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Abstract A method to directly measure predation rategjuite divergent haplotypes éf tonsawere found in Narra-

by older stage copepods upon copepod nauplii using spgansett Bay, which required separate gPCR primers; one
cies-spedi¢ primers for the mitoadndrial cytochrome oxi- was present in summer (July) and the other in fall and win-
dase subunit one gene (mtCOIl) and real-time quantitatiier (October and February). With m@dation, the methods
PCR (gPCR) was developed. The general approach is ito this study can likely be applied to a range of predator—
determine the mtCOI gene copy number of an individugbrey systems.

prey organism and the copy number of the same gene in the

stomachs of predatory copepods collected ind. From

the knowledge of DNA disappearance rates in the stomntroduction

achs, ingestion rates can be calculated. In October 2006,

laboratory experiments were carried out Wiitartia tonsa  Variability in mortality rates has been suggested to be at
N1 and N2 as prey and adult fem@lentropages typicuss least as important as variability in birth rates in explaining
predator. The copepods were collected in Narragansett Bagyctuations in abundance of copepods in the sea (Ohman
USA. A. tonsamtCOI copy numbers copepodwere deter- and Wood1995 Ohman and Hirch@001). Mortality rates
mined for stages N1-C1 and for aduistonsaDNA was  in copepods are greatest for the early naupliar stages, partic-
detectable in the guts of the predators for as long as 3 blarly for egg broadcasters such @alanusWmarchicus
Exponential rates of decline in prey DNA from the stom{Ohman et a002 Eiane and Ohma2004. The abundance
achs of the predators are similar to those measured for guftcopepod adults and older stages has led to the suggestion
pigments. Because of the very small amount of DNA in athat they might be the most important predators on nauplii
individual N1 or N2 nauplius, procedures were developedOhman and Hirch200Z Irigoien and Harri20086.

to maximize the quantitative extraction and recovery of At present there is no suitable method for measuring in
DNA and to increase the sensitivity of the method. Twasitu predation rates on nauplii to evaluate these ideas.
Copepod nauplii are typically too low in abundance to carry
out in situ bottle incubations as is done for phytoplankton
Communicated by J.P. Grassle. and microzooplankton. Other approaches for measuring or
estimating in situ predation rates upon copepod nauplii
include measuring consumption rates in the laboratory by
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e-mail: edurbin@gso.uri.edu and then applying these to tiéld using\éld estimates of

