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Abstract Accurate species identiWcation of decapod crus-
tacean larvae is required to understand their population dis-
tributions, life cycle dynamics and interactions with their
habitats. Analysis of plankton samples using morphological
taxonomic methods and microscopy is time-consuming,
requires highly skilled and trained operatives and may often
be inaccurate. As complementary tools to classical identiW-
cation methods, recent work has focused on the develop-
ment of molecular approaches and shows their feasibility
for species-speciWc identiWcation. This study has developed
real-time PCR assays utilising species-speciWc Taqman®

probes designed in the cytochrome oxidase I (COI) gene of
Liocarcinus depurator, Necora puber, Carcinus maenas
and Cancer pagurus. Our study then employed the probe
and primers designed for L. depurator to obtain accurate
identiWcation and relative abundance estimates of L. depu-
rator larvae in plankton samples collected between March
2005 and October 2006. Ranges of larval abundances were
derived from a standard curve created from plankton sam-
ples spiked with a known number of larvae reared in the
laboratory. Inhibition of the PCR reaction was shown to be
an important factor and our results suggested that 0.1 ng of
DNA as template provided accurate identiWcation and
avoided inhibition. Real-time PCR was shown to provide
accurate species identiWcation on unsorted plankton samples

and could be suitable for the estimation of larval abun-
dances in the plankton, although more work must be done
to improve the accuracy of those estimations.

Introduction

Fisheries of decapod crustaceans are important economic
resources, with many species of crabs, lobsters and shrimps
being exploited around the world and of high importance in
terms of landings and value. Besides the economic impor-
tance of decapod Wsheries, adult decapods are important
components of marine food webs, particular in coastal eco-
systems, for their abundance and diversity. Their larvae
can, at times, be abundant in the plankton and constitute an
important part in the diets of many larval and juvenile Wsh
(Bromley et al. 1997).

The taxonomy and identiWcation of marine zooplankton
has traditionally been based on morphological characteris-
tics visualised using a light microscope. Developing the
necessary skills for this identiWcation requires a great deal
of training, experience and dedication and usually requires
a long time to process plankton samples. Independent of the
degree of such expertise, the phenotypic variability caused
by environmental factors increases the uncertainty in the
identiWcation of many species (Gimenez 2006). Further-
more, specimens preserved for long times or damaged dur-
ing collection can be simply impossible to identify.

For decapods, whose larvae undergo great morphologi-
cal changes between developmental phases, accurate identi-
Wcation of some species can be especially diYcult or
simply impossible even for expert taxonomists. Such is the
case for the genus Liocarcinus (Stimpson, 1871) (subfamily
Polybiinae, family Portunidae), represented in the north-
eastern Atlantic by seven species: L. arcuatus (Leach,
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1814), L. corrugatus (Pennant, 1777), L. depurator (Lin-
naeus, 1758), L. holsatus (Fabricius, 1798), L. marmoreus
(Leach, 1814), L. pusillus (Leach, 1815a) and L. zariquieyi
(Gordon, 1968) (Ingle 1992). The complete larval develop-
ment has been described from reared material for all except
L. zariquieyi. Clark (1984) and Kim and Hong (1999)
examined and compared Liocarcinus species (except L.
zariquieyi), concluding that there is no single morphologi-
cal character valid for species identiWcation in the zoeal
stages. In the study area, only L. zariquieyi and L. arcuatus
are not expected to be present. L. depurator and L. holsatus
have been recorded previously (d’Udekem d’Acoz 1999)
and although we do not have previous records for the other
species, their distribution indicates that their presence in the
area can be expected.

ReXecting the problems associated with identiWcation of
many other taxa, there have been many reports of molecular
techniques developed to provide accurate identiWcation.
Examples of molecular approaches applied to larval identi-
Wcation include species-speciWc oligonucleotide probes
(Medeiros-Bergen et al. 1995); restriction length polymor-
phism (RFLP) analysis (Lindeque et al. 1999, 2004, 2006;
Eimanifar et al. 2006; Wang et al. 2006); species-speciWc
random ampliWed polymorphic DNA (RAPD) markers
(Hughes and Beaumont 2004); DNA sequence comparison
(Øines and Heuch 2005); multiplexed species-speciWc
polymerase chain reaction (PCR) (Bucklin et al. 1999; Hill
et al. 2001; Hare et al. 2000) and two-step nested PCR
(Deagle et al. 2003). Recently, real-time PCR has been
applied to the identiWcation of marine invertebrate larvae
and Wsh eggs and larvae (McBeath et al. 2006; Vadopalas
et al. 2006; Fox et al. 2005; Watanabe et al. 2004; Taylor
et al. 2002). The success obtained by those authors and the
speciWcity, speed, sensitivity and possibility of develop
quantiWcation assays, indicated that this technique would be
suitable for the work reported here.

The mitochondrial cytochrome c oxidase subunit I (COI)
gene is a common target in phylogenetic and taxonomic
analysis and it has been reported to enable the discrimina-
tion of closely allied species in all animal phyla except
Cnidaria (Hebert et al. 2003). The COI gene has been
successfully employed as a molecular marker for species
identiWcation in previous studies on copepods (Bucklin
et al. 1999; Hill et al. 2001; Øines and Heuch 2005; McBeath
et al. 2006), and importantly, this gene has enabled the
design of robust primers (Folmer et al. 1994).

