smith 
& W ilce , 1969). M o lluscan ca lc ib iocavites 
(C a rrike r & Sm ith, 1969) have been reported 
in th ree  c lasses: the  B iva lv ia  (burrowers), 
G a s tro p o d a  (borers), and C epha lopoda 
(bo re rs). A m ong the  G astropoda, shell pene­
tra tin g  sna ils  occu r in the  m esogastropod 
fa m ily  C apu lidae , m esogastropod superfam i­
lies N a ticacea  and Tonnacea, neogastropod 
sup e rfa m ily  M uricacea, and the nudibranch 
fam ily  V ayss ie re idae  (C arriker, Sm ith & 
W ilce , 1969). W ith the  exception  o f boring 
nud ib ranchs , all know n she ll penetrating 
g a s tro p o d s  possess a shell.

T h is  rev iew  is concerned  prim arily  w ith the 
b io logy  of she ll pene tra tion  and feed ing by 
p re d a to ry  gas tropods  in the superfam ilies 
N a ticacea  and M uricacea.

D IS T R IB U T IO N  AN D  TY P E S  OF 
B O R IN G  M E C H A N ISM S

E very  coas ta l reg ion of the  w orld  that has 
been  exam ine d  supports  popu la tions of bor­
ing g a s tro po ds  (see represen ta tive  exam ples 
in T a b le  1). M ost spec ies are subtropica l or 
tro p ica l, th e  num ber increasing tow ard the 
e q u a to r (T ay lo r e t al., 1980). It is likely that 
fu rth e r zoogeog raph ica l investiga tions will 
loca te  them  off the  shores of m ost land 
m asses  (Soh l, 1969). As suggested by the 
p re se nce  of bore ho les in prey shells, boring 
sn a ils  range  in depth  from  in tertida l zones to 
a t least 2 ,700  m (C arriker, 1961), and their 
nu m bers  decrease  into deeper w a te r (Taylor 
e t al., 1980). C la rke  (1962) lists several 
spe c ie s  o f N atic idae  and M uric idae tha t occur 
in abyssa l reg ions of the  oceans, but it is not 
know n w h e the r they are  borers, or w hether
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TABLE 1. Species, source of specimens, and comparative anatomy of accessory boring organ (ABO), 
ventral pedal gland (VPG), and tubular salivary glands of muricacean and naticacean boring gastropods. S, 
ABO in anterior midventral sole of foot; aVPG, anterior to ventral pedal gland; p, ABO on anterior ventral tip 
of proboscis; relative size of tubular salivary glands: 0, absent; 1-5, small to large. Nomenclature of North 
American species based on Abbott (1974).

Accessory boring 
organ, location Ventral

pedal
gland

Size
tubular
salivary
glandSpecies Source Male Female

Muricacea;

Bedeva hanleyi Port Jackson, Australia S aVPG Reduced 1
Eupleura caudata North Carolina to Massa­

chusetts, U.S.A. S aVPG Large 3
E. caudata etterae Virginia, U.S.A. S aVPG Large 4
E. sulcidentata Florida, U.S.A. S aVPG Large 4
Murex brevifrons Puerto Rico S aVPG Reduced 3
M. cellulosus Florida, U.S.A. S aVPG Absent 3
M. florifer Florida, U.S.A. S aVPG Large 2
M. fulvescens North Carolina, U.S.A. s aVPG Reduced 1
M. pomum Florida, U.S.A. s aVPG Absent 0
Muricopsis ostrearum Florida, U.S.A. s aVPG Absent 4
Nucella emarginata Washington, U.S.A. s aVPG Large 5
N. lamellosa Washington, U.S.A. s aVPG Large 5
N. lapillus England; Massachusetts, U.S.A. s aVPG Large 4
Ocenebra erinacea England s aVPG Large 5
0. inornata (=  japonica) Japan; Washington, U.S.A. s aVPG Large 4
Pterorytis foliata Washington, U.S.A. s aVPG Large 3
Purpura clavigera Japan s atop VPG Large 4
Rapana thomasiana Japan s atop VPG Large 5
Thais haemastoma Bimini, Bahamas s atop VPG Large 5
T. haemastoma floridana North Carolina, U.S.A. s atop VPG Large 5
T. haemastoma canaliculata West coast Florida, U.S.A. s atop VPG Large 5
T. deltoidea Bimini, Bahamas s aVPG Absent 5
Urosalpinx cinerea England; Florida to Massa­

chusetts, U.S.A. s aVPG Large 4
U. cinerea follyensis Virginia, U.S.A. s aVPG Large 4
U. perrugata Florida, U.S.A. s aVPG Large 3
U. tampaensis Florida, U.S.A. s aVPG Large 3

Naticacea;

Lunatia heros Massachusetts, U.S.A. p P Absent 0
L. lew isi Washington, U.S.A. p P Absent 0
L. triseriata Massachusetts, U.S.A. p P Absent 0
Natica severa Korea p P Absent 0
Neverita didyma Korea p P Absent 0
Polinices duplicatus Florida, North Carolina, Massa­

chusetts, U.S.A. p P Absent 0
Sinum perspectivum Florida, North Carolina, U.S.A. p P Absent 0

m e m b e rs  of o the r fam ilies  are a lso shell 
pene tran ts . A  study of gastropod boreho les 
from  the  deep  sea  cou ld  c la rify  som e of these 
questions .

N a ticacean  and m uricacean boreholes 
typ ica lly  possess sm ooth  w alls, beveled outer 
edges, decreas ing  d iam ete rs  w ith  depth, and 
a re  g e n e ra lly  c ircu la r and perpend icu la r to  the 
she ll su rface . T he  typ ica l natic id boreho le  is a

tru n ca te d  spherica l pa rabo lo id ; m uric id  holes, 
on  th e  o th e r hand, a lthough  a lso variously 
cou n te rsu nk , a re  cons ide rab ly  m ore varied in 
ve rtica l section  than natic id  ho les (C arriker & 
Y oche lson , 1968). N ud ib ranchs (O kadaia  
e le g a n s ; Y oung, 1969) a lso excavate  sm ooth, 
round, beve led  ho les, w h ile  capulids 
(C a p u lu s  d a n ie li; Orr, 1962), and cepha lo ­
poda (O c to p u s  vu lg a ris ; A rno ld  & Arnold,
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1969; N ixon, 1979) excavate  asym m etric, 
som e tim e s  jag ge d  boreho les. Identification of 
sh e ll-p e n e tra tin g  m o lluscs on the basis of 
th e ir  bo reho les  is thus d ifficu lt, except poss i­
b ly  fo r naticids.

A ltho ug h  th e  ana tom y o f the  she ll-pene tra t­
ing m echan ism  d iffe rs  am ong d iffe ren t spe ­
c ies, a ll 33  na ticacean and m uricacean spe ­
c ie s  and  subspec ies  that I have exam ined 
possess  an accessory  boring organ (ABO) 
and  excava te  bo reho les  in the  shell o f the ir 
p rey  (Tab le  1) (C arriker, 1961). In a ll m urica­
cea n  m a les the  A BO  is located in the  m id- 
a n te rio r ven tra l part o f the  foo t (Fig. 1). In 
m ost m uricacean  fem a les  the  organ occurs in 
the  m id -a n te rio r ven tra l part o f the foot but 
a n te rio r to  the  ven tra l pedal g land (the egg 
ca p su le  g land  of som e au thors) (Fig. 2) when 
th e  g land  is present. In a sm all num ber of 
m u ricea n  fem a les  the  A BO  lies atop, and is 
co n tin u o u s  w ith , the  ven tra l pedal g land, so 
th a t du ring  its evers ión  the A BO  passes 
th ro u g h  the  cav ity  o f the  g land (Fig. 3). In all 
na ticacean s  exam ined , the  A BO  is located on 
the  a n te rio r ven tra l lip o f the proboscis (Fig.
4 ).

In seven  of the  m uricacean species ex­
am ined , the  ven tra l peda l g land w as absent, 
o r p resen t on ly  as a sha llow  depression , at 
th e  tim e  of d issection , bu t the  A BO  was fu lly 
fo rm ed  (T ab le  1). In these  spec ies the  ventra l 
peda l g land  deve lops and is functiona l at the 
tim e  of ov ipos ition .

F re tte r & G raham  (1962) review ed hole- 
bo ring  by the  m uric ids N uce lla  lapillus, 
O ce n e b ra  e rinacea , and U rosa lp inx  c inerea, 
and  by the  na tic ids N atica  n itida  and N. 
ca tena . R adw in  & W ells  (1968) observed bo r­
ing in the  labora to ry  by M urex  pom um , M. 
fu lve scen s , M. florifer, M. ce llu losus, M u ri­
c o p s is  ostrea rum , U rosa lp inx  pe rruga ta , and 
U. tam paens is , and H em ingw ay (1973, 
1975a, b) d iscussed  boring by the m uricid 
A c a n th in a  sp ira ta . O bserva tions on boring by 
these  spec ies  co rrobora te  those for s im ilar 
spe c ies  lis ted in T ab le  1.

T u b u la r sa liva ry  g lands (accessory salivary 
g la n d s  o f som e  au thors) occu r in m ost M uri­
ca ce a  (F re tte r & G raham , 1962). A ll the m uri­
ca ce a n s  lis ted in Tab le  1 possess obvious 
tu b u la r sa liva ry  g lands  except M urex pom um  
in w h ich  none  w as found. The size of the 
g la n d s  re la tive  to  the  he igh t o f each snail 
va r ie s  m arked ly , be ing ra ther sm all in B edeva  
han ley i, M u re x  flo r ife r arenarius, and M. 
fu lve scen s , and la rgest in the genera  Rapana  
and  Thais. No tu b u la r sa liva ry  g lands were

-  1 m m

FIG. 1. Drawing of sagittal section of anterior part of 
foot of a male muricacean, Rapana thomasiana, 
through the accessory boring organ, ABO. S, ABO 
sinus containing arteries (A), nerves (A/), and mus­
cles (M ) passing to back of ABO. V, ABO vestibule 
through which ABO is extended to borehole. P, pro­
podium, T, transverse furrow.

—  /  mm

FIG. 2. Drawing of sagittal section of anterior part of 
foot of a female muricacean, Urosalpinx cinerea 
follyensis, through the accessory boring organ, 
ABO, and ventral pedal gland, VPG. S, ABO sinus. 
V, ABO vestibule. P, propodium. T, transverse fur­
row. N, nerve. A, artery, M, muscle.

fo u n d  in spec ies  of N aticacea. H em ingw ay 
(1973, 1975a, b) reported that the  tubular 
sa liva ry  g lands  of A can th in a  sp ira ta  are s im i­
la r to  those  of U rosa lp inx  c inerea. The  va ri­
ab le  s ize  of tu b u la r sa liva ry  g lands in most 
m u ricaceans , and the ir absence in na tica­
ce a n s  and one  spec ies o f M uricidae, cast
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FIG. 3. Drawing of sagittal section of anterior part of foot of a female muricacean, Rapana thomasiana, 
through the accessory boring organ, ABO, and ventral pedal gland, VPG. The ABO is located atop the 
ventral pedal gland and in eversión passes through the lumen of the gland. S, ABO sinus, N, nerve. A, artery. 
M, muscle, V, ABO vestibule. P, propodium. T, transverse furrow.

FIG. 4. Drawing of left side of proboscis of a naticacean. Polinices duplicatus, opened laterally to illustrate 
relationship of accessory boring organ, ABO, to buccal mass, BM, and to proboscidial hemocoel, PH. RM, 
retractor muscle. M, mouth. R, radular sac. E, esophagus. ORM, odontophora! retractor muscle. PRM,
proboscidial retractor muscle.

d o u b t on  the  d irect functiona l ro le  o f these 
g la n d s  in the  she ll bo ring  process.

