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tutes a signi“cant barrier to gene "ow (e.g.Littorina ir-  subspeci‘c designation, although he did not elaborate.
rorata: Dayan and Dillon 1995), is quite unusual. Abbott (1974) recognized only two extant left-handed
All previous studies of the east Florida ecotone as a speciesB. perversumand B. contrarium. More recently,
potential barrier to gene "ow in marine populations Kent (1983) described a new species of sinistral whelR,
(including that of L. irrorata) have involved species able laeostomum ranging from southern New Jersey to
to disperse through the water column during at least northern Virginia.
some stage of their life history. Here, we survey genetic  Surprisingly, no study has ever distinguished the left-
divergence in large carnivorous gastropods of the genushanded whelks of the Atlantic coast (as a group) from
Busycon a group that lays eggs in capsules anchored tothose of the Gulf of Mexico. The present study had two
the substratum, with young emerging as benthic juve- goals. We examined traditional morphological charac-
niles. Busyconine whelks inhabit the continental shelf, ters of shell and soft part anatomy, as well as data from
ranging from Cape Cod to the Yucatan peninsula of gene frequencies at allozyme loci and mitochondrial
Mexico. For such populations, with relatively limited cytochrome c oxidase | (COIl) gene sequences, to eval-
dispersal, one might expect the barrier e ect presented uate the several models of species relationships among
by the Florida peninsula to be profound. the left-handed whelks of the western Atlantic. We then
Systematic treatments of the busyconine whelks haveassessed the impact of the Florida peninsula as a bio-
been in a state of "ux for many years. There are geographical boundary among these populations.
approximately ten modern species and subspecies of
dextrally coiled (eeright-handedes) busyconine whelks,
most displaying escase 1e¢ distributions. The best knownMaterials and methods
are the knobbed whelk Busycon carica(Gmelin, 1791)
and the channeled whelk Busycotypus canaliculatus Sampling
(Linn€, 1758), both ranging from Cape Cod, Massa-
chusetts to Cape Canaveral, Florida. Three deep-water Eight populations of sinistral whelks, spanning the
species ofBusycon[B. coarctatum (Sowerby, 1825),B. geographic range of the group (Fig. 1), were sampled in
candelabrum(Lamarck, 1816), and B. lyonsi (Petuch, 1997 and 1998 by collecting in the intertidal, trapping,
1987)] and the three subspecies &usycotypus plagosus or trawling (Table 1). All of the specimens were freshly
(Conrad, 1863) are restricted to the Gulf of Mexico. collected, and either dissected alive, with tissue samples
Only one species of dextral busyconineBusycotypus immediately frozen, or frozen whole while living,
spiratus(Lamarck, 1816), inhabits both the eastern coast transported to the laboratory on dry ice, and main-
of the United States and the Gulf of Mexico. One sub- tained at —80 C until tissues were sampled for DNA
speciesBusycotypus spiratus spiratud.amarck, 1816) is extraction and allozyme analysis. The remaining tis-
restricted to the Yucatan peninsula, while the subspeciessues, radulae, and shells were then subjected to mor-
Busycotypus spiratus pyruloidgSay, 1822) ranges from phological examination. Collecting localities and their
North Carolina to Cedar Key, in northwestern Florida.
Currently, there are “ve recognized modern species of
sinistral (eeleft-handeds*) whelks, de“ned entirely on the
basis of shell characters, to which six names have beer
applied. The earliest of the sinistral whelks to be de-
scribed wasBusycon perversunfLinn€g, 1758), a form
with long, broad spines and a pronounced tumid ridge
midway along the siphonal canal, from the Bay of
Campeche, in western Yucatan, Mexico. Conrad (1840)
described a fossil form with espoorly developedes (short)
spines from the Pliocene of North Carolina asB. cont-
rarium. The use of B. contrarium for living sinistral
whelks dates from Smith (1939), who noted: esThe
proper disposition of the recent slender sinistral Busy-
cons is full of many di culties. For the present, it seems
best to regard them as a race oBusycon contrarium
(Conrad).e« Hollister (1958) suggested that the nomeB.
contrarium be restricted to a small extinct species, and
described three new species among the modern fauri:
sinistrum ranging from Cape Hatteras to the Yucatan
peninsula, B. aspinosum restricted to the area around
Sarasota, Florida, andB. pulleyiranging from Louisiana
to northern Mexico. Pulley (1959) argued that all recent Fig. 1 Busyconspp. Sample sites for sinistral whelksB. carica(N)