In this study the main objectives were: (1) to develop a
reliable real-time PCR assay for accurate decapod larvae
identiWcation from unsorted plankton samples, including
the design of speciWc probes and primers for L. depurator,
C. maenas, N. puber and C. pagurus; and (2) by the use of
the methodology developed, study temporal patterns of
abundances for L. depurator larvae.

Materials and methods

Field sampling, collection and rearing

During spring-summer of 2005, adult specimens of Liocar-
cinus depurator (subfamily Polybiinae, family Portunidae),
Necora puber (subfamily Polybiinae, family Portunidae),
Carcinus maenas (subfamily Carcininae, family Portuni-
dae) and Cancer pagurus (family Cancridae), were cap-
tured using traps placed oVshore around the Fisheries
Research Services monitoring station at Stonehaven
(56°57.8�N 02°06.2�W) in the western North Sea, south of
Aberdeen. The specimens captured were frozen to be used
for DNA extraction.

Plankton samples were collected weekly from February
2005 until October 2006, from the monitoring station at
Stonehaven, approximately where decapod adults were
captured, in »50 m water depth. One sample per month,
from March 2005, was allocated for abundance analysis for
L. depurator by real-time PCR, while the rest of the sam-
ples were used for preliminary tests. The sampling was car-
ried out using a 40 cm diameter Bongo net (composed by
two identical nets) of 200 �m mesh size, towed obliquely
from the surface to »5 m above the seabed. Since no Xow-
meter was Wtted to the net, the Wltered volume was esti-
mated from the speed of the boat (2.5 knots), the haul
duration (4 min on average), the depth reached by the net
(45 m) and net mouth area (0.125 m2), and assuming 70%
eYciency. The average volume of Wltered water was 56 m3

per sample.
The Bongo net used provides two replicates per sample,

allowing the conservation of one of them for molecular
analysis and the other one for microscopy analysis if
required. One Bongo net plankton sample was immediately
preserved in 4% borax buVered formaldehyde in seawater
and the other sample was preserved in 100% ethanol (for
molecular analysis). The alcohol was changed after 24 h,
allowing a ratio of at least 3:1 alcohol:plankton volume,
and samples were stored at 4°C.

Larvae of L. depurator were obtained from an ovigerous
female collected in the same area by traps. The berried crab
was maintained in sea water at a temperature of 15°C and
gently aerated until the eggs hatched. Larvae at the zoea I
stage were collected in 100% ethanol and stored at 4°C to
be used as a positive material for plankton spiking.

DNA extraction

DNA was extracted from muscle obtained from the pereio-
pods of three adult specimens of Liocarcinus depurator,
Carcinus maenas, Necora puber and Cancer pagurus using
the DNeasy® Tissue Kit (Qiagen) following the manufac-
turer’s animal tissue protocol.
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Total DNA from plankton samples was extracted using
the same kit, with some modiWcations, as follows. Prior to
lysis, samples were Wltered and collected on an autoclaved
200-�m mesh of known weight and placed in a previously
weighed tube. Tests previously applied to the mesh showed
that it would not interfere in the PCR reaction (results not
shown). The ethanol was evaporated to allow measurement
of the dry weight. Each sample was resuspended in 360 �l
BuVer ATL (Qiagen) and 40 �l Proteinase-K (Qiagen) per
25 mg of sample and lysed at 55°C overnight. Following
lysis, 200 �l aliquots were used for DNA extraction. DNA
was eluted in 200 �l of Elution BuVer (Qiagen) and stored
at 4°C. The concentration of DNA was estimated by Xuo-
rometry, using PicoGreen® dsDNA Quantitation Kit (Invit-
rogen).

Whole larvae preserved in ethanol were rehydrated in
distilled water for 30 min at room temperature prior to
lysis. DNA from single and multiple whole L. depurator
larvae (1, 10 and 100 larvae) was extracted by incubation
overnight at 55°C in 100 �l of lysis buVer containing 1£
TE BuVer, 0.45% Tween 20 (Sigma), 0.45% IGEPAL-
CA630 (Sigma) and 20 mg ml¡1 proteinase-K (Sigma) fol-
lowed by heating at 95°C for 5 min to inactivate the
enzyme.

DNA sequencing

A fragment of approximately 700 bp of the mitochondrial
COI gene of three specimens of L. depurator, C. maenas,
N. puber and C. pagurus was ampliWed using the universal
primers LCO-1490 (5�–GGTCAACAAATCATAAAGATAT
TGG–3�) and HCO-2198 (5�–TAAACTTCAGGGTGA
CCAAAAAATCA–3�) (Folmer et al. 1994). PCR ampliWca-
tions were set up in 50 �l reactions containing 1£ NH4

BuVer, 1 mM MgCl2, 2 mM dNTPs (Invitrogen), 0.56 �M
each primer, 2.5 U Taq polymerase (Bioline) or 1£ Accu-
zyme BuVer, 1.5 mM MgCl2, 1 mM dNTPs (Invitrogen),
0.28 uM each primer and 2.5 U Accuzyme DNA polymer-
ase (Bioline). The cycling parameters included an initial
denaturation step of 94°C for 5 min, followed by 35 cycles
of 94°C for 1 min, 37°C for 1.5 min, and 72°C for 2 min
when using Taq polymerase, and 40 cycles of 94°C for
1 min, 37°C for 1 min and 72°C for 2 min when using
Accuzyme. In both cases a Wnal extension of 72°C for
5 min was carried out.