T he  cu rio u s  pos ition  o f the  A B O  on top of 
th e  ven tra l peda l g land in species o f Purpura, 
R apana , and  Thais suggests  a c lose affin ity of 
th e se  taxa . L ikew ise, the  absence of this 
an a tom ica l a rrangem en t in N uce lla  lap illus  
su p p o rts  the  con ten tion  that the species N. 
la p illu s  does  not be long in the genus Thais 
(A bbo tt, 1974).

R E S P O N S E  TO  PREY

M uricaceans  feed on a w ide  varie ty  o f b i­
va lves , ba rnac les, gastropods, sm all crabs, 
e n c ru s tin g  b ryozoans, and carrion  of fish 
(th ou gh  they gene ra lly  se lect live ove r dead 
prey), and  m ay on occasion  becom e cann i­
b a lis tic  (C arrike r, 1955; Hanks, 1957; Chew  
& E is ler, 1958; F re tte r & G raham , 1962; 
La rgen , 1967; R adw in  & W ells, 1968;



NATICACEAN AND MURICACEAN SHELL PENETRATION AND FEEDING 407

M organ, 1972; M enge, 1974; Pratt, 1974a; 
B ayne  &  S cu lla rd , 1978; Barnett, 1979). 
N a ticaceans, on the  o the r hand, are more 
res tric ted  in th e ir d ie t and feed prim arily  on 
live  b iva lves  (Hanks, 1 9 5 2 ,1 9 5 3 ,1 9 6 0 ; Fretter 
& G raham , 1962; Franz, 1977; Edw ards & 
H uebner, 1977; W iltse , 1980). Prey utilization 
cu rve s  o f a  num ber o f spec ies o f sm all boring 
g a s tro p o d s  are  skew ed tow ard  large prey 
s ize , and th ose  o f la rge  predato rs  are  skew ed 
to w a rd  sm a ll p rey  s ize  (Sassam an, 1974; but 
see  a lso  T a y lo r e t al., 1980). Boring gastro ­
pods  feed  on the  flesh of prey th rough bore ­
ho les  excava ted  by them  in the shell o f prey, 
th rou gh  unbo red  s lits  betw een va lves when 
th e se  are  p resen t (as in som e b iva lves and 
ba rnac les), o r on  gap ing  prey recently killed 
by  o th e r p redato rs . A  curious exception  to  this 
is th e  ‘ 'co m m e n sa l'’ m uric id  G enka im urex  
va rico sa  tha t bores a ho le  in the  she lls  o f sca l­
lops and  is th ough t to  "su ck  ju ice s " from  them  
(M a tsukum a, 1977).

R esponse  o f boring gastropods to prey has 
been  s tud ied  p rim arily  in m uricids. U nder ex­
p e rim e n ta l cond itions  in the  labora to ry and in 
the  fie ld , these  sna ils  can identify  preferred 
live p rey  som e d is tance  aw ay (C arriker, 1955; 
W ood , 1968; C a rrike r & Van Zandt, 1972a; 
M o rgan , 1972; Pratt, 1974a). H ow ever, all in­
d iv id u a ls  in a popu la tion  m ay not respond at 
th e  sam e  tim e. In the  labora tory, fo r exam ple, 
on ly  50  to  80%  o f a popu la tion  of U rosalp inx  
c in e re a  w ill respond to  recently introduced 
live p rey  (C arriker, 1957). Nor is preference 
fo r p rey  gene tica lly  fixed ; ex is tence of prey 
and  p re d a to r in s im ila r in tertida l zones and 
re la tive  abundance  of prey account for prey 
se lec tion  (W ood, 1968; Pratt, 1974a). U. 
c in e re a  can be ingestive ly  cond itioned in the 
labora to ry , tend ing  to  p re fe r e ffluents from  a 
g iven  prey spec ies  a fte r it has ingested living 
tissue s  o f tha t spec ies (W ood, 1968). S tarved 
U. c in e re a  a re  repe lled  by effluent from 
s ta rved  oys te r d rills  and a ttracted to  the e fflu ­
en t o f sa tia ted  oys te r drills . These responses 
p ro b a b ly  increase  fo rag ing  e ffic iency by d i­
rec ting  sna ils  aw ay from  unproductive  areas 
and  to w a rd  th e ir prey (Pratt, 1974a, 1976).

Not all po ten tia l prey are  a ttacked by 
m uric ids. W hen, fo r exam ple , U rosalp inx  
c in e re a  is con fined  w ith a varie ty  o f species of 
b iva lves , all are bored except Anom ia  
s im p le x  (P ratt, 1974a; C arriker, Van Zandt & 
G ran t, 1978). S ince  these  sna ils  can bore 
th rou gh  em pty  va lves  of A. s im p le x  in labora­
to ry  expe rim en ts  (C arriker, Van Zandt &

G ran t, 1978), it is like ly  tha t they are sup­
p resse d  by a chem ica l associa ted w ith living 
A. s im p lex .

Y oung  boring  gastropods, recently 
e m e rg e d  fro m  egg capsu les  (U rosa lp inx  
c in e re a ; C arrike r, 1957) and egg collars 
(N a tica  g u a ltie r ia n a ; Berg, 1976; Polin ices  
dup lica tus ', W iltse , 1980), a lso are attracted 
to  young  prey, bore ho les in them  and feed on 
th e  soft tissues. T o  w ha t ex ten t and how soon 
a fte r in itia tion  o f feed ing  young sna ils  becom e 
ing es tive ly  cond itioned  is uncerta in . The m at­
te r requ ires  investiga tion .

M ost prey are  incapab le  o f de fend ing  them ­
se lve s  aga ins t boring gastropods. A strik ing 
e xce p tio n  to  th is  is C re p idu la  fo rn ica ta  that 
fre q u e n tly  jabs at an approach ing  bore r with 
th e  radu la , o r d is lodges  the  p redato r from  its 
va lve  by p ress ing  the  p reda to r aga inst an ob­
s tac le  (P ra tt, 1974b). A pparen tly  passive 
"re tr ib u tio n ”  on the  part o f prey occurs occa­
s iona lly . T he re  is a report o f an oyste r that 
a p p a re n tly  c losed  its va lves on the  proboscis 
o f an E up leu ra  ca u d a ta  that w as inserted 
th ro u g h  a ho le  bored in the  m arg in  o f the 
she ll, and held the  snail until it d ied. Shell 
m a te ria l w as  then depos ited  around the 
p re d a to r's  she ll, pe rm anently  affix ing it to  the 
o ys te r 's  righ t va lve  (B urre ll, 1975)! A nother 
e xa m p le  is tha t o f U rosa lp inx  c ine rea  w hich in 
th e  labo ra to ry  can be im m obilized by byssi of 
M ytilu s  e d u lis  at tem pera tu res at w h ich b i­
va lve s  are  active  but sna ils  have gone into 
h ibe rna tion . T h is  p robab ly  does not occur to 
any  ex ten t in the  fie ld , as sna ils  m ove tow ard 
th e  bo ttom  aw ay from  m usse ls as the  tem per­
a tu re  of the  seaw a te r d rops approxim ate ly 
be low  15°C (persona l observations).

B o rin g  gastropods possess (a) chem o- 
recep tive  m echan ism (s) fo r detecting prey 
and  a p p roa ch ing  them  from  a d istance. Snails 
respond  to  chem ica l substances characte ris ­
tic  o f the  e ffluen ts  o f prey species they have 
e a te n  (W ood, 1968; C arrike r & Van Zandt. 
1972b; M organ, 1972; Pratt, 1974a). A lthough 
a ttra c tive n e ss  of prey is o ften  m arked and 
re sponded  to  by a la rge  p roportion  o f a p reda­
to r popu la tion , the  chem ica l s tim u lus that 
gu id e s  p reda to rs  to prey has been identified 
o n ly  as one  o r m ore of the m etabo lic  products 
o f p rey  (C a rrike r & Van Zandt, 1972b).

E xpe rim en ta tion  on carn ivorous m eso- 
g a s tro p o d s  and neogastropods (Kohn, 1961; 
C risp , 1973; N ew ell & Brown, 1977) suggests 
tha t the  osphrad ium  plays a prim ary ro le  in 
d is ta nce  chem orecep tion . The function  of the
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m a n tle  edge , ten tac les, and propod ium  in 
se n s in g  chem ica l cues is p robab ly  also im por­
ta n t and needs fu rthe r investigation.

P rim ary  recogn ition  of the  im m edia te pres­
ence  of prey by m uricaceans appears to  d e ­
pend  on iden tifica tion  of a chem ica l cue in the 
e xh a la n t w a te r o f prey. S na ils  creep ove r the 
bo ttom  to w a rd  the ir prey, locating them  m ost 
ra p id ly  w hen  the  prey are on the upstream  
s id e  of tida l cu rren ts  (C arriker, 1955). W heth ­
e r sna ils  respond  to  the  sam e chem ica ls  from  
p rey  a t a d is tance  and c lose  to  prey, is un­
c lea r. W hen approach ing  active ly  pum ping 
prey, U rosa lp inx  c ine rea , fo r exam ple, often 
ra ises  the  an te rio r part o f the  foot, stands on 
th e  p o s te rio r tip  o f the  foot, p ropod ium  and 
te n ta c le s  fu lly  extended, and sw ings the pro­
pod ium  back and forth  in a patte rn suggestive 
o f sea rch ing . W he the r d is tance o r c lose- 
ra ng e  a ttrac tan t(s ), o r both, in exha lan t sea­
w a te r is re in fo rced  by a fu rthe r stim u lus as­
soc ia ted  w ith  the  prey is uncerta in . R e in force­
m en t m igh t com e  from  va lvu la r m ovem ents of 
the  prey, chem ica l a ttrac tan t adsorbed to  the 
she ll, to p o g ra p h y  o f the prey shell, chem ica ls 
in the  o rga n ic  m atrix  o f shell, or even unknown 
cue s  from  th e  an im a l w ith in  the she ll (C arriker 
& Van Zandt, 1972b). Pratt (1974a) reported 
th a t ep ib io ta  on the  shell o f prey d id  not play 
an  im po rtan t ro le  in oys te r drills ' a ttacks on 
C re p id u la  fo rn ica ta . In labora to ry experi­
m ents, C a rrike r & Van Zand t (1972b) noted 
th a t som e th ing  on the  surface of oyster 
va lves , poss ib ly  m icroorgan ism s, enriched by 
e fflu e n t from  pum p ing  oysters, a ttracted 
sna ils  to  the oysters, but d id  not stim ulate 
them  to  bore  the  shell. The prob lem  needs 
c la rifica tion .

V e ry  little in fo rm ation  is ava ilab le  on the 
b e h a v io r o f p rey  recogn ition  by naticaceans 
(K ohn, 1961; F re tte r & G raham , 1962; C arri­
ke r & Y oche lson , 1968). The burrow ing habit 
o f th ese  sna ils  m akes them  d ifficu lt subjects 
fo r th is  k ind of research.