sinistral whelks were a single species with *sconsiderablyas collected together with population SCArrows indicate limits
geographic variation,ss perhaps warranting some of the range of sinistral whelks (site abbreviations, see Table 1)
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Table 1 Busyconspp. Locality data, voucher material, sequenced specimens, and sequence accession numbers for taxa used in this study
(HMNS Houston Museum of Natural Science;USNM National Museum of Natural History, Smithsonian Institution; N B. Carica)

Population N Collection site and period Voucher material Specimens GenBank accession

abbreviation sequenced number

NJ 26 Delaware Bay, O Cape May, New Jersey USNM 1012273; 3 AY194561...AY194563
(39 03.40N; 74 45.9W), trapped, 6...15 m, HMNS 52423
Aug 1998

SC 34 Between Georgetown and Charleston, primarily ~ USNM 1021631; 5 AY194565...AY194569
Debidue Island, South Carolina (3322d\; HMNS 52424
79 21.38V), commercial trawlers, Feb 1998

GA 30 St. Simons Sound, near Brunswick, Georgia USNM 1021632; 8 AY194570...AY194577
(31 07¢N; 81 19&V), commercial trawler, HMNS 52425
Mar 1998

KY 40 Marvin Key (o Sugarloaf Key, Florida USNM 1021633; 4 AY194578...AY194581
(24 38.9N; 81 34.20V), intertidal sand HMNS 52426
"ats, Feb 1997

CSs 33 Blind Pass, between Sanibel and Captiva USNM 1021634; 2 AY194582...AY194583
Islands, Florida (26 31¢N; 82 114V), HMNS 52427
intertidal sand "ats, Feb 1997

SA 30 Longboat Key, W of Sarasota, Florida (27 204N; USNM 1021635; 2 AY194584...AY194585
82 33eV), intertidal sand "ats, Feb 1997 HMNS 52428

TX 31 N side of Christmas Bay, Texas (2905¢; USNM 1021636; 5 AY194586...AY194590
95 10&V), intertidal sand "ats, Nov 1997 HMNS 52429

YU 21  Celestun, Yucatan, Mexico (20400N; 90 33V), USNM 854842; 3 AY194501...AY194593
adults in 5...8 m, juveniles in 0...1 m, May 1997 HMNS 52430

N 40 Between Georgetown and Charleston, USNM 1009402; 1 AY578710
primarily Debidue Island, South Carolina HMNS 52431
(33 224N; 79 21.3W), commercial trawlers,
Feb 1998