PCR products were puriWed using QIAquick Gel Extrac-
tion Kit Protocol (Qiagen) and the concentrations were esti-
mated on 1% ethidium-bromide stained agarose gel using a
Low DNA Mass Ladder (Invitrogen). PCR products were
ligated into pGEM®-T Easy Vector (Promega) and subse-
quently used to transform Select96™ Competent Cells
(Promega) following the manufacturer’s instructions.
Recombinant clones were screened for inserts of correct

size and positives were cultured and later puriWed using
QIA prep Spin Miniprep kit (Qiagen). The positive clones
were sequenced using the primers LCO-1490, HCO-2198,
T7(5�–TAATACGACTCACTATAGGG–3�) and Sp6(5�–
ATTTAGGTGACACTATAGAATACTCAAGC–3�), and Big
Dye™ Ready Reaction Mix Version 3.1 (Applied Biosys-
tems) according to the manufacturer’s protocol. Sequencing
was performed on an ABI 377 automated DNA-sequencer
(Applied Biosystems) and resulting sequences were ana-
lysed using Sequencher software (Gene Codes). A consen-
sus sequence for each species was obtained from the
alignment of sequences obtained: eight replicates for speci-
mens 1 and 2 and three replicates for specimen 3 in the case
of L. depurator; for N. puber, six replicates from specimen
1, eight for specimen 2 and two for specimen 3; for C. mae-
nas, nine, four and four replicates respectively, and for
C. pagurus a total of eighteen replicates were employed.

The consensus sequences were aligned to related species
available from GenBank using ClustalW. For L. depurator,
the alignment was performed with the species shown in
Table 1. The sequences of the other species of interest were
aligned to those species and others that were shown to be
related to them. Nucleotide sequences of L. depurator and
N. puber have been deposited in the GenBank database
under accession numbers DQ480363 and DQ480362
respectively.

Probe and primers design and real-time PCR

Suitable species-speciWc primers and Taqman®-MGB
probes for the four decapod species sequenced, L. depura-
tor, N. puber, C. pagurus and C. maenas (Table 2), were
identiWed using Primer Express Version 2.0 software
(Applied Biosystems), although only those for L. depurator
were applied to plankton samples. To ensure their speciWc-
ity and avoid potential cross-reaction, the sequences were
compared to the GenBank database using BLAST and the
best set of probe and primers for each species was chosen.
The probes were labelled on the 5�-end with the Xuorescent
reporter dye 6-carboxyXuorescein (FAM) and on the 3�-end
with a non Xuorescent quencher and a minor groove binder
(MGB). The FAM dye is separated from the quencher dur-
ing the reaction, causing a Xuorescent emission captured by
a detector while the reaction is proceeding. This real time
data allows setting a threshold at the moment when the
exponential phase of the polymerase chain reaction (PCR)
is happening and the amount of product is proportional to
the amount of starting template. The cycle number of the
reaction when the Xuorescence signal passes that threshold
is known as the Ct-value, thus higher Ct-values indicate
there is less starting template and vice versa.

All real-time PCR reactions were conducted in Micro-
Amp Optical 96-well reaction plates (Applied Biosystems)
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in a volume of 20 �l containing: 1 �l DNA template, 1£
Taqman® Universal PCR Mastermix, 900 nM each primer,
200 nM Taqman® probe, 1£ exogenous internal positive
control (IPC) primer and probe mix and 1£ exogenous IPC
target. Each plate also contained four no template controls
(NTC). DeWnitions for IPCs and NTCs can be found in
Table 3. The reactions were run on the ABI Prism 7000

Table 1 COI sequences aligned using ClustalW to design species-
speciWc probes and primers for L. depurator 

The COI sequences and others were used to design probes and primers
for N. puber, C. maenas and C. pagurus

Taxa Accesion number

Aegla obstipa AY595646

Callinectes sapidus AY682072

Cancer antennarius AF060773

Cancer borealis AF060767

Cancer branneri AF060774

Cancer gracilis AF060769

Cancer magister AF060766

Cancer novaezealandiae AF060768

Cancer oregonensis AF060772

Cancer pagurus AF060771

Cancer productus AF060770

Carcinus maenas (haplotype 1) AY616437

Carcinus maenas (haplotype 2) DQ523682

Carcinus maenas (haplotype 3) DQ523683

Carcinus maenas (haplotype 4) DQ523684

Carcinus maenas (haplotype 5) AY616438

Carcinus maenas (haplotype 6) AY616439

Carcinus maenas (haplotype 7) DQ523685

Carcinus maenas (haplotype 8) DQ523686

Carcinus maenas (haplotype 10) AY616440

Carcinus maenas (haplotype 13) AY616441

Carcinus maenas (haplotype 23) AY616442

Carcinus maenas (haplotype 24) AY616443

Carcinus maenas (haplotype 29) AY616444

Carcinus aestuarii (haplotyope 60) AY616445

Chionoecetes opilio AB211151

Eriocheir formosa AF105250

Eriocheir japonica AF105246

Hemigrapsus nudus AF060775

Hyas coarctatus alutaceus AB244632

Munida armilla AY350937

Necora puber DQ480362

Petrolisthes cinctipes AF060776

Portunus pelagicus AF082732

Portunus trituberculatus AB093006

Pseudocarcinus gigas AY562127

Rhithropanopeus harrisii DQ094789
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sequence detection system (Applied Biosystems) with the
following conditions: 50°C for 2 min; 95°C for 10 min; 45
cycles of 95°C for 15 s and 60°C for 1 min.