T he  ab ility  o f bo ring  gas tropods to  detect 
p rey  is in fluenced  by env ironm enta l factors. 
F o r exam p le , response to  prey by U rosa lp inx  
c in e re a  de c lin e s  as tem pera tu re  o f the  sea ­
w a te r d rops  in the  fall from  15 to  7°C, depend­
ing on  the  la titude and o the r environm enta l 
fa c to rs  (C arriker, 1954; C arrike r & Van Zandt, 
1972a). A  sa lin ity  o f 12.5 °/oo is near the 
low er lim it fo r loca tion  of prey by both U. 
c in e re a  and  E up leura  cau da ta  (M anzi, 1970). 
F eed ing  activ ities  o f Thais haem astom a  stop 
at te m p e a tu re s  of 10°C and be low  (G unther, 
1979). S uch na ticaceans as P olin ices d u p li­

c a tu s  in tem pera te  zones cease to  identify 
p rey  at abou t 5°C and a sa lin ity  o f 6 °/oo, 
w h e re a s  Luna tia  heros, a species found 
g e n e ra lly  in d e ep e r w a te r than P. dup lica tus, 
co n tin u e s  its activ ities  a t tem pera tu res as low 
as 2°C bu t to  a sa lin ity  o f on ly  10 °/oo (Hanks, 
1952, 1953; E dw ards & H uebner, 1977; 
C a rrike r, unpub lished  observations).

P E N E TR A T IO N  O F PREY 

S e lection  of B oreho le  Site 

M u ricaceans

L ittle  is know n abou t bo reho le  site selection 
by  bo ring  gastropods. U rosa lp inx  c inerea, 
a fte r c ra w lin g  onto  an  ep ifauna l bivalve, for 
exam p le , unde rtakes  a series o f exp lora tory 
a c tiv itie s  lead ing  to  se lec tion  of the pene tra ­
tion  s ite . E xp lo ra tion  can range from  a few 
m in u te s  to  ha lf an hour. D uring the  search the 
p rob osc is  is ex tended  in te rm ittently  to  the 
sh e ll su rface , and, its tip  undu la ting  w ith m i­
nu te  w a ve -like  m ovem ents, is passed slow ly 
o v e r th e  substra tum , s topp ing  now and then 
to  rasp  at sm all, live, sessile  organism s 
(C a rrike r & Van Zandt, 1972a).

W h a t de te rm ines  the  spec ific  site for boring 
is unc lea r. N o r is it know n w he the r ind ividuals 
e xp re ss  a cons is ten t p re fe rence  fo r a particu­
la r pa rt o f the  she ll su rface  of successive 
prey, o r w h e th e r an  env ironm enta l cue plays 
a pa rt in se lection . U rosa lp inx  c ine rea  (C arri­
ke r & Van Zandt, 1972b) and N uce lla  lap illus  
(M organ , 1972) appear to  excavate  boreholes 
ra nd om ly  on  p rey  va lves, though U. c inerea  
lo ca tes  its ho les  p rim arily  aw ay from  the edge 
o f th e  va lves , re flecting  avo idance of valve 
e d g e s  p robab ly  because  o f va lvu la r m otion. 
B rea ks  in va lves  aw ay from  va lve  edges, or 
a long  va lve  edges w hen va lves are held shut 
by  ru b b e r bands, are  qu ick ly loca ted and used 
as pe ne tra tion  s ites in lieu o f boring through 
so lid  she ll. It appears  tha t m etabo lites from 
ac tive  liv ing, non -w ounded  prey not on ly  tr ig ­
g e r the  in itia l a ttack on  prey, but a lso de te r­
m ine  pene tra tion  s ites w hen seepage occurs 
th ro u g h  tin y  ho les be tw een va lve  edges. 
Thus, tigh tly  c losed liv ing oyste rs  are not 
pene tra ted , no r are  em pty  va lves bored even 
in the  p resence  of a ttrac tan t from  pum ping 
o ys te rs  nea rby  (C arrike r & Van Zandt, 
1972a). In con tras t to  U. c ine rea , A canth ina  
s p ira ta  bo res  ho les m ost com m on ly  at the 
m arg in  o f the  prey va lves  (H em ingw ay, 1973),
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a n d  D ica th a is  aegro ta , aw ay from  the m argin 
o f th e  un iva lve  of the  lim pet (B lack, 1978).

N a ticaceans

A  se ries  o f behav io ra l pa tterns involving 
p re y  ca p tu re  and  prey m anipu la tion , present 
upon  m e tam orphos is  o f the  snails, de te r­
m ines th e  pos ition  o f the boreho le  in th is 
g ro u p  (B erg , 1976). These  gastropods, ch a r­
a c te rize d  by an excep tiona lly  large, fla t foot 
th a t fac ilita tes  th e ir m ovem ents w ith in the 
se d im e n t and w ith  w h ich  they tigh tly  grip  their 
p rey, c raw l th rough  c lean to  s ligh tly  m uddy 
sand  bo th  above  and be low  the sedim ent- 
w a te r in te rface . W hen in fauna l prey are lo­
ca ted , p robab ly  chem orecep tive ly , sna ils  bur­
row  rap id ly  to  the ir level, and genera lly  bore 
in to  th e  she ll be low  the  benth ic surface.

In the  p rocess of prey capture, these 
na tic ids  sec re te  cop ious quantities o f mucus. 
In th e  labo ra to ry  Lunatia  n itida  covers its prey 
w ith  m ucus to  he lp  ho ld  the prey closed and 
p reven t it from  escap ing  (R ichter, 1962). In 
som e  cases, a fte r coa ting  its prey, L. n itida  
tow s the  b iva lve  beh ind  it by a rope of mucus, 
the  p rey  held c losed  by the  m ucus sheet until 
the  sna il is ready to  bo re  into it. L. heros, like­
w ise  in th e  labora to ry, som etim es p laces a 
b iva lve  in a pocke t fo rm ed by underfo ld ing of 
the  pos te rio r part o f the  foot, and carries the 
p re y  th e re  until ready to  consum e it (personal 
obse rva tion ).

P os itions fo r bo ring  seem  to  be related to 
the  m a nn e r in w h ich  prey are grasped, and 
ho les  are  thus  usua lly  lim ited to  a sm all area 
o f p re y  va lves, com m on ly  on  one valve m ore 
fre q u e n tly  than  the  other. Position of bo re ­
ho les  appea rs  to  va ry  w ith  the  species of 
p re d a to r and prey (Boettger, 1930; Z iege l- 
m e ie r, 1954; F re tte r & G raham , 1962; C a rri­
ke r & Y oche lson , 1968; T ay lo r e t al., 1980). 
B erg (1976) found  tha t a fter m etam orphosis 
young  N a tica  gua ltie riana  bored the ir first 
p rey  by  a s ing le  hole in a ste reo typed position. 
A s  th ese  sna ils  m atured and gained experi­
ence  at boring , the re  w as no change in the 
a n g u la r d is tribu tion  of the  boreho les in each 
w ho rl, bu t w horl p re fe rence  changed.

Shell P enetra tion

M uricaceans

A ll m uric ids  tha t have been stud ied closely 
e m p lo y  a s im ila r chem ica l-m echan ica l 
m e cha n ism  for pene tra tion  of prey va lves

th o u g h  the  m anner o f penetra tion may vary 
(C a rrike r & Van Zandt, 1972b; M organ, 1972; 
G un te r, 1979). F o r exam ple , once U rosalp inx  
c in e re a  has com m enced  excavation of a 
bo reho le , it con tinues  until penetra tion has 
been  com p le ted . O n ly d is lodgm ent o f the 
sna il by ex te rio r fo rces o r p rec ip itous env iron­
m e n ta l ch a n g e s  are  apt to  te rm ina te  boring; 
and  even then, m any snails, if rem aining 
c lose  by  the  boreho le , w ill re turn to  the 
ho le . U. c in e re a  can pene tra te  the shell o f its 
p rey  in th e  absence  of the  live anim al, p ro­
v id e d  boring  has been in itia ted on live whole 
prey. Thus, bo reho les  once started can be 
co m p le te d  w itho u t s tim u la tion  of any kind 
fro m  live prey (C arrike r & Van Zandt, 1972a; 
C a rrike r, V an  Z a nd t & G rant, 1978). On the 
o th e r hand  a young  Thais haem astom a  bores 
ho les  on  a va lve  until it reaches a height of 
5 cm ; a t la rge r s izes it penetra tes a t valve 
e d g e s  appa ren tly  re lax ing  prey by a para lytic 
sub s ta nce , and in one-th ird  o f the  oysters 
co n su m e d , bo ring  no  hole (M cG raw  & Gunter, 
1972; K ru tak, 1977; G unter, 1979).

In itia l iden tifica tion  of a boring site by 
U ro sa lp in x  c ine rea  is m ade by the  propodium  
and  by the  p robosc is  tip. In ea rly  stages of 
exp lo ra tion , the  sna il frequen tly  extends and 
p a sse s  its p robosc is  ove r the  spot, and occa ­
s io n a lly  the  m outh opens and the  buccal cavi­
ty  e n la rg es  in w ha t appears  to  be a "ta s tin g ’’ 
reac tion , A n te rio r p ropod ia l ridges are used 
o n ly  partia lly , and  som etim es not at all, in 
su p p o rtin g  the  p robosc is  during search fo r a 
p e n e tra tin g  s ite  (C arriker, 1943; C arriker & 
V an  Z and t, 1972a).

A fte r the  bo ring  s ite  is se lected, the  snail 
p o s itio n s  itse lf on  the  shell surface w ith the 
pore  o f th e  re trac ted  A BO  located ove r the 
p ro sp ec tive  bo ring  site. T herea fte r the  poste­
rio r pa rt o f the  foo t rem ains firm ly  a ttached to 
th e  she ll in the  sam e position . The anterior 
pa rt o f th e  p ropod ium  is then re tracted deeply, 
and  th e  la te ra l p ropod ia l ridges are ove r­
fo lded , fo rm ing  a  fleshy tube  ove r the bore ­
ho le  s ite  dow n w hich the  proboscis is ex­
tended . R asp ing is lim ited princ ipa lly  to  the 
bo ttom  of th e  incom ple te  borehole . The 
o d o n to p h o re  can ro ta te  on its long axis in ­
d e p e n d e n t o f ro ta tion  o f the  proboscis  by at 
least 180°; thus, by sw ing ing  to  the left and 
th e n  to  th e  right in tw o ha lf tu rns, the  odon to ­
ph o re  co ve rs  th e  c ircum fe rence  of the bo re ­
ho le . R asp ing ove r the  surface  of the  incom ­
p le te  bo reho le  by the  radu la  is un iform ly firm, 
and  the  pa tte rn  o f rasp ing appears random  
(C a rrike r & Van Zandt, 1972a).
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A fte r th e  b rie f rasp ing  period, the  proboscis 
is in fo lded  in to  th e  cepha lic  hem ocoel. S im u l­
ta n e o u s ly  th e  m id -an te rio r part o f the pro­
pod ium , a lread y  at the  poste rio r edge of the 
b o re h o le  w he re  it su rrounded the  proboscis, 
is e x te n ded  in to  the  boreho le . The propodium  
th e n  p resses  the  transve rse  fu rrow  (F retter & 
G raham , 1962) c lose ly  aga inst the  shell, slides 
it fo rw a rd  across the  surface  of the incom ­
p le te  bo reho le  and back onto  the  surface 
o f the  she ll to  assum e a norm ally  extended 
pos ition  and a tigh t con tact betw een the ep i­
th e liu m  o f the  sn a il’s foo t and the prey 's  shell. 
In th is  m aneuve r the  p ropod ium  vo ids sea ­
w a te r from  the  incom p le te  bo reho le  p rio r to 
e n tra n ce  of th e  A B O . T he  propod ium  is fo l­
low ed  im m ed ia te ly  by the  A B O  w hich slides 
g e n tly  in to  pos ition , and presses closely 
a g a in s t th e  she ll surface . O nce in position, the 
o rg a n  con tinu es  to  pu lsa te  gently. During its 
s ta y  in th e  boreho le , the  organ secretes so lu ­
b iliz ing  flu id  th a t rem oves a th in  layer o f shell 
a t the  bo ttom  and ob lite ra tes  m ost o f the 
m a rks  o f th e  p rev ious rasp ing period. A fte r 
th e  pe riod  of she ll d isso lu tion, the  A BO  is 
w ith d ra w n  from  the  boreho le . S im ultaneously, 
th e  p ropod ia l tube  is fo rm ed, the  proboscis is 
e x te n d e d  in to  the  boreho le  to  resum e rasping, 
and  a new  pene tra tion  cyc le  com m ences. As 
so o n  as the  bo reho le  is com ple ted  and the 
b re a k  in to  the  ex trapa llia l space of the  bivalve 
is la rge  enough  to  adm it the proboscis, the 
sna il p resses  th e  proboscis  aga inst the flesh 
a n d  s ta rts  feed ing  (C arrike r & Van Zandt, 
1972a). T he  boring  behav io r o f Eupleura  
ca u d a ta , as  observed  in oyste r m odels (C arri­
ke r & V an  Zandt, 1972a), is identica l to  that of 
U ro sa lp in x  c ine rea . The  boring behavior of 
N u ce lla  la p illu s  is sa id  to  be  s im ila r to  tha t of 
U. c in e re a  (M organ, 1972). Using a motion 
p ic tu re  cam era  tak ing  s ing le  exposures every 
1.5 m inu tes, M organ show ed that in the 
pe riod  of 73 .3  hours requ ired to  bore, N. 
la p illu s , like U. c ine rea , m oved its position on 
th e  p re y  on ly  slightly.