Busycon carica Woods Hole, Massachusetts, USA USNM 1021638 1 AY194560

Busycon caricd Cape Henlopen, Delaware, USA USNM 888705 1 U86306

Busycc;ltypus canal- Cape Henlopen, Delaware, USA USNM 888706 1 u86307

iculatu

Melongena melon- Celestun, Yucatan, Mexico, 0...1 m USNM 1021639 1 AY194558

gena

Melongena corona  Sanibel, Florida, USA, 0...1 m USNM 1021639 1 AY194559

@Data from Harasewych et al. 1997b

designations, sample sizes, voucher information, num- A fragment of the mitochondrial COl gene was
ber of individuals sequenced for COIl, and GenBank ampli“ed using the seuniversales COI primers of Folmer
accession numbers for each of the sampled populationset al. (1994). Typical ampli“cation reactions of 50ul
is provided (Table 1). The table also includes data on contained 200...500 ng of genomic DNA (determined
outgroup taxa used in DNA sequence...based phylogeempirically), 1.25 U of Amplitag Gold polymerase
netic analyses. (Perkin-Elmer), 10 pl of dNTP, 0.25 uM of each primer,
1.5 mM MgCl,, and 5ul of 10- Perkin-Elmer PCR
reaction buer. Our thermal cycler parameters were
COlI sequences 10 min at 95 C, followed by 30 cycles of 45 s at 94,
45 s at50C, and 90 s at 72C. A 5 min “nal extension at
Snippets of red buccal muscle from 32 individual speci- 72 C followed the 30 cycles. Ampli“cation of fragments
mens of sinistral whelks (3 NJ, 5 SC, 8 GA, 4 KY, 2 CS, of the expected size was veri“ed by agarose gel electro-
2 SA, 5 TX, 3 YU), 2 specimens of Busycon carica phoresis. The PCR-ampli“ed DNA samples were wa-
(Gmelin, 1791) (1 from South Carolina and 1 from shed with isopropanol, concentrated with a
Massachusetts) and single specimens dflelongena microconcentrator, and sequenced on an Applied Bio-
melongenalLinn€, 1758) andM. corona(Gmelin, 1791) systems 377A automated DNA sequencer using "uo-
were subjected to DNA extractions using a modi“ed rescence dye terminator sequencing kits.
CTAB technique, following the protocol of Adamkewicz These newly produced sequences and previously
and Harasewych (1996), as modi“ed by Harasewych determined sequences f@usycon caricand Busycotypus
et al. (1997a) (Table 1). Small shreds of muscle werecanaliculatus (Linn€, 1758), both from Delaware Bay
ground in CTAB bu er at 60 C; the DNA was extracted (Table 1), were aligned using CLUSTAL W (Thompson
twice with chloroform/isoamyl alcohol 24:1 and pre- et al. 1994), with minimal manual modi“cation. The
cipitated in a sodium acetate ethyl alcohol solution. The aligned sequences were subjected to maximum-parsimony
DNA pellet was washed in 70% ethyl alcohol, dried, and analyses (branch and bound) using PAUP version 4.0b10
dissolved in TE bu er. (Swo ord 1998), with characters equally weighted.
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Bootstrap and jackknife analyses (1,000 replicates) werecharacterized as white, yellow, pale orange, orange,
performed using the ssfastes step-wise addition option.  purple, brown, or multicolored.

Several individuals (male and female) from each
population were dissected in toto, and structures of the
alimentary and reproductive tracts were examined using
a dissecting microscope. The busyconine whelks produce
three teeth per radular row, a central rachidian tooth
"anked by a pair of lateral teeth (Fig. 2A...C). The length
and number of tooth rows on the radular ribbon were
recorded, as was the number of tooth cusps in rows 10,

Allozymes

For analysis of allozyme polymorphism, samples of foot
muscle were homogenized in 0.05 M Tris tissue bu er
(pH 7.5) and centrifuged, and the supernatant was sub-
jected to horizontal starch gel electrophoresis (Dillon

1985, 1992). The 14% gels were a 1:1 mixture of Elec- L X
; . . . X 50, and 75 for 20 individuals per population. Our pre-
trostarch (Otto Hillar, Madison, Wisconsin) and Sigma liminary observations revealed substantial variation

starch (Sigma Chemical, St. Louis, Missouri). Initially, s . N
we compared the allozyme phenotypes of small Samples(both within single radular ribbons and among individ

X . : uals) in cusp patterns on lateral teeth, but negligible
Kaosrgl\?e(zjlsu%?rrlztg Ft))apeurlzggpesngggﬁggz:ilg?a.tgapzlr(c:)?/i(gle)]w variation within radular ribbons in cusp patterns on
enzymes. The following combinations yielded clear rachidian teeth. For each individual, the cusps counted

. . on the three pairs of lateral teeth were added to produce
polymorphisms interpretable as the products of codom- . . . :
inant Mendelian alleles. The AP6 bu er of Clayton and a single variable, while the modal cusp count on a single