SpeciWcity and eYciency

Probes and primers designed for each of the four species
were tested on DNA extracted from adult tissue of conspe-
ciWcs, DNA from each other, DNA extracted from Inachus
phalangium (family Majidae)—which was commonly found
in the traps, and DNA extracted from one L. depurator larva.

The eYciency of the PCR chemistry for each set of
probe and primers (except for N. puber, which was not
evaluated due to limitation in time and resources) was
assessed using triplicate tenfold serial dilutions from DNA
extracted from adult tissue of every species. The slopes
from the calibration curves created with these serial
dilutions (where the Ct-values obtained are plotted versus
the logarithm of the dilution) were used to calculate
the eYciency of the PCR according to the equation
E = 10(¡1/slope) (PfaZ 2001).

Plankton trials

All subsequent tests on plankton samples were focused on
the detection of L. depurator. Their larvae can be found in
the water column throughout the year (Clark 1984; Martin
2000) so it is not possible to know a priori if they are absent
from a plankton sample. Initial tests were performed on
winter plankton samples (n = 4), when there is less likeli-
hood of Wnding L. depurator larvae in the water column. In
addition, artiWcial plankton samples were created (n = 2).
Real plankton samples were examined by microscope and
several specimens of all the taxa present, excluding any
decapod larvae, were removed to Wltered sea water. In this
way we ensured the absence of L. depurator. All these sam-
ples (the winter plankton samples and artiWcial plankton
samples) were divided into two subsamples (HML beaker
technique, van Guelpen et al. 1982), and one whole larva of
L. depurator was added to one of the subsamples in order to
test the capability of the technique to detect a single larva in
a mixed plankton sample.

The complexity of a real plankton sample, where many
inhibitors can be present and inXuence the results, was not
properly represented by the winter plankton samples, which
are too small compared with plankton samples from the rest
of the year, or by artiWcial plankton samples. For that rea-
son, new plankton samples (n = 4) were examined by
microscope and all brachyurans present were removed
(these samples were called “brachyuran negative samples”,
Table 3). The aim of these tests was to examine speciWcity
of the probe and primers, the PCR eYciency, the degree of
inhibition if any, and the appropriate dilution of extractedT
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DNA that should be used when analysing plankton sam-
ples. These plankton samples were lysed as described
above. After lysis, 100 �l aliquots were taken from two of
the brachyuran negative samples (tests 1 and 2) and the
lysate of 0, 1, 10 or 100 larvae was added to each aliquot.
The DNA was extracted and used undiluted, or in 10¡1 and
10¡2 dilutions, as templates in the real-time PCR.

Because adding larvae that had previously been lysed
could artiWcially increase the concentration of target DNA
and increase the degree of inhibition, in the other two
brachyuran negative samples (tests 3 and 4), the larvae
were added to the plankton samples without prior lysis.
After plankton lysis, four 200-�l aliquots were spiked with
0, 1, 10 or 100 L. depurator larvae. Another 180 �l of
buVer ATL and 20 �l of proteinase K were added to each
aliquot and lysis continued for another 8 h. DNA was
extracted from 200 �l of the lysate. Undiluted, 10¡1, 10¡2

and 10¡3 dilutions of the DNA extracted from each sub-
sample were used as template in the real-time PCR.
Besides, DNA concentration from the four aliquots spiked
with larvae was obtained by Xuorometery and 1, 0.1, 0.01
and 0.001 ng was used for real-time PCR analysis.

Application and semiquantiWcation

Three plankton samples were tested in order to Wnd an
appropriate sample to be used as a standard curve. This
standard would allow relative quantiWcation of L. depurator
in plankton samples. The samples were subsampled into
four equal parts (HML beaker technique, van Guelpen et al.
1982) spiked with 0, 1, 10 and 100 whole larvae respec-
tively. Subsamples were Wltered by a 200 �m mesh and the
ethanol was evaporated before addition of BuVer ATL and
proteinase-K. Following extraction, the concentration of
DNA was calculated by Xuorometry and 0.1 ng �l¡1 dilu-
tions were prepared. Tenfold dilutions from the subsample
spiked with one single larva were prepared, obtaining 0.01
and 0.001 ng �l¡1 of total DNA. Triplicate real-time PCR
reactions were performed for each dilution.

One of these samples tested was used to create a stan-
dard and Wve ranges of Ct-values were used, corresponding
with a range of numbers of larvae present in the samples:
lower than 1 larva, between 1 and 10 larvae, between 10
and 50 larvae, between 50 and 100 larvae and more than
100 larvae. The value for 50 larvae was calculated theoreti-
cally during the exponential phase of the PCR curve
(Table 4). These values were later transformed into abun-
dances (number of larvae m¡3).