N a ticaceans

B eca use  th ese  sna ils  w rap  prey in the foot 
d u rin g  boring  and bore p rim arily  w hen buried 
in th e  sand (F re tte r & G raham , 1962), it is 
d ifficu lt to  s tudy th e ir she ll-pene tra tion  proc­
ess. Z ie g e lm e ie r’s (1954) account o f Lunatia  
n itid a  is the  m ost de ta iled . The b iva lve is held 
by th e  p ropod ium , w h ich  overfo lds m uch as 
d o e s  tha t o f m uric ids, to  form  a fleshy tube 
dow n w h ich  the  long proboscis  is extended

fro m  th e  cep ha lic  hem ocoe l to  the  surface of 
th e  p rey  shell. D uring  pene tra tion  the p ro ­
b o sc is  is ro ta ted  a 90° quad ran t at a tim e so 
th a t rasp ing  is done  system atica lly  sector by 
se c to r fro m  the  cen te r o f the  incom ple te  bo re ­
ho le  to  the  periphery . The cen te r o f the hole, 
w h e re  th e  least radu la r rasp ing occurs, thus 
re su lts  in a boss characte ris tic  of incom plete 
n a tica ce a n  boreho les. A fte r the  rasping of a 
q u ad ra n t, the  p robosc is  is ra ised from  the 
in co m p le te  bo reho le  and the  ABO , located 
u n d e r th e  ven tra l lip, is p laced in the hole. 
(Z ie g e lm e ie r w as not ab le  to  see the  change 
in pos ition .) As in m uric ids, the  A B O  solubilizes 
th e  su rface  layer o f she ll in the  borehole, and 
the  w ea ken ed  she ll is rasped free  by the 
ra d u la  du ring  th e  next round of m echanical 
bo ring . In U rosa lp inx  c ine rea  the  process of 
ho le  bo ring  is eas ily  observed  in an oyster 
m ode l (C a rrike r & Van Zandt, 1972a); no 
a p p a ra tu s  has yet been dev ised  to  perm it 
v ie w in g  o f the  p rocess in naticaceans. N one­
the less , from  the  in fo rm ation  ava ilab le , and 
fro m  gene ra l observa tions  on feed ing by 
Lu na tia  heros, L. triseria ta , and P olin ices  
d u p lic a tu s  in the  labora to ry  (C arriker, per­
sona l obse rva tions), it appears that the 
m e ch a n ism  o f she ll pene tra tion  in m uri­
ca ce a n s  and na ticaceans is s im ila r (see also 
F re tte r &  G raham , 1962).

P robosc is  and R adula

P robosc is

A  long p robosc is  evo lved  in prosobranchs 
th a t feed  on food  not im m edia te ly  accessib le  
to  th e m  (F re tte r & G raham , 1962; G raham ,
1973). In bo ring  prosobranchs, the length of 
th e  p rob osc is  is abou t as long as the  he igh t of 
th e  she ll. Th is  is a d is tinct advan tage because 
p re d a to rs  can  not on ly  bore a hole in the shell 
o f p rey, but can a lso  extend the proboscis 
d e e p  in to  p rey  to  feed sa fe ly  w ith in  a w ide 
rad ius  o f so ft tissues until the  va lves of prey 
gape . W hen  va lves  open, nearby predators, 
e sp e c ia lly  sm a ll crabs, jo in  in feeding. In v iew  
of th e  p reda to ry  success of both groups of 
sna ils , th e  m uricacean  p leurem bolic  and the 
na ticace an  acrem bo lic  types of proboscides 
a p p e a r to  be  equa lly  e ffective  (Carriker, 
1943). A fte r the  m uricacean proboscis is 
am pu ta ted  acc iden tly  by be ing pinched be­
tw e e n  va lves  of prey, by sm all crabs feeding 
a lo n g s id e  the  p robosc is  in gap ing  prey, o r by 
e xp e rim e n ta l p rocedures in the  laboratory, it 
re g e n e ra te s  rap id ly  to  its fo rm er size and
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fu n c tio n  (U rosa lp inx  c ine rea , Eupleura  
c a u d a ta : C arrike r, Person, L ibbin & Van 
Z and t, 1972; Thais haem astom a : Gunter, 
1968). Loss o f th is im portant o rgan is thus not 
fa ta l, as the  sna il possesses enough m eta­
bo lic  rese rves  to  surv ive  until a new  proboscis 
has fo rm ed . In the  absence  of the  proboscis 
the  sna il is unab le  to  bore, even though the 
A B O  is present. The regenera tive  capacity  of 
the  p robosc is  o f na ticaceans has not been 
tes ted , but it is like ly  tha t it, too, can reform  in 
th e  even t o f acc iden ta l proboscisectom y.

R adu la

A ltho ug h  radu lae  of m uricaceans (rachi- 
g lossan , fo rm u la  1 +  R +  1) and naticaceans 
(taen iog lossan , fo rm u la  2 +  1 +  R +1 + 2 )  
d iffe r in o rgan iza tion , they are both long, 
s le n d e r s truc tu res lim ited  to  a few  tee th  in 
each  tra nsve rse  row. The narrow  radu la  is 
a d m ira b ly  adap ted  to  ho le  boring, the  centra l 
rach id ian  too th  in each row bearing the brunt 
o f rasp ing  o ve r the  surface  of boreho les and 
th e  m arg ina l tee th  serv ing  synchronously  with 
rach id ian  tee th  in tearing  flesh from  prey (C ar­
riker, S chaad t & Peters, 1974; Krutak, 1977).

T h e  radu la  o f boring gastropods has been a 
fa vo rite  sub jec t fo r light (25 spec ies o f m uri­
c ids ; W u, 1965b) and scann ing electron 
m ic roscop y  (U rosa lp inx  c ine rea : C arrike r & 
Van Z and t, 1972a, C arriker, S chaadt & 
P eters, 1974; N uce lla  lap illus : Runham , 
1969; seve ra l spec ies o f A can th ina  and 
E up leu ra  tr iq u e tra : H em ingw ay, 1975a, b; 
Thais haem astom a : K rutak, 1977). Scanning 
m ic roscop y  show s adm irab ly  the successive 
lock ing  o f each  too th  ove r its neighbor, 
sp re a d in g  the  im pact aga inst the  shell surface 
o v e r seve ra l rach id ian  teeth as the  radula 
s lide s  o ve r the  tip o f the  odon tophore  against 
th e  bo reho le . Independen t fo rw ard  m ovem ent 
o f the  radu la  o ve r odontophora ! cartilages as 
th e  radu la  scrapes fo rw ard  aga inst the  bo re ­
ho le  adds e ffic iency  to  the she ll-rasping 
p rocess  and spreads the  w ea r o f cusp tips 
o v e r seve ra l row s o f rach id ian teeth (C arriker 
& Van Zandt, 1972a; C arriker, Schaadt & 
P eters, 1974). Hole boring w ears the  teeth 
do w n  to  th e ir base. G radua l rep lacem ent of 
th e  radu la  by fo rm ation  of new  teeth in the 
ra du la r sac insures tha t a supp ly  o f sharp 
tee th  is ava ilab le  fo r each successive  round of 
sh e ll-b o rin g  (Isa rankura  & R unham , 1968).

H ardness  o f radu la r teeth is know n only for 
m u ric ids  (C arrike r & Van Zandt, 1972b); 
na tic id  tee th  have not been tested. The m ar­

g in a l tee th  of U rosa lp inx  c ine rea  are about 
tw ice  as hard  as rach id ian  teeth, and the  latter 
a re  a b o u t the  sam e hardness as oyster shell. 
Thus, w ithou t the  aid o f the  so lub ilize r secre t­
ed  by  the  accessory  boring organ, the radula 
w o u ld  m ake  little  p rog ress  into the shell. C a l­
c ium  is a m a jo r chem ica l e lem ent o f the  teeth 
o f U. c in e re a  and s tron tium  and s ilicon are 
p re se n t as  m a jo r to  trace  constituents  (C ar­
rike r & Van Zandt, 1972a). A brasion  of radu­
la r tee th  du ring  boring w ea rs  cusps sm oothly. 
N o sh a rp en in g  occu rs  as  it does in teeth of 
the  g raze r, Pate lla  vu lgata, in w h ich  the lead­
ing edge  of each  too th  is backed by a softer 
reg ion  th a t insures se lf-sha rpen ing  of this 
e d g e  du ring  w e a r (R unham , Thornton, Shaw 
& W ayte , 1969).

U nw orn  tee th  of boring gastropods are  ex­
ce e d in g ly  sha rp  and cou ld  read ily  shred the 
lin ing  o f the  bucca l cav ity  during boring and 
fe ed in g . T h is  is gene ra lly  avo ided  by a p ro tec­
tive , flex ib le , cu ticu la rized  buccal arm ature 
th a t lines  th e  bucca l cav ity  and prevents 
d a m a g e  to  bucca l tissues. Even so, light 
a b ra s io n  still occurs on the  m ore e levated 
pa rts  o f the  bucca l lin ing, but th is lin ing is 
a u g m e n te d  fu rth e r by secre tion  from  the buc­
ca l ep ithe lia  (C arriker, S chaad t & Peters,
1974).

A s  dem onstra ted  in U rosa lp inx  cinerea, 
g a s tro p o d  bo re rs  sw a llow  fragm ents  o f shell 
rasped  from  the  bo reho le  during  penetration 
o f p re y  (C arrike r, 1977). D epend ing  on the ir 
o r ie n ta tio n  re la tive  to  the  surface  of the in­
co m p le te  bo reho le , she ll un its (prism s, lam el­
lae) are  b roken  off, coa ted  w ith  secretion from  
th e  A B O , and fu rthe r pe lle ted by m ucus on 
th e ir  passage  dow n the  a lim enta ry  canal to  be 
vo id e d  as feces. The enve lope  of m ucoid m a­
te ria l undoub ted ly  reduces o r prevents lacera­
tion  o f th e  ep ithe lium  o f the  a lim enta ry  canal. 
N a ticaceans  a lso  sw a llow  shell fragm ents 
sc ra pe d  from  the  boreho le  (Z iegelm eier, 
1954; F re tte r & G raham , 1962). These also 
pa ss  dow n the  esophagus and appear o u t­
s id e  th e  anus as w h ite  feca l pellets. S ince 
m ost she ll excava ted  from  boreho les appears 
to  be  d ischa rged  th rough  the  anus, it is ques­
tio n a b le  th a t m inera ls  in shell fragm ents are 
used  m e tabo lica lly  by sna ils  to  any extent. 
T h e  m a tte r shou ld  be investiga ted by tagg ing 
she ll o f p rey  w ith  rad ioactive  calcium .

