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INTRODUCTION

Loliginid squids (Loliginidae, Cephalopoda) are mo-
bile, schooling, carnivorous members of the nearshore
and continental shelf ecological communities world-
wide. Aside from playing a central role in trophic feed-
ing regimens, loliginids are the object of major fish-
eries, many of which target squids when they aggre-
gate to spawn. Loligo pealeii is a heavily exploited and
valuable commercial resource in the northeastern USA
(Summers 1983, Brodziak & Macy 1996, Cadrin & Hat-
field 1999). Several authors have emphasized that tar-
geted fishing on squid spawning grounds should be
studied in the context of their short life cycle, their re-
productive strategies and subsequent population re-

cruitment (e.g., Summers 1983, Boyle et al. 1995, Boyle
& Boletzky 1996, Hanlon 1998, Rodhouse et al. 1998).

Previous behavioral observations suggested that
female Loligo pealeii commonly mate with multiple
males within a short time period (minutes/hours) on
inshore communal spawning beds off Cape Cod (Han-
lon 1996, Hanlon et al. 1997). Large males form con-
sortships with females while small males exhibit sneak-
ing tactics to gain extra-pair copulations. Females mate
frequently with both consort and ‘sneaker’ males over
the course of laying tens of egg capsules (each capsule
is a gelatinous strand containing 100 to 300 eggs). Two
copulatory positions have been observed. Parallel mat-
ings, typical of consort males, result in the deposition
of spermatophores in the mantle cavity near the fe-
male’s distal oviduct. Head-to-head matings, typical of
sneaker males, result in deposition of spermatophores
in the female’s seminal receptacle, located below the
mouth. Multiple matings and separate sperm deposi-
tion areas suggest that females have access to sperm
from several males. These behavioral dynamics indi-
cate that multiple paternity may be common within
communal egg beds of squid and within individual egg
capsules.
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ABSTRACT: Previous behavioral observations of Loligo pealeii revealed the potential for multiple
paternity within individual egg capsules, each containing 100 to 300 eggs. Five egg capsules, sam-
pled from 3 nearshore locations over 2 yr, were tested for multiple paternity using 3 microsatellite
loci. The minimum number of potential fathers was derived from the number of different alleles pre-
sent in the progeny. All 5 egg capsules exhibited multiple paternity: genetic markers of at least 4
fathers were found in 2 egg capsules; at least 3 fathers were found in 1 egg capsule, and at least 2
fathers were found in the remaining 2 egg capsules.
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Providing genetic data to complement detailed
behavioral observations of multiple paternity enables
resolving power for understanding mating systems.
Microsatellite loci are a useful method for paternity
analysis because they are generally highly polymor-
phic and have high levels of heterozygosity (Tautz
1989, Queller et al. 1993). Multiple paternity has been
determined in a wide variety of invertebrate and verte-
brate species (e.g., Travis et al. 1990, Parker & Korn-
field 1996, Moran & Garcia-Vazquez 1998, Baker et al.
1999, Zane et al. 1999), but only in 1 cephalopod, the
North Atlantic congener Loligo forbesi (Shaw & Boyle
1997). Here we examine the frequency of multiple
paternity in field-collected egg capsules of L. pealeii,
and we consider implications for management of the
squid fishery.