One plankton sample per month, from March 2005 until
October 2006 (Q1–Q20), was analysed by real-time PCR,
following the methodology explained above. To each reac-
tion, 0.1 ng of extracted DNA from a sample was added
and two replicates were prepared from each sample.

Results

Sensitivity and speciWcity

Real-time PCR primers and probes were speciWc for each
of the four species and did not cross-react with any of the
other species tested. The calibration curves performed for
three of the four species showed a high eYciency of 1.97
for L. depurator, 1.94 for C. maenas and 1.91 for C. pagu-
rus (Fig. 1).

In two of the winter samples tested, only the subsamples
spiked with one L. depurator larva were positive, while
another subsample, which had not been spiked showed a
positive signal, indicating the “unwanted” presence of
L. depurator. The last winter sample tested showed high
inhibition levels and no reliable conclusions could be drawn.

Two artiWcial plankton samples were tested for L. depu-
rator and in both cases only the subsamples spiked with
one L. depurator larva were positive, showing the capabil-
ity of the technique to detect a single larva in a mixed
plankton sample. However, the inhibition was high in these
samples: the IPCs were not detected in one of the samples
and in the second, the Ct-values for the IPCs varied
between 22.93 and 39.16, when the average values for the
NTCs were 28.70.

In subsequent tests with new plankton samples, even
after microscopic analysis conWrmed that apparently all
brachyuran specimens had been eliminated (“brachyuran
negative samples”), three of the samples yielded positive
results in real-time PCR tests for L. depurator.

Inhibition of PCR was found when high concentrations
of template were used. For the Wrst two tests (tests 1 and 2),
where the lysate of 0, 1, 10 and 100 L. depurator larvae was
added, the results showed high inhibition, which decreased
with increasing dilutions. Even when 100-fold dilutions
were used, the samples containing the lysate of 100 larvae
showed a delay in the Ct-values of IPCs compared to the
NTCs. When whole larvae were added instead of their

Table 4 Ranges of values used for relative quantiWcation of L. depu-
rator on plankton samples analysed by real-time PCR. Ct-values for 50
larvae were calculated theoretically during the exponential phase of the
ampliWcation (y = 2x)

No. of L. depurator 
larvae in the sample

Abundances 
(no. of larvae/m3)

Range of 
ct-values

>100 >2 <26.41

100–50 2–1 (26.41–27.41)

50–10 1–0.2 (27.41–29.67)

10–1 0.2–0.02 (29.67–32.20)

<1 <0.02 >32.20
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lysate (tests 3 and 4), the inhibition was again high, espe-
cially when 100 larvae were added (Fig. 2). After these
results, the exact amount of DNA was calculated and it was
deduced that use of 0.1 ng of DNA avoided inhibition due
to high DNA concentrations or from unknown inhibitors.
Consequently it was decided to use this DNA concentration
as template in subsequent analysis of plankton samples.

Application and semiquantiWcation

One of the three samples tested to Wnd a suitable standard
curve to allow relative quantiWcation of L. depurator in
plankton samples was naturally negative for the target

species. The eYciency of the PCR was 2.1 (Fig. 3) and the
coeYcient of variation between replicates was very low,
ranging from 0.1 to 0.7%.

The results obtained from plankton sample analysis by
real-time PCR appear in Table 5. The relative quantiWca-
tion of L. depurator larvae in the plankton samples calcu-
lated from the standard curve is represented in Fig. 4. Four
ranges of abundances have been indicated to facilitate
comprehension of these data: less than 0.02 larvae m¡3,
between 0.02 and 0.2 larvae m¡3, between 0.2 and 2
larvae m¡3 and more than 2 larvae m¡3. In 40% of the
samples analysed larval density was less than
0.02 larvae m¡3, the abundances for 20% of the samples
were between 0.02 and 0.2 larvae m¡3 and in further 20%
of samples the abundances registered were between 0.2
and 2 larvae m¡3. In 20% of the samples analysed L. depu-
rator was absent.

L. depurator larvae were not present from December
2005 to March 2006 and the highest abundances (0.2–
2 larvae m¡3) appeared during the Summer-Autumn peri-
ods (from July to September in 2005 and from August to
September in 2006). In both years, a similar abundance pat-
tern can be observed, with two abundance peaks; in spring
and in summer-autumn. During 2005, the Wrst peak was
smaller than in 2006 with a maximum value reached in
April, while in 2006 this Wrst peak is reached in May. The
second peak during 2005 is more protracted and the abun-
dances were kept high through a 3-month period (from July
to September). During the next year, this second peak in L.
depurator abundance happened a month later and its dura-
tion was shorter.

Discussion

Accurate identiWcation of decapod larvae, as well many
other marine invertebrates or their larval stages, can be
diYcult and on occasions represents an obstacle not only
for the study of their population dynamics but also for the
study of zooplankton communities.