A ccesso ry  B oring  O rgan

T he  A B O  is an essentia l com ponent o f the 
she ll pene tra ting  m echan ism  of boring gastro-



412 CARRIKER

FIG. 5. Light micrograph of histological sagittal section of accessory boring organ of Urosalpinx cinerea 
follyensis extended from foot. S, secretory epithelium. C, connective tissue in center of organ supporting 
retractor muscles, capillaries, and nerve fibers. Organ 1 mm in diameter.

pods  (F ig . 5). W hen th is  o rgan is rem oved 
from , fo r exam ple , U rosa lp inx  c inerea, by ex­
p e rim e n ta l excis ion, the  sna il recovers, but is 
un ab le  to  bore, even  though the proboscis is 
p re se n t and functiona l. The organ regener­
a tes  re la tive ly  rapid ly, and the m uric id soon 
re sum e s boring  (C arrike r & Van Zandt, 
1972a). The e ffect o f rem ova l o f the A BO  on 
th e  she ll pene tra ting  capac ity  o f a naticacean 
has not been  de te rm ined, bu t is likely s im ila r 
to  th a t obse rved  in m uricids.

A ll spe c ies  o f bo ring  m uricacean and 
na ticacean  gas tropods  tha t have been stud­
ied to  da te  possess an ABO , but these consti­
tu te  on ly  a sm a ll sam ple  of the  large num ber 
o f spec ies  o f boring gastropods that exist in 
th e  w orld  oceans. M any m ore species need to 
be  e xa m in e d  be fo re  w e can genera lize  on the 
un ive rsa lity  o f a she ll so lub iliz ing  g land in bor­
ing gastropods.

D e ta iled  s truc tu ra l s tud ies carried  ou t so far 
on  the  A B O  of tw o spec ies o f m uricids 
(U ro sa lp in x  cinerea '. N ylen, P rovenza & 
C arrike r, 1969; and N uce lla  lap illus : Chetail, 
B ino t & B ensa lem , 1968; Derer, 1975; W ebb 
& S a leudd in , 1977) and one  species of naticid 
(P o lin ice s  le w is i: B ernard & Bagshaw, 1969)

sh o w  th a t the  h is to logy and fine  structure  of 
the  se c re to ry  d isc o f the  organ is s im ila r in the 
th re e  spec ies. The o rgan  of the  natic id d iffers 
fro m  th a t o f the  m uric id  o rgan in possessing a 
p e rip h e ra l zone of subderm a l m ucocytes 
a ro u n d  the  cen tra l disc. The peduncle  that 
su p p o rts  th e  d isc  is long and cy lindrica l in 
m uric ids , to  accom m oda te  the position of the 
g land  deep  w ith in  the  foot, and short in na ti­
c ids , in w h ich  the  o rgan  is a ttached to  the 
lo w e r lip o f the  p robosc is  (W ebb & Saleuddin,
1977).

T he  secre to ry  d isc o f the  m uric id and nati­
c id  A B O  is com posed  of a s ing le  layer o f ta li 
co lu m n a r ep ithe lia l ce lls  a rranged in groups. 
A  b rush  b o rd e r o f unusua lly  long, densely 
p a cke d  m icrov illi covers the  surface  of the 
d isc. T he  cen te r o f the  organ consis ts  o f con ­
nec tive  tissue  tha t supports  m uscles, cap il­
la ries, and  nerve  fibe r bund les passing to  the 
base  o f th e  secre to ry  ep ithe lium . Dense 
po pu la tio ns  of m itochondria  are present near 
th e  su rface  of the  ep ithe lium , m ore abundant 
in se c re tin g  (A B O ’s o f active ly  boring snails) 
th a n  in resting  (non-boring  snails) secreting 
ce lls . D ense  m em brane-bound  secretory 
g ranu les , m u ltives icu la r bodies, and single
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ves ic le s  are  a lso  consp icuous in the  cells 
(N ylen , P rovenza  & C arriker, 1968, 1969; 
C hé ta il, B ino t & Bensalem , 1968; Bernard & 
B agshaw , 1969; Derer, 1975; W ebb & 
S a leudd in , 1977).

W he rea s  th e  m echan ica l phase of shell 
pe ne tra tion  by the  radu la  is well understood 
(C arrike r, S chaad t & Peters, 1974), know l­
edge  o f the  chem ica l phase is still in a hy­
po th e tica l s ta te . E arliest physio log ica l re­
sea rch  on the  A B O  of m uric ids d isclosed, a) a 
pH rang ing  from  3 .8  to  4.1 in the  re leased 
se c re tio n  of a no rm a lly  function ing  gland 
(C a rrike r, Van Zand t & C harlton , 1967), b) 
ac tive  ae ro b ic  m etabo lism  in the  secretory 
ce lls  (P erson , S m arsh, L ipson & Carriker,
1967), and, c) substan tia l am ounts o f ca r­
bo n ic  anhyd rase  in the  organ (Carriker, 
P erson , S m arsh , L ipson & C hauncey, 1968; 
C hé ta il, B ino t & B ensa lem , 1968). S ubse­
q u e n t resea rch  on the  chem ica l phase of 
pe ne tra tion  w as sum m arized  by C arrike r & 
W illiam s (1978). They hypothesized tha t a 
co m b ina tion  of enzym es, an inorganic acid 
(poss ib ly  HCI), and poss ib ly  che la ting  agents 
is e m p lo ye d  in a hyperton ic  secretion to  fa c ili­
ta te  d isso lu tion  o f she ll and in trace llu lar 
tra n sp o rt o f ca lc ium  during the  chem ical 
phase  o f she ll pene tra tion . S ecre tion  granules 
and  ves ic le s  in the  secre to ry  ep ithe lium  of the 
A B O  and  in the  re leased  secre tion , organic 
m a tte r in the  secre tion , and inactiva tion by 
hea t and  papa in  o f the  e tch ing  capacity  o f ex­
c ise d  A B O 's  suggest the  presence of en­
zym es. H ydrogen , ch lo ride , and sod ium  ion 
con cen tra tion s  dem onstra te  the  hyperton ic 
a n d  ac id ic  na tu re  o f the re leased secretion. 
A n  un iden tified  che la ting  agent and a m uco- 
p ro te in  a p pe a r to  be present in the  secretory 
ep ithe lium ; the  la tte r perhaps is the chelator. 
In a s tudy o f lysosom al enzym es, acid  phos­
pha tase , and ca rbon ic  anhydrase  in the ABO  
o f N u ce lla  lap illus , W ebb & S a leudd in  (1977) 
co n c lu d e d  tha t th e re  is m in im al invo lvem ent 
o f e x tra ce llu la r enzym es in the  boring proc­
ess. T hey postu la ted , instead, that hydrogen 
ions, de rived  from  hydra tion  of m etabolic  ca r­
bon  d iox ide , a re  re leased by the  secretory 
e p ith e liu m  fo r d isso lu tion  of ca lc ium  carbon­
a te  of th e  shell. T h is  supports  the earlie r find ­
ings by C arriker, Van Zandt & C arlton (1967) 
on  th e  pH of the  secre tion  in U rosalp inx  
c ine rea . H ow ever, the  find ings of W ebb & 
S a leudd in  (1977) on extrace llu la r enzym es 
a re  at va riance  w ith  those  o f C arrike r and 
C h a u n ce y  (1973) w ho  reported that re leased 
secre tion  co llec ted  from  live U. c inerea  was 
po s itive  fo r ca rbon ic  anhydrase.

T he  s im ila rity  de te rm ined  by scanning 
e le c tro n  m icroscopy of u ltrastructu ra l patterns 
o f d isso lu tio n  e tched in the  shell o f M ytilus  
e d u lis  by  th e  secre tion  of the  A BO  and those 
p roduced  a rtific ia lly  by HCI and ethylene- 
d ia m in o te tra -a ce tic  acid, suggest that these 
che m ica ls , o r s im ila r ones are constituents of 
th e  secre tion  of the  ABO . Lactic and succinic 
ac ids  and  a ch itinase -like  enzym e w ere  also 
su g g e s te d  as poss ib le  com ponents. H ow ­
eve r, a lte ra tion  o f she ll frac tu re  surfaces by 
e xp e rim e n ta l app lica tion  of these  and o ther 
che m ica l agen ts  w as not su ffic ien tly  com par­
ab le  to  tha t e tched by the secretion of the 
A B O  to  suppo rt th is  suggestion.

A  m a rked  va ria tion  in the  rate o f d isso lution 
o f d iffe re n t u ltra -s truc tu ra l parts  o f the  m ineral 
co m p o n e n ts  o f she ll occurs in shell surfaces 
w h e n  they  are  e tched by the  secretion of the 
A B O  (C arrike r, 1978). As d iffe rentia l d isso lu ­
tion  co u ld  result, in part, from  varia tion  in the 
co m p o s itio n  o f trace  and m inor m ineral con­
s titu e n ts  o f she ll, C arrike r, Van Zandt & G rant 
(1978 ) tes ted  the  capac ity  o f U rosalp inx  
c in e re a  to  pene tra te  severa l k inds of non- 
m o lluscan  m inera ls  com m on ly  present in 
tra ce  o r m ino r am ounts  in b iva lve shell. The 
ra te  o f pene tra tion  of these  m inera ls d e ­
c re a se d  in the  fo llow ing  order: b iva lve (m ainly 
C a C 0 3) she ll, s tron tian ite  (S rC 0 3), anhydrite 
(C a S 0 4), w ithe rite  (B a C 0 3), and m agnesite 
(M g C 0 3), lend ing  support to  the orig ina l hy­
po thes is  o f d iffe ren tia l d isso lu tion  (Carriker,
1978). A  va rie ty  o f b iogen ica lly  form ed 
ca lca re o u s  m inera ls  w as a lso tested, and all 
o f these , excep t the radu la  o f U. c inerea, were 
pene tra ted . The re la tive  res is tance of radular 
tee th  to  d isso lu tion  by the  secretion is not 
un expec ted , s ince  the  radu la  is exposed to 
th e  se c re tio n  fo r a re la tive ly  long tim e during 
pe ne tra tion . C lea rly , m uch m ore research 
m ust be ca rried  ou t on the chem ica l phase of 
pe ne tra tion  be fore  the  m echan ism  can be 
fu lly  unders tood .