METHODS

Sample collection. Egg capsules of Loligo pealeii
were collected incidentally while trawling for adults or
while hauling lobster traps in Vineyard and Nantucket
Sounds off Cape Cod. Exact locations were: Lucas
Shoal (41° 25’ 43’’ N, 70° 44’ 47’’ W) in September 1998;
Horseshoe Shoal (41° 30’ 32’’ N, 70° 16’ 45’’ W) in June
1999, and Menemsha Bight (41° 22’ 14’’ N, 70° 45’ 52’’ W)
in July 1999. The September 1998 clutch (1 egg clutch
contains between 10 and 300 egg capsules) contained
approximately 120 egg capsules; from these, Egg Cap-
sules 1 to 3 were sampled randomly. The June and July
1999 collections were smaller clutches containing
fewer egg capsules (20 to 30); 1 egg capsule was cho-
sen randomly from each clutch (Egg Capsules 4 and 5).
Egg capsules were incubated separately and allowed
to hatch in a large petri dish. Free-swimming hatch-
lings (30 to 60 individuals, or 22 to 57% of the progeny
within each egg capsule) were sampled randomly and
stored at –80°C in 96-well microtiter plates. To calcu-
late allele frequencies and heterozygosities (used to
assign paternal genotypes), 75 adults were sampled
randomly from trawl catches throughout the 1999
inshore spawning season. Tissue was collected from
arm tips or gill tissue and frozen at –80°C.

DNA extraction and amplification. Genomic DNA
was extracted from 20 to 40 mg of adult arm tip or gill
tissue by a variation of the phenol/SDS procedure (Ma-
niatis et al. 1982), and from hatchlings by placing tissue
in lysis buffer (10 mM Tris-HCl, pH 8.0, 1.0 mM EDTA,
0.3% Tween, 0.3% NP40) followed by overnight diges-
tion with Proteinase K at 55°C. Adults and hatchlings
were genotyped by determining alleles at 2 hyper-
variable microsatellite loci developed specifically for
Loligo pealeii (Lp1 and Lp4; GeneBank Accession Nos.
AF165913 and AF169208) and at 1 moderately variable

locus adapted from a congener species, L. forbesi
(Lfor3; Shaw 1997; GeneBank Accession No. U66149).
Microsatellite loci were amplified using the polymerase
chain reaction (PCR). Primer sequences and specific
PCR conditions for each locus are given in Maxwell et
al. (2001). PCR products were separated on a 6% dena-
turing polyacrylamide gel, and analyzed on a Li-Cor
4000 model sequencer (Fig. 1). Fragment sizes were de-
termined by comparison to commercial size standards
(Li-Cor) using GelPro Analyzer software (Media Cyber-
netics, Silver Spring, Maryland). Hatchlings from indi-
vidual egg capsules were run on a single gel or along
with individuals of known size to verify allele sizes
among offspring of each egg capsule. Allele sizes
among egg capsules were compared by running sev-
eral hatchlings from each egg capsule to include all
alleles expressed at each of the 3 loci.

Analysis of paternity. Although it was not possible to
determine the exact number of potential fathers, the
minimum number of fathers was derived from the
number of different alleles present in the progeny.
Since each egg capsule is extruded by a single female,
the presence of more than 4 alleles at a single locus,
among the hatchlings of an egg capsule, indicated
more than 1 father. For example, an egg capsule in
which 6 different-sized alleles were present among the
hatchlings, when all individuals were heterozygous,
indicated 2 potential fathers (2 alleles inherited from
the mother and 4 alleles inherited from the 2 potential
fathers). An egg capsule that had 6 different alleles
present among the hatchlings, with some homozygous
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Fig. 1. Loligo pealeii. Gel image of IRD 800-labelled PCR
products from 5 of 34 hatchlings sampled from Egg Capsule 4,
at Loci Lfor3, Lp1, and Lp4. Individuals from each locus are 

separated by 350 bp-size standard markers (M)
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hatchlings at 1 of the maternal alleles, indicated 3
potential fathers (2 alleles inherited from the mother
and 4 alleles plus 1 shared with the mother inherited
from the 3 potential fathers). Putative maternal alleles
were recreated by comparing hatchling genotypes
at each locus from individual egg capsules. Paternal
alleles were inferred by logic based on evidence of
Mendelian inheritance and codominance obtained at
these loci (Maxwell et al. 2001). Alleles present in
hatchlings that were different from the recreated
maternal genotype, or alleles that appeared homo-
zygous in some hatchlings, were considered to have
come from potential fathers. These paternal alleles
were apportioned among possible male genotypes,
with the assumption that all males were heterozygous
(see ‘Results’ for heterozygosities of individual loci),
using a binomial probability method described by
Parker & Kornfield (1996). The percent of offspring
fathered by each hypothetical male was determined by
adding the total percentage of hatchlings expressing
each allele of a particular male genotype. Heterozy-
gosity (h) was calculated at each locus from allele fre-
quencies obtained from the population sample of 75
adults, using Nei’s (1987) unbiased estimate:

(1)

where n = number of individuals sampled, pi = popula-
tion allele frequency, and m = number of alleles pre-
sent. The value ĥ is maximized at 

(2)

RESULTS

The number of alleles present at each locus indi-
cated multiple paternity in all 5 Loligo pealeii egg cap-

sules; the minimum number of fathers ranged from 2 to
4 (Table 1). For example, Egg Capsule 1 was fathered
by a minimum of 4 possible males, as estimated using
hypervariable Locus Lp1. Egg Capsule 1 exhibited 5
male alleles at Locus Lp4 (i.e., 177, 194, 186, 312, and
221), 7 male alleles at Locus Lp1, and 3 male alleles at
Locus Lfor3. Hypothetical male genotypes for each
locus and the percentage of fertilizations achieved by
each are listed in Table 1. The percentage of fertiliza-
tions achieved by multiple fathers varied among the
egg capsules. Fertilization success of individual males
ranged from 1.5 to 98.5%. Fig. 2 highlights the mini-
mum number of fathers represented in each egg
capsule and the percent of offspring fathered by each
male using hypervariable Locus Lp1.

Egg Capsules 2 and 3 appear to have been laid by
the same female; the putative female alleles were
identical at the loci examined. Egg Capsule 1 did not
have maternal alleles in common with Egg Capsules 2
and 3, indicating that this large clutch was a result of at
least 2 females mating with many different males
(Table 1).

The number of alleles present in the population sam-
ple of 75 adults was 34 at Locus Lp1, 20 at Locus Lp4,
and 12 at Locus Lfor3. Observed heterozygosities were
95.5% for Lp1 (Hmax = 97.7%), 93.0% for Lp4 (Hmax =
95.6%), and 86.4% for Lfor3 (Hmax = 92.3%); the ob-
served ĥ values were used when calculating the possi-
ble male genotypes shown in Table 1.

DISCUSSION

The most important result is the evidence of multi-
ple paternity in all 5 Loligo pealeii egg capsules, both
within clutches and from clutches collected in differ-
ent locations and years. First, all egg capsules had
multiple fathers (Table 1). Second, 3 egg capsules
from a single large clutch in 1998 (Egg Capsules 1, 2,
3; Table 1) indicated 2 different females mating with
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Fig. 2. Loligo pealeii. Percent offspring fathered by different males, determined by using hypervariable Locus Lp1. See ‘Results’ 
for details. n = number of hatchlings sampled from that egg capsule, t = total number of hatchlings in egg capsule
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several males. Female L. pealeii can lay substantial
clutches (maximum of 104 to 107 egg capsules per
clutch, with an average of 20 to 39 egg capsules per
clutch: Maxwell & Hanlon 2000). Third, the 2 smaller
clutches sampled in 1999 also showed multiple pater-
nity within Egg Capsules 4 and 5. These clutches may
not have been the result of large aggregations, but
perhaps were laid by a smaller number of individual
squids. Interestingly, Egg Capsule 4 was one of the

egg capsules with the highest number
of potential fathers (at least 4 males
were represented), suggesting that a
large aggregation may not be neces-
sary for multiple paternity to occur;
additional support for this possibility is
that females could store sperm from
multiple males. Fourth, in each egg
capsule, a single male made a greater
contribution to paternity (57 to 94%)
than other males (4 to 39%) (Fig. 2).
Additional work is required to under-
stand the mechanisms of sperm prece-
dence or cryptic female choice (Eber-
hard 1996).