In this study, a fragment of the COI gene from each of
the decapod species Liocarcinus depurator, Cancer pagu-
rus, Carcinus maenas and Necora puber was analysed to
identify regions containing species-speciWc sequences, and
was used to design speciWc probes and primers for each of
these species. Although speciWc probes and primers were
identiWed for the four species, particular focus was placed
on L. depurator due to known identiWcation problems. The
other three brachyuran species were selected based on their
high abundance in the study area, the economical impor-
tance in the case of C. pagurus and N. puber and their taxo-
nomic proximity to L. depurator. Unfortunately, no other
species of the genus Liocarcinus were captured.

Fig. 1 Real-time PCR eYciencies of probes and primers, tested on
tenfold dilution series of DNA template extracted from adult tissue.
Three replicates were used. Standard curves showing cycle threshold
values (Ct-value) plotted against logarithm of the initial DNA tem-
plate. The eYciency, was calculated from the equation E = 10(¡1/slope).
A PCR eYciency of 100% is achieved when the slopes of the curves
approach to the theoretical value of ¡3.32 i.e. E = 2. a Liocarcinus
depurator, E = 1.97 (slope = ¡3.3868). b Carcinus maenas, E = 1.94
(slope = ¡3.47). c Cancer pagurus, E = ¡1.91 (slope = ¡3.55)

a) Liocarcinus depurator 

b) Carcinus maenas 

c) Cancer pagurus
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Although real-time PCR has been used recently for both
identiWcation and quantiWcation of invertebrate larvae (lar-
val abalone by Vadopalas et al. 2006 and sea lice by McBe-
ath et al. 2006) to our knowledge, this is the Wrst time that
this technique has been applied to decapod crustacean lar-
vae and the Wrst time that it has been used to obtain data on
relative abundance. The real-time PCR technique and the
probe and primers developed were shown to be sensitive
and speciWc for detection of L. depurator, and able to detect
even one zoea I single larva in a mixed plankton sample.
Although the probes and primers designed for C. maenas,
N. puber and C. pagurus were not applied to plankton sam-
ples due to limitations in time and resources, we are conW-
dent that this methodology can be extrapolated to them and
to other taxa.

Other molecular methodologies previously developed
for species identiWcation have been shown to be accurate

and speciWc (e.g. Medeiros-Bergen et al. 1995; Bucklin
et al. 1999; Lindeque et al. 1999; Ellison and Burton 2005).
Medeiros-Bergen et al. (1995), by the use of oligonucleotide

Fig. 2 Ct-values obtained for internal positive controls (IPCs) added
to every sample. Tests performed on brachyuran negative samples; in
tests 1 and 2 the lysate from 0, 1, 10 and 100 larvae was added to the

sample. In tests 3 and 4, whole larvae were added. In test 4.2 the exact
amount of DNA added was previously measured
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Table 5 Ct-values obtained for the detection of L. depurator larvae in
plankton samples and for internal positive controls (IPCs)

Month L. depurator IPC

Mean § SD %CV Mean § SD %CV

March 2005 37.035 § 0.9 2.42 27.87 § 0.05 0.20

April 2005 34.46 § 0.1 0.29 27.91 § 0.12 0.43

May 2005 36.563 § 1.01 2.78 28.03 § 0.17 0.61

June 2005 31.65 § 0.065 0.21 27.88 § 0.16 0.56

July 2005 29.33 § 0.12 0.40 28.03 § 0.07 0.27

August 2005 29.08 § 0.09 0.33 27.92 § 0.07 0.24

September 2005 30 § 0.05 0.19 27.96 § 0.09 0.32

October 2005 32.85 § 0.34 1.04 27.91 § 0.03 0.10

November 2005 35.18 § 0.5 1.41 27.72 § 0.14 0.50

December 2005 Undetected Undetected 27.75 § 0.04 0.15

January 2006 Undetected Undetected 27.7 § 0.14 0.51

February 2006 Undetected Undetected 27.79 § 0.21 0.76

March 2006 Undetected Undetected 27.88 § 0.07 0.27

April 2006 33.7 § 0.36 1.07 27.81 § 0.03 0.12

May 2006 30.92 § 0.12 0.39 28.03 § 0.21 0.76

June 2006 39.72 § 2.17 5.46 27.87 § 0.29 1.05

July 2006 31.93 § 0.2 0.62 28.05 § 0.08 0.29

August 2006 28.88 § 0.06 0.22 28.02 § 0.09 0.32

September 2006 29.51 § 0.08 0.28 28.10 § 0.04 0.16

October 2006 33.15 § 0.38 1.15 28.31 § 0.07 2.49
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probes, ampliWcation by PCR and a subsequent detection
by isotopic and non-isotopic assays, studied the spatio-
temporal distribution of three otherwise indistinguishable
species of holothurian larvae; Lindeque et al. (2004) ana-
lysed the distribution of four species of Calanus in the
North Atlantic by Restriction Fragment Length Polymor-
phism (RFLP) analysis. In both cases, the larvae needed
to be removed from plankton samples before application
of the technique. Ellison and Burton (2005) studied the
dynamics of eight phytoplankton species simultaneously by
bead array technology, while in our case three species and
one IPC could be multiplexed. However, as Vadopalas
et al. (2006) noted, the speciWcity of bead array technique
could be lower than that of real-time PCR. In our opinion,
the complexity of some of these technologies compared
with the assay described here makes them less suitable for
use by non-molecular ecologists. Real-time PCR is easy to
apply, quick (<2 h once the DNA has been extracted), does
not require any post-PCR processing, does not require pre-
vious sorting of the samples, provides high levels of accu-
racy and speciWcity and has potential for application in
ecological studies, as this work demonstrates with the
application of the technique to a 1.5-year series of samples.