T he  ana tom ica l loca tion  and structure  of 
o rg a n s  invo lved  in ho le  boring by o the r m o l­
luscan  pene tran ts  such as cym atiid  meso- 
g a s tro p o d s  (D ay, 1969), vayss ie re id  nud i­
b ran chs  (Y oung, 1969), and octopuses 
(N ixon , in p ress) a re  s ign ifican tly  d ifferent 
from  those  o f the  accessory boring organ in 
m u ricace an s  and naticaceans, yet the  shell 
o f th e ir prey is pene tra ted  effective ly. S tudy of 
th e  chem ica l m echan ism  of shell excavation 
by these  p reda to rs  shou ld  provide a deeper 
u n de rs ta nd in g  of shell penetra tion by 
m u rica ce a n s  and na ticaceans than is now 
ava ilab le .
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T u bu la r S a liva ry  G lands

T w o  k idney-shaped , m uscu lar, tubu la r sa li­
va ry  g lands  (a lso know n as accessory sa li­
va ry  g lands) d ischarge  th rough  a com m on 
d u c t in to  th e  ven tra l lip  o f the m outh of m ost 
m u ricace an s  (Tab le  1; G raham , 1941; C a r­
riker, 1943; F re tte r & G raham , 1962; Carriker, 
1977). T hese  g lands  are  d is tinctive  m orpho­
log ica l fea tu res  of the  M uric idae (Ponder, 
1973). F ou r separa te  functions have been 
hypo thes ized  fo r the  g lands:

L u b rica tio n . D ischa rge  o f the secretion of 
the  g la n d s  in to  the  path  o f the  function ing 
o d o n to p h o re  suggests  a source  (in addition to 
th a t from  th e  sa liva ry  g lands) o f lubricant for 
the  radu la  du ring  the  boring  process (Fretter 
&  G raham , 1962). Th is  suggestion  is sup ­
po rte d  by the  fact tha t the  spongy layer about 
the  m outh  and  open ing  of the  tubu la r sa livary 
g land  duc t in liv ing U rosa lp inx  c ine rea  sta in a 
d e e p  pu rp le -red  co lo r w ith  m ethylene blue. 
(T he  on ly  o the r exte rna l s tructu res in the  snail 
g iv ing  a s im ila r s ta in ing  reaction are  the ven ­
tra l and  la te ra l su rfaces of the foo t that se ­
c re te  cop iou s  quan tities  o f m ucus.) (Carriker, 
1943). F u rthe rm ore , extracts o f the g lands of 
N u ce lla  la p illu s  and O cenebra  e rinacea  have 
a  pH of abou t 6.0, app lica tion  o f the  g lands or 
th e ir  e x tra c ts  to  the po lished inner surface of 
m o llu sc  she ll leaves no e tched m ark and no 
p ro te o ly tic  o r am ylo ly tic  enzym es appear to 
be  p resen t (G raham , 1941). In contrast the 
se c re tio n  of th e  A B O  w hen applied to  po l­
ished  she ll does etch (C arriker & Van Zandt, 
1964).

H o le  b o rin g . T h a t the  g lands cou ld  a lso be 
invo lved  in she ll pene tra tion  m ay be deduced 
from  th e ir pos ition  in the  d ista l end  o f the p ro ­
bosc is , bu t th e re  is little e lse  to  support this 
con jec tu re . These  g lands are present in m ost 
m u ricace an s  (Tab le  1) in w hich they vary in 
re la tive  size, and are  absent in naticaceans 
and a p pa re n tly  a lso  in nonboring  gastropods. 
C o n ce iva b ly  the  unexp la ined  ro le o f m uri­
ca ce a n  tu b u la r sa liva ry  g lands could be 
e q u iva le n t to  tha t o f the  m ucocytes that su r­
ro un d  the  na ticacean  A B O  (Carriker, 1977), 
bu t th e re  is no  in fo rm ation  on this. W hat s truc­
tu re  rep laces  the tubu la r sa livary g lands in 
m uricaceans  tha t lack them  has not been de­
te rm ined .

P ara lys is . T he  h is to log ica l resem blance be­
tw e e n  tu b u la r sa liva ry  g lands and the poison 
g la n d  of toxog lossans  (G raham , 1941; Fretter 
& G raham , 1962) suggested to  G raham  
( 1941 ) and to  M arto ja  ( 1971 ) tha t tubu la r sa li­

va ry  g la n d s  cou ld  p roduce som e tox ic  sub­
s tance . G raham  (1941), how ever, found that 
th e ir  ex trac t has no e ffect on  the  heart of 
C a rd iu m  sp., and  no ted  that m any prey of bor­
ing g a s tro po ds  are  seden ta ry  and do not have 
to  be  pa ra lyzed  be fore  consum ption. A  fu rther 
po in t th a t m ig h t have  a bearing  on the prob­
lem  is tha t sa liva ry  g lands of s tenog lossans 
(O ce n e b ra  ac icu la ta , fo r exam ple) lack 
a lka lin e  phospha tase  in the ir cells, w h ile  both 
th e  tu b u la r sa liva ry  g lands and the  g land of 
Le ib le in  are  rich in th is  enzym e (Franc, 1952; 
F re tte r & G raham , 1962).

B ecause  of th e ir in trins ic  b io log ica l interest, 
and  th e ir  poss ib le  invo lvem ent in shell pene ­
tra tion , tu b u la r sa liva ry  g lands  of m uricaceans 
d e se rve  fu rth e r attention.

E xtracorporea l Enzym es

From  experim en ts  on a ttraction  of herm it 
c rabs  to  s im u la ted  gastropod  predation sites, 
R ittscho f (1980, in press) suggested that 
g a s tro p o d  p reda to rs  (such as the fasc io la riids 
P le u ro p lo c a  g ig a n te a  and Fascio la ria  tu lipa) 
re lease  a p ro tease  w h ile  feeding. Peptides 
re le ase d  from  gastropod  prey w h ile  predators 
co n su m e  p rey  flesh  serve as cues that en­
hance  th e  a ttrac tiveness  o f prey severa l tim es 
o v e r tha t o f p rey  flesh a lone. R ittschof sup ­
po rte d  his hypo thes is  by add ition  of trypsin  to 
p rey  flesh  w h ich  in the  absence  of a predator 
m ade  th e  flesh  as a ttractive  to  herm it c rabs as 
w a s  p rey  flesh  be ing  active ly  consum ed by a 
g a s tro p o d  preda to r.

T h is  find ing  has s ign ifican t im plica tions for 
th e  s tu d y  o f she ll penetra tion . B oring gas tro ­
pods  possess  sa liva ry  g lands, buccal glands, 
and  in th e  case o f m ost m uricaceans, tubu lar 
sa liva ry  g lands  tha t em pty d irec tly  into the 
bucca l cav ity . M ansour-B ek (1934) reported 
th e  p resence  of p ro teo ly tic  enzym es including 
a tryp s in -like  p ro tease in the  sa liva  (p resum ­
ab ly  fro m  the  sa liva ry  g lands) o f M urex  
angu life rus . E nzym es d ischarged into the 
bucca l ca v ity  a round  odon topho re  and radula 
co u ld  e a s ily  tr ick le  in to  the  boreho le  during 
th e  rasp ing  phase  o f she ll penetra tion, and if a 
co n s titu e n t o f the  secre tion  w ere  a conchio- 
lin a se -typ e  enzym e, a ttack the  organ ic  com ­
p o n e n ts  o f the  she ll (C arriker, 1969; T ravis & 
G onsa lve s , 1969). If the  enzym es a id  in shell 
pe ne tra tion , they  shou ld  be dem onstrab le  
d u rin g  bo ring  but p rio r to  feed ing. P re lim inary 
a ttem p ts  by  C a rrike r (1978) to  identify 
e n zym e s  tha t hyd ro lyze  the in tercrysta lline 
o rg a n ic  m a trix  o f she ll w ere  inconclusive and
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sh o u ld  be  repeated . Until now , w e have hy­
po thes ized  tha t she ll so lub iliz ing  enzym es, if 
p resen t, a re  secre ted  by the  A B O  (C arriker & 
W illiam s, 1978). Identifica tion  of hydro lytic 
e n zym e s  in the  bucca l reg ion of boring gas­
tropods , and  testing  of these  enzym es on 
she ll p repa ra tions  shou ld  thus provide add i­
tio n a l in fo rm a tion  on the chem ica l phase of 
she ll pene tra tion .

A n te rio r P eda l M ucous G land

T h is  g land  is a co llec tion  of c luste rs  o f sub- 
ep ithe lia l secre to ry  ce lls  a rranged in nests in 
th e  a n te rio r part o f the foot. The g land d is ­
ch a rg e s  in to  a sag itta l cana l tha t em pties into 
th e  tra nsve rse  fu rrow  be tw een the  propodium  
and  th e  pod ium  (F re tte r & G raham , 1962). 
T h e  p ropod ium  sw eeps across the bottom  of 
th e  inco m p le te  boreho le  du ring  boring, and 
th e  fu rrow , in an ana tom ica l position to w ipe 
se c re tio n  o ve r the  surface  of the  hole, is ca r­
ried  a long . M ost o f the  ce lls  o f the  g land stain 
so  as  to  suggest tha t the ir secre tion  conta ins 
m ucop ro te in . T hese  constituen ts , if present, 
co u ld  func tion  as che la ting  agents in so lub ili­
za tio n  (C a rrike r &  W illiam s, 1978). The  pH of 
th e  secre tion  in the  fu rrow  ranges from  7.0 to 
7 .8  (C arrike r, W illiam s & Van Zandt, 1978). 
H ow eve r, she ll e tched by the  secretion from  
th e  A B O  in th e  absence  of fu rrow  secretion, 
revea led  the  no rm a l pa tte rn  o f d isso lution 
fo u n d  in bo reho les  (C arriker, 1978). The role 
o f the  secre tion  in she ll penetra tion is thus 
u n ce rta in ; a t th e  least the  secretion could 
se rve  as a lub rican t and as a sea lan t to  hold 
th e  A B O  secre tion  w ith in  the  bore hole. Study 
o f the  g land  needs to  be undertaken before 
the  chem ica l m echan ism  of shell penetration 
by bo ring  gas tropods  can be fu lly  understood.

P A R A LY S IS  O F PREY

T h a t som e  m uricacean gastropods syn­
th e s ize  b io tox ins  to  qu ie t o r kill the ir prey has 
been  suspec ted  fo r som e tim e (Gunter,
1968). F o r exam ple , w hile  m ost boring gas­
tro p o d s  bore  a ho le  large enough to adm it the 
p robosc is , adu lt Thais haem astom a  bore 
co m p a ra tive ly  sm all ho les a t the va lve m ar­
g in s  tha t do  not adm it the  proboscis. This fact, 
to g e th e r w ith  behav io ra l observations, sug­
ge s te d  to  M cG raw  & G unte r (1972) and 
G u n te r (1968, 1979) tha t T. haem astom a  in ­
je c ts  a  pa ra ly tic  substance  into prey that 
ca u se s  them  to  gape and die.

P a ra ly tic  agents, e labora ted  in the hypo- 
b ranch ia l g land  (W hittaker & M ichelson, 
1954; W h ittake r, 1960; Endean, 1972; H em ­
ingw ay, 1978), have been identified as 
ph a rm aco log ica lly  active  esters o f choline: 
u ro ca n y lch o lin e  (in M urex  trunculus, M. 
fu lve scen s , O ce ne b ra  erinacea, N ucella  
la p illu s , and U rosa lp inx  c inerea), and 
se n e c io y lch o lin e  (in Thais flo ridana). 
A c ry ly lch o lin e  is p resen t in the  nonboring 
sna il B u c c in u m  undatum , but no cho line 
e s te rs  occu r in B usyco n  cana licu la tum  o r in 
se ve ra l spe c ies  o f taen iog lossans (W hittaker, 
1960). T he  sa liva ry  g lands  of nonboring spe ­
c ies  o f bucc in ids  and cym atiids contain 
te tra m in e  in add ition  to  cho line  esters. The 
h yp o b ra n ch ia l g land  secre tes  m ucus con ta in ­
ing bo th  T yrian  purp le  and the  cho line  ester 
th a t is p robab ly  ca rried  to  prey by c ilia ry  cu r­
ren ts on th e  surface  of the  m antle  and pro­
po d iu m  (W hittaker, 1960; H em ingw ay, 1978). 
U ro cany lch o line  has m arked hypertensive as 
w e ll as a neu rom uscu la r b locking action. 
S e n e c io y lch o lin e  resem b les urocanylcho line 
bu t is som ew ha t less active  as a b locking 
agen t, ac ry ly lcho line  has on ly  an extrem ely 
b rie f and feeb le  b lock ing action (W hittaker, 
1960). T he  firs t tw o b io tox ins are  present in 
she ll bo ring  gas tropods  and the th ird in a 
n o n b o rin g  gastropod.