: rachidian tooth was recorded.
Tretiak (1972) was used to resolve glucose-6-phosphate Morphological analysis was based on both qualita-

isomerase Gpi), mannose-6-phosphate isomerasdpi), .. . ; .
; tive anatomical observations and data on 13 quantita-
pho;phogluc_omutas_e (two loci, PgmF and Pgms), tive characters per individual: live weight, 2
Ieucm(e_l a(;r;ll)nopedptédars]e Kﬁp)’l hexanoclj ﬁegydroge- measurements and 1 count taken on the shell, 1 mea-
nase Hexdh), and 6-phosphogluconate dehydrogenase '
. surement and 3 counts taken on the radula, and 5
(6Pgq. As Busyconspp. 6Pgd apparently carries a po- nominally scaled shell characters (2 binary and 3 with 8

f(let\ll\gs ;lhf;ﬁﬁ ea; ofr;'a?, :Idegllﬁi{[e r.l?ﬁghéﬁgcnonrﬂeﬁﬁgfs states). Sample sizes were approximately 30 individuals
g€l p Y- per population for the shell characters, but loss or

bu er of Poulik (1957) was also used forHexdh, as well
as for octopine dehydrogenaseddh). A tris-EDTA-bo- g:)%zﬂ?gggn reduced the radula data sets to 12...20 per

rate bu er (pH 8, |1l of Shaw and Prasad 1970) was used None of these variables were expected to be normally

to resolveMpi and Odh. distributed. Even the continuously distributed variables

The allele encoding the most common allozyme band .
at each of the eight putative loci analyzed foB. carica were recorded from populations truncated by the sam-
ling process, and hence were expected to be skewed.

was named 100, and all other alleles were named b . o
onparametric statistics were therefore employed

tmhzarggggt%ndn:nﬁr';georgU(:tv\?hgftge tgi trzlgrsﬁlailgr?na:/sés throughout the analyses. Initial observations suggested
) polymorp that much variation in shell morphology might be cor-

apparent in one set of bu ering conditions but obscured elated with overall individual size. As mean shell

in another, alleles were designated F (s+fast-+) and 5!Tengths and wet weights di ered strikingly among the

(esslowes). Gene frequencies, “ts to Hardy...Weinberqe. - : )
4 . . ight sinistral populations (partially as a consequence of
expectation (pooling rare alleles), values of Neiss (1978)thg diverse spargpling me(:[t)hods)y it was negessary to

unbiased genetic identity, and Cavalli-Sforza and Ed- . . X ;
wardse (1967) chord distances were calculated usingﬁxamIne each morpholog!cal varla.tble for eects.a.ttrlb
table to overall size using median tests. Individuals

Biosys-1 (release 1.7, Swoord and Selander 1981)?Nere pooled across populations, divided into two groups

Neis distance assumes equal evolut[onary rates %%t their combined median shell length (142.5 mm), and
change among lineages, while chord distances do not

(Weins and Servedio 1998). We used step s-clusteres Ot?ach of the remaining 12 variables tested for a signi*-
Biosys-1 to analyze symmetric matrices of both thesecant di erence using chi-square statistics, with Yates

o)~ . : X correction in 2- 2 cases.
statlstlgs using the unweighted pair group (UPGMA) The combined sample of three Atlantic populations
method.

had signi“cantly greater shell length than the combined

sample of “ve Gulf populations. In order to facilitate a
Morphology comparison between these two combined groups for the

12 other variables, the two groups were plotted in 20-
Each snail was blotted dry, weighed, and its standard mm shell-length categories, overlain, and trimmed.
shell length measured from apex to tip of siphon. The Cases were excluded “rst on the basis of the complete-
number of spines on the “nal whorl was counted, and ness of their data record, then randomly. After trim-
the length of the penultimate spine was measured with ming, Mann...Whitney U-tests were used to compare
calipers. Shells were scored for presence or absence ditlantic and Gulf samples for the seven variables of
apertural lirae and a tumid ridge. The color of the ordinal or interval scale, and chi-square tests were used
siphonal canal, parietal callus, and aperture were for the “ve variables of nominal scale.
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Fig. 2A-H Busyconsp.
Scanning electron micrographs
of radulae: A-C overall; D, E
rachidian tooth detail;, F-H
lateral tooth detail. A, E, F and
G, population CS;