The high speciWcity of real-time PCR is provided by the
use of a speciWc primer pair and a speciWc oligonucleotide
probe situated between the primers. Theoretically, a single
base diVerence between probe and target can prevent the
probe annealing, thus good probe design is essential for
speciWcity. This high speciWcity is also a potential weak-
ness since the presence of the target species could go unde-
tected if there is any diVerence between probe and target
sequence. Unknown intraspeciWc genetic variation could
cause false negatives. On the other hand, 100% speciWcity
cannot be assured without comparisons with all related taxa
and coexisting groups; otherwise the detection of false pos-
itives is possible. These possibilities were reduced in the
present study by the sequencing of several specimens,

comparisons with related taxa and the selection of an
appropriate area of the genome to design the speciWc probe.
As part of the protocol and good practice to follow when
applying these techniques, the sequencing of the COI gene
from species closely related to the species of interest and
specimens from diVerent geographic regions, must continue
to ensure the speciWcity of the probe designed. We did not
capture any other species of Liocarcinus during this study
and unfortunately, there are no sequences available in the
genome databases, so this should be a priority for future
work.

Real-time PCR is a relatively new technique and its use
has mostly been concentrated in molecular biology. How-
ever, there are several studies, which have started to extend
this technique to identiWcation of marine invertebrate larvae
(Vadopalas et al. 2006; McBeath et al. 2006) and Wsh eggs
and larvae (Taylor et al. 2002; Watanabe et al. 2004; Fox
et al. 2005). The methods developed by Watanabe et al.
(2004) and Fox et al. (2005) included sorting of the samples
prior to PCR, increasing the time employed in sample prep-
aration, which is not necessary in the method described
here. Vadopalas et al. (2006) for abalone larvae (Haliothis
kamtschatkana) and McBeath et al. (2006) for two species
of sea lice (Lepeophtheirus salmonis and Caligus elonga-
tus), did not use previous sorting of the plankton samples.
These studies explored the possibility of obtaining relative
quantiWcation of the species of interest and veriWed the high
correlation between the number of larvae predicted to be
present by the technique and the number of larvae actually
present in environmental samples, previously spiked by a
known number of larvae or previously analysed by micros-
copy.

Initial tests applied in order to develop the technique
and investigate the appropriate manner of dealing with the
samples required the use of numerous plankton samples
and L. depurator larvae. During these initial tests, winter
samples, selected because the possibility of Wnding

Fig. 4 Relative quantiWcation 
of L. depurator larvae present in 
the plankton samples analysed 
by real-time PCR, representing 
mean Ct-values of 2 replicate 
reactions per sample; when lar-
vae were not detected, these are 
represented by a Ct-value of 45
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L. depurator is lower at this time of the year, were used to
check the speciWcity of the technique. However, L. depu-
rator larvae can be found in the water column throughout
the year (Clark 1984; Martin 2000) making it diYcult to
obtain a plankton sample without its presence. Conse-
quently, due to the impossibility of predicting whether
samples were naturally negative and the limited number of
L. depurator larvae available, we could not compare
spiked samples with the value obtained by real-time PCR
although this possibility will be explored in the future.
Nevertheless the results suggested by the studies of Vado-
palas et al. (2006) and McBeath et al. (2006), our initial
tests with spiked samples, and the high eYciency obtained
in the standard curve used for relative quantiWcation
(E = 2.1) in this study, provide a good indication of its reli-
ability. In addition, the Ct-values obtained from brachyu-
ran negative plankton samples, subsampled into four after
lysis and then spiked with 0, 1, 10 and 100 larvae, were
very similar to those obtained for the standard curve used
for relative quantiWcation. This provided more evidence of
the reliability of the standard curve created, but because
the methodology employed was diVerent, detailed data has
not been shown. The alternative possibility of prior micro-
scope analysis of the samples could not be applied in this
case since the unequivocal identiWcation of L. depurator
larvae by morphological characters is not possible (Clark
1984; Kim and Hong 1999), and although we were not able
to get any other Liocarcinus species from the study area,
their presence is expected.

The preparation of “artiWcial” plankton samples was
intended to solve the lack of naturally negative plankton
samples for L. depurator, although their use was restricted
to the initial stages of the study in order to prove the capa-
bility of the technique to detect one single larva in a mixed
plankton sample. We avoided the use of artiWcial plankton
samples in subsequent analysis since they do not ade-
quately represent the complexity of a real plankton sample,
which could have led to an overestimation of the applicabil-
ity of the technique in Weld studies.

Subsequent tests were performed on plankton samples
that had been previously checked via light microscope and
from which all brachyurans had been removed to ensure
negative samples. Nevertheless, in some cases, positive
results for L. depurator were obtained. The Ct-values were
relatively high indicating a low amount of target DNA in
the samples. This could be caused by the presence of a sin-
gle larva or remnants of larvae such as appendages or
moulted exuvia that were not removed, or possibly contam-
ination events when dealing with the samples. The high
speciWcity of this technique makes it vulnerable to contami-
nation errors that can lead to inaccurate results, so great
care must be taken during the whole process and appropri-
ate control reactions are required.