M. C. Casas prey and predator abundance (e.g., Sell 21, Ohman
e-mail: mcasas@gso.uri.edu et al.2005, and developing mechanistic consumption mod-
T. A. Rynearson els based on laboratory experiments and applying these to
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Veld over time and a measure of how rapidly food disapdetermining the gene copy number of the prey species in
pears from the gut either thugh digestion or evacuation their guts. This approach might allow determination of the
(Durbin and CampbelP007). Ingestion rate is calculated number of individuals of a prey species in the guts of
from the equationC = 24(SR, where C is consumption copepods collected in th&ld and to measure the disap-
over a 24-h periodS(the mean gut-content over 24 h and,pearance rate of DNA in the guts of copepods in the labo-
R the exponential digestion rate (Elliott and Persk®rd. ratory. We used the mtCOI gene that has been proposed
If there is strong diel migratig or indications of diel feed- for species-level discrimination in most taxa ($dp://
ing periodicity in non-migrating copepods, ingestion is calwww.barcodinglife.com/views/login.php Hebert et al.
culated for each time interval and then summed up for 24 2002. We used adult femal@entropages typicus as the
(Elliott and Perssori978 Durbin et al.1995. An advan- predator and nauplii ohcartia tonsa as the prey. mtCOlI
tage of the method is that it provides a dinaklid measure copy number was measured fovelient stages @i. tonsa
of copepod feeding rates. This method has been applied nauplii and mtCOI gene disappearance ratesAfdonsa
estimate ingestion rates of phytoplankton by copepodsauplii in the guts ofC. typicus are presented here. Our
using chlorophyll pigments asacers in the guts of cope- work has proceeded in several phases. \WMse step was
pods (Mackas and Bohr&976. A modiM¢ation of this to determine the mtCOIl gene sequences for the organisms
approach has been to use HPLC to discriminate amorgj interest,A. tonsa andC. typicus. In addition we deter-
diVerent algal taxa using pigments or other biomarkermined the mtCOI sequence farhudsonica for compari-
(e.g., Kleppel and PiepdR84 Kleppel et al.1988 Head son with A. tonsa. From these sequences, we designed
and Harris1994 Juhl et al.1996. While neither of these species-speW¢ primers and then used gPCR to quantita-
methods can be used to esdbain situ carnivory, immuno- tively evaluate dierent procedures for extraction and
logical analysis of gut contents has been successfully usedrivV¢ation of genomic DNA to determine which approach
(e.g., Ohmari992. gave maximum recovery.
More recently, molecular techniques have been devel-
oped using the polymeraseatdh reaction (PCR) to identify
prey DNA in the guts of both terrestrial and marine predaMethods
tors (e.g., Jarman et &002 Symondsor2002 Nejstgaard
et al.2003 Blankenship and Yayan@905 Vestheim etal. PurlW¢ation of genomic DNA
2005 Read et al2009. With copepods, Nejstgaard et al.
(2003 used species-sp&ti primers for 18s rRNA to detect Individual adult femaleAcartia tonsa, A. hudsonica and
Emiliana huxleyi in the guts and fecal pellets ©f finmar-  Centropages typicus collected from the dock (41.49°N,
chicus and Vestheim etal.2005 used species-sp®¢i  71.42°W) at the Graduate School of Oceanography (GSO),
primers for mitochondrial cytochrome oxidase subunit Rhode Island, USA, in lower Narragansett Bay were iso-
(mtCOl) to identify copepod prey in the guts and fecal peltated on 10 February and 5 July 2006, and frozer2@°C.
lets of Pareuchaeta norvegica collected in the/éld. DNA  Before DNA puriXation, individuals were ground with a
could be detected in the guts of the copepods for up to 6dmall pestle in the microcentrifuge tube. Genomic DNA for
after feeding (Nejstgaard et 82003 suggesting that a both end-point PCR and gPCR was @éd using the
PCR-based approach might be used to estimate feediliNeasy tissue kit (Qiagen) following the manufacturer’s
rates using the gut-content method. However, all of thprotocol. Because the amounts of genomic DNA being
studies cited above used end-point PCR and did not quapdriVd from a single copepod were very small we added
tify the amount of DNA present in predator guts. 8 ng of carrier DNA (Poly [dA]) (Sigma) to each microcen-
Real-time quantitative PCR (qPCR) and species-$peci trifuge tube at the start of each pMéation to increase
primers &/r a method for quantifying the amount of DNA recovery of DNA. For end-point PCR, tkaal product was
present. gPCR has been used in a number of studies efited from the DNea$ycolumns with two 10Qd rinses
quantify microorganisms and harmful algal bloom speciesf buver AE.
(e.g., Bowers etal200Q Saito etal.2002 Gray etal.
2003 Popels et al2003 Galluzzi et al.2004 Coyne etal. mtCOIl gene sequencing
2005 Dyhrman et al2006 Handy et al2009, and inverte-
brate larvae (Vadopalas et &006 in natural samples. An ~650-bp segment of the mtCOIl gene was aviuli
Recently Troedsson et aq07) successfully used gPCR to from genomic DNA with the universal primers LCO-1490
investigate ingestion of three\@irent species of algae by and HCO-2198 (Folmer et al994), following the proto-
the appendicularia@ikopleura dioica in the laboratory. cols of Hebert et al.2002. PCR amph¢ations were per-
Here, we have developed a method using gPCR to meformed in 50pl volumes containing 25l Tag PCR Master
sure copepod ingestion of a multicellular prey species bMix (Qiagen), 2.5 mM MgCJ, 0.2uM of each primer and
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