B, population TX; C, D, and
H,population YU

(homozygotes for the most common allele, common/rare
Results heterozygotes, and other), a total of 53 goodness-of-t
o ) ) chi-square tests were possible within populations. Only
The sample of 32 sinistral whelks yielded 20 dierent {nree of these tests returned values of chi-square nomi-
COl sequences (presumed haplotypes) of 561 base pairga)ly signi“cant at the 0.05 level (ap in populations KY
(bp). The maximum sequence divergence recorded bezng yU, Gpiin population NJ), a result we attribute to
tween two individuals (KY23 and GA3) was 11bp e | statistical error. The genetic divergence among the
(1.96%). The minimum sequence divergence between argignt sinistral populations was highly signi“cant. Even
individual of Busycon_ carica[specimens from_ Delawafe the most similar pair of populations, SC and GA, dif-
(DE) and South Carolina (SC) were equally divergentin fereq signi“cantly at three loci (Fisheres exact tests for
tree 1] and the most similar sinistral whelk (TX17) was Gpi and Mpi, pooling rare alleles, a chi-square test for
21 bp (3.74%). Phylogenetic analysis yielded two most- gpgq with 3 df). Most strikingly, there was a “xed dif-
parsimonious trees (diering only in the resolution ference between the three Atlantic populations and the
among the three specimens oB. carica) of 208 steps «e populations from the Gulf of Mexico at the PgmF
(Fig. 3). The sinistral whelks grouped into a Yucatan locus, and di erences were nearly “xed at theGpi and
clade, an Atlantic clade, and a clade from the Gulf coast Mpi loci (Table 2).
of Florida, while the Texas snails lacked a unifying Our UPGMA cluster analyses of Neiss genetic simi-
apomorphy to distinguish them as a clade, or to unite |5ty and of Cavalli-Sforza and Edwardse chord dis-
them with either the Atlantic clade or the Gulf Coast of 54ce returned a pair of dendrograms identical in
Florida clade. _ _ _ _ _ topology. The result of the analysis according to Nei is
Gene frequencies at eight putative loci encoding al- shown in Fig. 4, with a percent standard deviation of
lozyme polymorphisms are given in Table 2. Fits 0 107 and a cophenetic correlation of 0.975. The three

Hardy...Weinberg expectat!on within populations Were south Florida populations in the Gulf of Mexico (sep-
excellent in most cases. With pooling into three classes



Fig. 7 Busyconspp. Shell lengths of sinistral whelks, pooled across
populations, divided by the Florida peninsula. Length categories
are minima. Fractions in the “lled regions were analyzed for

di erences with respect to 12 other morphological variables;

fractions in open regionsvere excluded

by crushing predators, almost certainly stone crabs,

while those from the shallows were not. We subse-
guently examined a second sample of 58 individuals

from varying depths o the Yucatan Peninsula (shell
only) to test for a relationship between heavy spines and
evidence of attack by crushing predators. Although 25

of the 42 shells bearing heavy spines and tumid ridgesAb

did in fact display observable shell damage, the trend
was not signi“cant (Fisheres exact testP=0.36).

The shells of the Texas whelks also appeared mor-

phologically distinctive in several respects, most notably
in the larger number of spines per whorl and shorter

1177

Yucatan peninsula, B. perversum sinistrum(Hollister
1958) inhabiting the northern Gulf of Mexico, and
B. perversum laeostomuniKent 1983) on the Atlantic
coast. Our allozyme data further suggest that Atlantic
populations of B. perversum laeostomurare more sim-
ilar to the (dextral) populations of B. carica with which
they co-occur than to Gulf populations of B. perversum
sinistrum

The earliest sinistral whelks (assigned to the genus
Sinistrofulgur Hollister, 1958 by Petuch 1994) appeared
in the early Pliocene fossil record of the Carolinas, and,
during the Pliocene, radiated north, south, and west
across Florida and into the Gulf of Mexico (Leidy
1889; Grabau 1903; Puer and Emerson 1954; Petuch
1994, 2003). There are at least 20 nominal Pliocene...
Pleistocene fossil sinistraBusyconspecies from Florida
and the Carolinas (Conrad 1845; Hollister 1958; Petuch
1994, 2003). The evolution of sinistrality in the busyc-
onine whelks will be a challenging subject for future
studies.
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