Another possible source of bias is the presence of inhibi-
tory components, originally present in the samples or
created through the DNA extraction and puriWcation
processes. These inhibitors, such as heparin, humic acid,
urea, EDTA, hemoglobin or high DNA concentrations, can
cause false negative results or changes in the Ct-values,
generating inaccurate results. This problem is extremely
important when relative quantiWcation is being assessed.
The degree of inhibition was assessed by the use of an
internal positive control (IPC) added to all reactions, and
no-template controls (NTC). The background signal
obtained from the NTCs is considered as the negative con-
trol for the IPCs. DiVerences between the Ct-value obtained
for the IPC added to the sample and the average Ct-value
from the NTCs indicate inhibition. During the tests carried
out on plankton samples we observed signiWcant inhibition,
which decreased when dilutions were increased. High DNA
concentrations, either from total genomic DNA or from tar-
get template are the likely reason for that inhibition. The
concentration of the starting template is extremely impor-
tant for the eYciency of the PCR reaction and our Wndings
suggest that 0.1 ng of DNA is eVective in order to avoid
inhibition while maintaining the high eYciency of this
technique.

Vadopalas et al. (2006) and McBeath et al. (2006) dem-
onstrated the possibility of obtaining relative quantiWcation
of the species of interest using real-time PCR. In our study,
20 monthly plankton samples from March 2005 to October
2006 were analysed by real-time PCR, obtaining a pattern
of relative abundances for L. depurator larvae in a coastal
location in the North Sea. The comparison of Ct-values
obtained from plankton samples with those obtained from a
standard spiked with known numbers of larvae (Table 4)
enabled the estimation of larval abundances in the plankton
samples. The seasonal cycle of larval abundance inferred
was consistent with the annual cycle of zooplankton, char-
acterised by an abundance peak in the late spring, extend-
ing into the summer and followed by a secondary peak
in the autumn (Valdes and Moral 1998; Siokou-Frangou
1996). Phytoplankton concentration and water temperature
are key factors in the occurrence of zooplankton (Raymont
1963). The relatively high phytoplankton biomass in
spring, resulting from increasing water temperature and
light, is reduced during the summer due to nutrient deple-
tion and grazing by herbivores. At the end of the summer,
when nutrients become available again, there is generally a
second peak in primary and secondary production (Bot
et al. 1996). Temperature also has a major inXuence on lar-
val development and low temperatures may aVect larval
survival or condition, adult reproduction and embryonic
development (Anger 2001). Therefore, changes in tempera-
ture and phytoplankton have a strong inXuence on larval
productivity and the timing and occurrence of decapod
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larvae. Those variables, among other biotic and abiotic fac-
tors could be the reason for the diVerences observed
between 2005 and 2006.

Ideally, the data obtained by this assay should be com-
pared with microscopy analysis of the samples. However,
L. depurator larvae cannot be identiWed by classical
methods. The congruent data obtained on seasonal changes
and abundances and the positive results found by Vadopalas
et al. (2006) and McBeath et al. (2006) when comparing
results from morphology and molecular methods, support
the consistency of these results.

Consideration should however, be given to a possible
bias introduced in the standard, since only larvae of zoea
I, obtained by rearing, were used in the spiking experi-
ments in this study. L. depurator larvae pass through Wve
zoeal stages and a megalopa stage before metamorphosis
into juveniles. A useful and commonly taken measure-
ment in zoeal stages is the distance between the tip of the
dorsal and rostral spines (T.T.) which in L. depurator lar-
vae increases from 1.52 mm in zoea I to 2.80 mm in zoea
V (Ingle 1992). This clearly reXects the increase in bio-
mass through larval development, accompanied by the
consequent increase in cell number. It could even be sup-
posed that, since COI is involved in the mitochondrial
respiratory chain, the number of copies of COI might vary
even within an instar, e.g. increasing closer to moulting.
The inXuence of the larval stage on the Ct-value obtained
has not been investigated during this study since only
zoea I were available, but this issue should be subject to
further study to improve the accuracy of the assay. How-
ever, even if the estimations of abundances are considered
to be potentially inaccurate, real-time PCR can provide
useful information about peaks of abundances and relative
diVerences among samples. When settlement and recruit-
ment to adult populations is being studied, identiWcation
and quantiWcation of the diVerent larval stages is highly
important. In those cases, pre sorting of the samples could
be carried out similar to that reported by Fox et al. 2005
when working with Wsh eggs, selecting all brachyurans
from the samples, separating them by their diVerent larval
stages and then applying the technique. Obviously, the
time employed in sample preparation will considerably
increase and it will only be practical for those cases when
the identiWcation of a species cannot be done by taxo-
nomic methods.

Recent publications and the work presented here show a
new trend in the use of molecular techniques, especially
real-time PCR, and the possibilities for its application to
Weld studies. These methods can complement the classical
methods of plankton taxonomy. Nevertheless, the cost of
the technique and its requirements will limit its use to
problematic species. In the case of its applicability for
abundance estimation, the methodology must be improved

but the potential for this type of work has been demon-
strated.
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