A  pa ra ly tic  substance  w ith a high ace ty l­
ch o lin e  eq u iva len cy  is a lso p resen t in the com ­
b ined  sa liva ry  and tubu la r sa livary gland 
co m p le x  (as w e ll as in the hypobranchia l 
g la n d ) o f the  m uric id , A can th ina  spirata  
(H em ingw ay, 1973, 1978). As analyses were 
pe rfo rm e d  on the  com bined g lands, it is not 
c le a r w h e th e r one  o r both  o f the g lands re ­
lease  the  b io toxin . G raham 's  (1941) report, 
th a t ex trac t o f tubu la r sa liva ry  g lands has no 
e ffec t w h e n  in jected into the heart o f a b i­
va lve , sug ge s ts  tha t the acety lcho line  is pro­
duced  by th e  sa liva ry  g lands. The m atter re­
qu ires  ve rifica tion .

H em ingw ay (1978) noted tha t d ifferent 
ch o lin e  es te rs  in the  hypobranch ia l g lands of 
p re d a to ry  gas tropods  m ay be as num erous as 
th e  spe c ie s  o f m uricaceans (see a lso W hit­
take r, 1960). The apparen t specific ity of 
ch o lin e  es te rs  from  these  g lands led Feare 
(1971 ) to  m ake  the  provocative  suggestion 
th a t ch o lin e  es te rs  re leased by them  could 
a lso  be  invo lved  in spec ies recognition or 
m a ting  behav io r! It is understandab le  tha t a 
p reda to r, like B u cc in u m  undatum , w hich at­
ta cks  b iva lve  prey w ithou t boring th rough the 
she ll, w ou ld  be a ided  in a ttacking prey by pro-
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d u c in g  acry ly lcho line , but not w hy shell- 
pe ne tra ting  m uricaceans, w h ich  prey on b i­
va lve s  th a t a re  gene ra lly  seden ta ry  (Graham , 
1941), re lease  u rocany lcho line  tha t has a 
s tro n g  b lock ing  action.

No repo rts  are  ava ilab le  on w he the r g lands 
in th e  p rob osc is  o r m antle  cavity  o f na ti­
caceans  em it pa ra ly tic  chem ica ls . S ince 
th e se  gas tropods  b ind  p rey  in large quantities 
o f m ucus during  cap tu re  and m anipu lation 
p r io r to  boring , the  m ucus itself, secreted 
p re su m a b ly  by peda l surfaces, could conta in 
p a ra ly tic  substances. These  in te resting  pos­
s ib ilitie s  ca ll fo r attention.

EV O LU TIO N

T he  g rea tes t know n concentra tion  o f m uri­
ca ce a n  and na ticacean  borers occurs in sha l­
low  w a te r a round  con tinen ts  in trop ica l la ti­
tu d e s  (C arrike r, 1961; T ay lo r e t al., 1980). 
S ince  no boring  gastropods have been d is ­
co ve re d  in freshw a te r (C a rrike r & Sm ith,
1969), and  re la tive ly  fe w  borers have been 
re po rted  from  the  deep -sea  (C arriker, 1961; 
T a y lo r e t al., 1980), it is like ly  the  shell boring 
hab it in p rosob ranchs  evo lved in re latively 
sha llow , trop ica l, m arine  w ate rs  (see also 
C la rke , 1962).

G a s tro p o d s  p resen tly  know n to  bore holes 
in she lls  o f p rey  da te  back to  the  Ju rass ic  and 
p e rh a p s  as early  as the Late  Triassic, som e 
200  m illion  yea rs  ago (C arriker & Yochelson, 
1968; Soh l, 1969; Ponder, 1973; Krutak, 
1977; T a y lo r e t al., 1980). Evolu tion of the 
sh e ll-p e n e tra tin g  m echan ism  in m uricaceans 
and  na ticaceans  cou ld  have taken p lace in 
th ree  m a jo r m orpho log ica l s teps in th is order 
in g e o lo g ic  tim e : a) deve lopm en t o f the  radula 
(F irby  & D urham , 1974; Krutak, 1977; Taylor 
e t a l., 1980), b) e longa tion  of the  head to  form 
a p robosc is  (G raham , 1973), and c) form ation 
o f th e  accesso ry  boring organ (Carriker, 1943; 
F re tte r, 1941, 1946). The m echanism  fo r se ­
c re tion  o f pa ra ly tic  substances cou ld  have 
evo lved  a fte r the  appearance  of the  radula 
(T ay lo r e t al., 1980) and cou ld  have p re ­
adap ted  sna ils  to  becom e predato rs  of non­
sh e lle d  prey.

A p p e a ra n ce  o f the  A BO  in tw o separate 
an a tom ica l loca tions am ong m uricaceans (in 
fro n t o f the  ven tra l peda l g land, and atop the 
ven tra l peda l g land) and in an en tire ly  d if­
fe ren t reg ion  in na ticaceans— under the pro­
bosc is  tip  (C arriker, 1961)— is an enigm a. D if­
fe rence  in the  pos ition  of the  organ in the  two

su p e rfa m ilie s  m ight be  a ttribu ted to  the s trik ­
in g ly  d iffe ren t ep ifauna l and in faunal boring 
be hav io rs , respective ly , o f the two groups. 
H ow eve r, the  genera l position of the anterior 
cen tra l pa rt o f the  foo t o f the  predator on  its 
p rey, the  p lacem en t o f the  o rgan  in the  bore ­
ho le , and a lte rna tion  of radu la  and organ in 
th e  b o re h o le  during  pene tra tion  are s im ila r in 
th e  tw o  supe rfam iles  and w ith in  the m uri­
cace an s . A  com pa ra tive  em bryo log ica l study 
o f the  de ve lo pm e n t o f the  A B O  in represen ta ­
tive  m u ricace an s  and na ticaceans is urgently 
n e e d e d  to  de te rm ine  w he the r the organ d e ­
ve lo p s  anew  in its respective  anatom ica l spot 
in d iffe re n t g roups, o r is fo rm ed in one place 
and  m ig ra te s  to  its de fin itive  position in the 
adu lt. In any event, the  deve lopm ent o f such 
s im ila r o rg a n s  as the A B O  on d iffe rent parts o f 
th e  body  is one  o f the  m ost in teresting para l­
le ls  in m o lluscan  m orpho logy (Bernard & 
B agshaw , 1969).

It is cu rio u s  th a t the  A B O  seem s to have 
e vo lve d  on ly  in m uricaceans and nati­
caceans, and no t in o the r p redato ry  m olluscs. 
W h e th e r a ll spec ies  o f these  two d istantly 
re la ted  supe rfam ilies  possess an accessory 
b o rin g  o rga n  has not been determ ined. Too 
fe w  spe c ie s  have been exam ined to  perm it a 
g e ne ra liza tion . There  is, fo r exam ple, an 
o m n ivo ro u s  m uric id , D rupa  ric ina , pedal 
a n a to m y  unknow n, tha t feeds on sponges, 
ho lo th u ria ns , and carrion , and is not thought 
to  be  a typ ica l p reda to r o f hard-she lled m ol­
luscs (W u, 1965a). Its tubu la r sa liva ry  glands 
are  fu lly  deve loped . It w ill be  im portant to 
d e te rm in e  w he the r th is  sna il possesses a fu lly 
d e ve lo p e d , o r a  vestig ia l, ABO , o r none at all.

S he ll d isso lu tion  in m uricaceans is not 
lim ited  to  she ll boring. The m antle  edge of 
sp in y  m uric ids, fo r exam ple , d isso lves spines 
at th e ir base  as th e  body w horl is deposited 
fro m  o n e  va rix  to  the  next, to  e lim inate  b lock­
age  of the  apertu re  (C arriker, 1972). The 
b roa d  tem pora l, spa tia l, and system atic d istri­
bu tion  o f ca lc ib iocav ites , the  capacity  fo r d is ­
so lu tion  of she ll by m any invertebra tes in 
n o n ca lc ib io ca v itic  activ ities, and the p rom i­
n e n ce  o f os teoc las tic  activ ity  in the  ve rte ­
b ra tes , suggest tha t ca lc ib iocav ita tion  m ay be 
a la ten t and  fundam enta l characteris tic  of 
o rgan ism s, exp ress ing  itse lf especia lly  in 
ep ithe lia , th a t has appeared  from  tim e to  tim e 
w ith o u t regard  to  sys tem atic  o r m orphologica l 
po s ition  (C arrike r & Sm ith, 1969).

E vo lu tion  o f the  p robosc is  and the  ABO  
o p e n e d  to  bo ring  gastropods a broad spec­
tru m  o f p rey  not o the rw ise  easily  available,
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and  undoub ted ly  has he lped account for the 
h is to rica l longev ity  and ub iqu ity o f the group 
(C a rrike r & Van Zandt, 1972a). In the event of 
loss o f e ith e r the  p robosc is  o r the ABO, 
th rou gh  p inch ing  o r am puta tion  during pene­
tra tion  o f prey, re la tive ly  rapid functional 
regene ra tion  of both  o rgans occurs (C arriker 
& V an  Zandt, 1972b; C arriker, Person, 
L ibb in  & Van Zandt, 1972)— a unique sa fe­
gu a rd  insu ring  fu ll rep lacem ent o f the m e­
cha n ism  and surv iva l o f the organ ism  through 
g e o lo g ic  tim e.

C O N TR O L

D uring  th e  last 50 years  she llfish  grow ers 
and  she llfish  b io log is ts  have devo ted  cons id ­
e ra b le  tim e and effort in a ttem pts to contro l 
m u ricacean  p redato rs . E xam ples of better 
know n  p reda to rs  inc lude E upleura  caudata, 
O ce n e b ra  ino rna ta  (=  ja p o n ica ), Thais 
haem astom a, and U rosa lp inx  c ine rea  in the 
U n ited  S ta tes; O ce ne b ra  e rinacea  and 
U ro sa lp in x  c in e rea  in G reat B rita in; 
O ce n e b ra  ino rna ta , R apana  thom asiana, 
Thais b ronn i, and T. tum ulosa  in Japan; and 
B e d e va  h a n le y i and M oru la  m arg ina lba  in 
A us tra lia . T he re  are  m any o the r species in 
o th e r reg ions of the world.

E ffo rts  to  con tro l m uricacean borers (also 
ca lled  drills ) by phys ica l m ethods have met 
on ly  w ith  partia l, and then  on ly  tem porary, 
success . H and p icking, forks, concre te  pillars, 
o ys te r d redges, deck screens, drill dredges, 
d rill box traps, and drill trapp ing  of U rosalp inx  
c in e re a  have  a ll been tried m ore or less in ­
tens ive ly . A  m ore m echanica l, less labor in ­
te n s ive  m ethod  em p loy ing  a hydrau lic  suction 
d re d g e  has been used w ith  som e success in 
the  Long Is land S ound area (Carriker, 1955). 
Loose  m ateria l on the  bottom  is draw n onto  a 
sc re en ed  conveye r belt tha t a llow s oysters 
and  she ll to  pass back overboard  into the 
w a te r. F ine m ateria ls , inc lud ing  oyster borers, 
co lle c t in b ins  unde r the  screen and are later 
d isch a rg e d  in sha llow  w a te r to  kill the  borers 
by  su ffoca tion . The suction  d redge is lim ited 
to  d re d g in g  in in te rm ed ia te  depths of water, 
and  on re la tive ly  firm  bottom s. Invention of a 
m ore  econom ica l m ethod o f d isposing of the 
sna ils  than  cu rren tly  used w ou ld  s ign ifican tly  
reduce  th e  cost o f th is  m ethod of contro l 
(C arrike r, 1955; H ancock, 1959, 1969). A t­
te m p ts  to  trap  Thais haem astom a  on oyster 
beds have been unsuccessfu l because no 
ba its  m ore  a ttractive  than the surrounding

o ys te rs  and m usse ls have been found 
(G unte r, 1979).