Our field observations indicate that
multiple copulations by females result
in multiple paternity in Loligo pealeii
both within clutches and within indi-
vidual egg capsules. Males have multi-
ple mates as well, either forming new
consortships or acting as sneakers with
different females (Hanlon 1996, Hanlon
et al. 1997). Behavioral evidence shows
that consortships are temporary. In
the field, lone large males usurp con-
sortships (Hanlon & Shashar unpubl.
data); in captivity, consortships last 1 to
2 h on average (Maxwell unpubl. data).
Shaw & Boyle (1997) were the first to
demonstrate multiple paternity in field-
collected squid egg capsules. Their
results with L. forbesi (from a total of 4
egg capsules collected from 2 clutches)
showed genetic markers of at least 2
potential fathers in 3 egg capsules, and
indirect evidence (skewed allelic distri-
bution) of more than 1 father in 1 egg
capsule. Our study indicated a slightly
higher level of multiple paternity per
egg capsule, possibly due to a larger
sample size per egg capsule (e.g., 30 to
60 vs 10). However, the small number
of egg capsules sampled in both studies
gives little power for comparison be-
tween species.

It is reasonable to expect that a population with a
polygamous mating system will exhibit high allelic
diversity (Sugg & Chesser 1994, Parker & Kornfield
1996, Moran & Garcia-Vaquez 1998). Indeed, the ob-
served heterozygosity values for all 3 loci in this study
are near maximum values. The maintenance of genetic
variability within populations is regarded by conserva-
tion biologists as an important key to population viabil-
ity (Lande 1988). A high frequency of multiple pater-
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Table 1. Loligo pealeii. Multiple paternity and percent of offspring fathered by
different males assessed using 3 independent microsatellite loci amplified from
5 egg capsules (sampled from 3 clutches) collected from the wild. Genotypes 

are denoted as number of base pairs comprising the allele

Locus Putative female Possible male Min. no of fathers % offspring
genotype genotypes represented fathered

Egg Capsule 1 (Sep 98)
Lp4 186/221 177/194 3 88.7

186/312 5.65
221/312 5.65

Lp1 307/381 273/381 4 69.7
307/249 25.0
238/268 2.65
238/312 2.65

Lfor3 108/117 105/108 2 98.5
114/mat.a 1.5

Egg Capsule 2 (Sep 98)
Lp4 171/180 194/171 2 77.2

180/165 22.8
Lp1 230/249 268/249 3 56.5

230/249 39.1
243/252 4.4

Lfor3 108/111 108/111 2 53.5
123/mat.a 46.5

Egg Capsule 3 (Sep 98)
Lp4 171/180 177/194 2 95.2

165/mat.a 4.8
Lp1 230/249 230/268 2 72.0

238/249 28.0
Lfor3 108/111 ? ? ?

Egg Capsule 4 (Jun 99)
Lp4 168/194 183/171 3 63.3

168/174 30.6
186/204 6.1

Lp1 243/249 230/254 4 64.6
243/361 20.6
249/258 9.0
294/243, 249, or 258 5.8

Lfor3 108/126 117/123 2 76.4
111/114 23.6

Egg Capsule 5 (Jul 99)
Lp4 177/183 171/231 2 97.8

204/mat.a 2.2
Lp1 254/268 268/254 2 94.0

238/243 6.0
Lfor3 108/117 108/117 1 100

aGenotype includes 1 of the 2 maternal alleles
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nity is expected to dramatically increase effective pop-
ulation size and allow populations that are fluctuating
in abundance to maintain a high level of genetic varia-
tion (Chesser & Baker 1996, Zane et al. 1999). Loligo
populations are thought to fluctuate due to environ-
mental factors as well as fishing pressure (Boyle &
Boletzky 1996, Cadrin & Hatfield 1999). This initial
demonstration of a high frequency of multiple pater-
nity may provide some biological rationale for fishery
managers to allow targeted fishing on inshore squid
spawning grounds. However, the role of genetic varia-
tion in a population’s resilience to short-term change,
such as mortality in the form of commercial harvesting,
warrants further investigation.
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