E ffo rts  to  e rad ica te  m uricacean predators 
and  th e ir  young  by des icca tion , flam ing, fresh 
and  b rine  w aters, m agnesium  sulfa te, copper 
su lfa te , m e rcu ric  ch lo ride , fo rm alin , rotenone 
and  ch lo rina ted  benzene, and o the r chem i­
ca ls  have been ine ffective  on a com m ercia l 
sca le , o r e ffec tive , but too harm fu l to  other 
o rg a n ism s  and the  env ironm ent to  be em ­
p loyed  (C arriker, 1955; C astagna, H aven & 
W h itcom b , 1969). C opper barrie rs  have also 
been  sugge s ted  by G lude (1956) and 
H ug ue n in  (1977), bu t these, like o the r metals, 
w ou ld  con tam ina te  the  environm ent, and the ir 
ap p lica tio n  w ou ld  be labor in tensive and cost­
ly. T he  use of freshw a te r curta ins, created by 
re lease  of fine  s tream s of fresh  water, to  con­
tro l m uricacean  borers has not been at­
tem p ted , b u t m erits  cons ide ra tion  (D. R itt­
scho f, pe rsona l com m unication).

N a ticaceans  (m oon sna ils), serious preda­
to rs  o f in fauna l b iva lves, dec im ate  popu la­
tion s  of such  com m erc ia lly  im portant species 
as  M ya  a rena ria  and M e rce n a ria  m ercenaria  
in e s tu a rie s  and em baym en ts  and Spisu la  
so lid is s im a  on  the  con tinen ta l she lf (Franz, 
1977). A bo rtive  a ttem pts  have been m ade to 
co n tro l them  by m anua l co llec ting  in the  in ter­
tida l zone (fo r exam ple , Lunatia  heros, 
M e dco f & Thurber, 1958). As w ith s im ila r a t­
te m p ts  a t con tro l o f m uricaceans, th is m ethod 
has se rious  lim ita tions, p rim arily  because 
th e se  p reda to rs  occu r sub tida lly  as w e ll and 
soo n  rep lace  those  rem oved from  the in ter­
tida l zone.

T he  response  of boring gastropods to  a t­
tra c tive  chem ica l s igna ls  from  prey, o r from  
fe m a le  sna ils  du ring  m ating, o r repu ls ion of 
th e m  by una ttrac tive  b iochem ica l cues from  
o th e r o rgan ism s, p rov ide  the  basis fo r pos­
s ib le  eco log ica l contro l. A ttractive  o r unattrac­
tive  chem ica l s igna ls , if they  can be identified 
and  syn thes ized , cou ld  poss ib ly  be used as 
ba it in trapp ing , o r as d ispers ive  or repelling 
agen ts . A  g rea t advan tage  o f such s igna ls  is 
th a t they  a re  b iodegradab le , and w ou ld  not 
co n ta m in a te  the  environm ent. Ideally they 
m ig h t be spec ies  specific .

C O N C LU S IO N S

In te rest in o rgan ism s tha t penetra te  hard 
ca lca re o u s  subs tra ta  da tes back m any cen ­
tu ries . A ris to tle , som e 2 ,300 years ago, is 
c re d ite d  fo r recogn iz ing  tha t predatory m arine
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g a s tro p o d s  have the  capac ity  to bore holes 
th ro u g h  she lls  o f prey (Jensen, 1951). S ince 
th e n  advances  in the  know ledge  of shell 
pe ne tra tion  by boring  gastropods has been 
rap id  (C a rrike r & Sm ith, 1969; present re ­
v iew ). In sp ite  o f th is p rogress, however, se v ­
e ra l im po rtan t aspects  o f the  b io logy of shell 
p e n e tra tio n  requ ire  fu rthe r study; these are 
sum m arized  in th is  section.

In fo rm ation  on  the  zoogeograph ica l d is tri­
bu tion  o f bo ring  gastropods is lim ited, not on ly 
in sh a llo w  coasta l a reas bu t m ore so in the 
d e e p -se a  (C larke , 1962), and is d ifficu lt to  o b ­
ta in . B ore ho les in p rey  shell ind icate the 
p rese nce  o f bo re rs  in the  geograph ic  vicinity, 
bu t p rov ide  no c lues on the  spec ific  identity of 
th e  bore rs. Iden tifica tion  of shell penetrants 
can  be de te rm ined  by ho ld ing sna ils  in aquar­
ia w ith  po ten tia l prey, and observ ing  w hether 
ho le  bo ring  takes p lace. Th is  procedure g e n ­
e ra lly  w o rks  w e ll w ith  sna ils  from  shallow  
w a te r, bu t cou ld  be d ifficu lt w ith  gastropods 
fro m  the  deep -sea  even in pressurized aquar­
ia. A  m ore  p ractica l approach  w ould  be to ex­
am ine  suspec ted  she ll penetran ts fo r the 
p re se n ce  o f the  A B O  by anatom ica l and h is­
to lo g ica l techn iques.

A ll na ticacean  and m uricacean gastropods 
s tu d ie d  so  fa r possess an  A BO  and are  shell 
bo re rs , W he the r a ll spec ies of these  supe r­
fa m ilie s  a re  bo re rs  needs to  be de te rm ined by 
e xa m in a tio n  of a w ide  spectrum  of species of 
th e se  g roups, as w e ll as non-na ticacean- 
m u ricacean  p redato rs , from  w ide ly  d ifferent 
re g ion s  of the  oceans.

T h e  A B O  is know n to  occu r in th ree d if­
fe re n t ana tom ica l positions in d iffe ren t spe ­
c ie s  of bo ring  gastropods. However, the num ­
be r o f spec ies  tha t has been exam ined is 
sm a ll, and  it is possib le  that the A BO  could 
o ccu r in o the r than  the  described anatom ical 
loca tions. The  A B O  appears  to  be p roportion ­
a te ly  la rge r in young  ind iv idua ls  than in adult 
o n e s  (fo r exam ple , Thais haem astom a ; 
G un te r, 1968, 1979). Th is  cond ition  is not 
ch a ra c te ris tic  o f m ost gastropod boring spe ­
c ies, and cou ld  be in te rp re ted  as suggesting 
th a t th is  spec ies  has evo lved  tow ard a lesser 
use o f the  A B O  in adu lts  than in the  young. 
O n th e  o th e r hand, spec ies of borers could 
ex is t in w h ich  the A B O  is an incip ient organ, 
and  th e  sna ils  cou ld  be evo lv ing  e ither tow ard 
o r a w a y  from  the  boring habit. A  species 
w o rth  exp lo ring  in th is  regard  is D rupa ric ina  
(W u, 1965a). T he  s tudy o f transitiona l stages 
o f th e  A B O , as w e ll as the  em bryo log ica l d e ­
ve lo p m e n t o f the  A B O  in d iffe ren t anatom ical

pos itions , w ou ld  be of cons ide rab le  evo lu tion ­
ary  in te rest.

F rom  an eco log ica l and behaviora l po int of 
v ie w  it is o f in te res t to  know  w he ther the 
che m ica l a ttrac tan t associa ted w ith  each prey 
spe c ie s  is a s ing le , o r a com bina tion  of d iffe r­
e n t m o lecu les , and  w he the r a ttractants are 
sp e c ie s  specific . Th is  fundam enta l in fo rm a­
tion  is p re requ is ite  to  the  fo rm u la tion  of a bait 
fo r con tro l o f these  predato ry  snails.

A ltho ug h  substan tia l progress has been 
m ade  in the  s tudy of the behav io r o f shell 
p e n e tra tio n  by boring gastropods and of the 
g ross  and  fine  s truc tu re  of the  ABO , we know 
ra th e r little  abou t the  chem ica l aspects of 
she ll pene tra tion . S tudy of the  chem istry of 
the  A B O  secre tion  is d ifficu lt because the 
A B O  is a re la tive ly  sm all organ, and am ounts 
o f re le ase d  secre tion  are very small. The 
p re se n ce  o f a m ild  acid  in the  secretion has 
been  ve rified  w ith  pH e lectrodes, but the  com ­
po s ition  o f the  acid, suspected of be ing HCI, is 
unce rta in . P re lim inary  observa tions suggest 
th a t an  un iden tified  enzym e(s) and che la ­
to r s )  m ay  be com ponen ts  o f the active shell 
so lu b iliz in g  secre tion . Th is  needs con firm a­
tion .

The A B O  is p robab ly  the  princ ipa l organ 
invo lved  in the  chem ica l phase of shell pene ­
tra tion . H ow ever, c lose  associa tion  of duct 
o p e n in g s  of th e  sa liva ry  g lands, buccal g lands 
and  tu b u la r sa liva ry  g lands w ith the buccal 
ca v ity  and  m outh , and o f the  an terior pedal 
m u co u s  g land  w ith  the an te rio r part o f the 
foot, sug ge s ts  tha t these  g lands cou ld  p lay at 
least a part in the  m echan ism  of shell pene tra ­
tion . T h e ir po ten tia l ro le  canno t be discounted 
un til m ore  is know n abou t the ir functions.

S om e bo ring  gastropods appear to  be able 
to  qu ie t o r k ill th e ir prey by app ly ing  a paralytic 
su b s ta n ce  to  them  th rough  the  borehole. 
S u sp e c te d  sources of pa ra ly tic  agents are the 
h yp o b ra n ch ia l g land, sa liva ry  g lands, and 
tu b u la r sa liva ry  g lands. W hether sa livary 
g la n d s  can secre te  both para lytic  and shell 
so lu b iliz in g  substances is questionab le , but 
w o rth  exp lo ring . The sou rce  o f these b io­
tox ins , the  m ethod of in jection  into prey, and 
the  phys io log ica l e ffec t on prey a lso need in­
ves tiga tion .

S he ll sw a llow ed  by boring gastropods a p ­
pa re n tly  passes th rough  the a lim entary canal 
and  is vo ided  re la tive ly  unchanged in feces. 
T h e re  is the  possib ility , how ever, that som e 
n u trie n ts  cou ld  be extracted  from  the organic 
and in o rg a n ic  com ponen ts  o f shell fragm ents 
in the  s tom ach  of the  snail and absorbed. The
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m e ta b o lic  fa te  o f absorbed  nutrients, if any, 
cou ld  be  tes ted  w ith  rad ioactive  tracers.

C ostly  depreda tions  by boring gastropods 
o f com m erc ia l b iva lve  popu la tions in all parts 
o f th e  w orld  con fe r a h igh priority on these 
sna ils  as sub jects  fo r the  investiga tions pro­
posed  in th is  syn thesis . Especia lly im portant 
w o u ld  be a search  fo r com ponen ts  o f the  shell 
pe ne tra ting  m echan ism  tha t m ight be blocked 
in o rd e r to  con tro l the  predators. The results 
o f such  a s tudy w ou ld  benefit not on ly the 
she llfish  industry  but w ou ld  a lso contribute 
ne w  know ledge  on the  b io logy o f predation by 
th e se  ub iqu itous, re fractory— and very in te r­
es tin g — m arine  snails.
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