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Abstract 

 Copepod nauplii are important members of the marine planktonic community, and 

they can be the most abundant component of the microzooplankton.  Despite the 

importance of copepod early life history stages to food web dynamics and carbon flux in 

the sea, there is a paucity of information about their ecology due to challenges in 

identifying nauplii to species, and in sampling them quantitatively.  I report here on the 

development and optimization of a new molecular method that uses quantitative PCR 

(qPCR) to identify and estimate the abundances of nauplii of a common coastal copepod, 

Parvocalanus crassirostris, in field samples.  The following experiments were performed 

towards this goal: I surveyed the genetic diversity of copepods in the study region, 

optimized sample treatment for qPCR, developed a size fractionation protocol to separate 

life stages of the target species, quantified the mitochondrial cytochrome C oxidase 

subunit I (mtCOI) gene copies in each P. crassirostris life stage, tested the effect of food 

levels on mtCOI copy number in nauplii, and compared direct counts to qPCR estimates 

of the target species to validate the qPCR method.  The number of mtCOI gene copies in 

each developmental stage of this species was found to increase by ~1.5 orders of 

magnitude from early nauplii to adult.  Food level experiments suggested that mtCOI 

copy number may be influenced by feeding environment in late naupliar stages.  In 

validation experiments, qPCR estimates were 68 to 130% of the number estimated from 

direct counts.  Both methods had a coefficient of variation of approximately 16%, 

indicating similar precision across methods.  As a field test of the method, daily samples 

were collected in southern Kane‘ohe Bay and used to quantify the density P. crassirostris 

nauplii over a 13-day period in the summer of 2011.  The average density of P. 

crassirostris nauplii in developmental stages NII - NV was found to be 1.5×103 

individuals m-3 over the 13-day period.   The qPCR-based method developed here will 

enable future studies on naupliar ecology in the field, including investigation of food 

web, population, and community dynamics. 

  

iv



 
 

TABLE OF CONTENTS 

Acknowledgements .......................................................................................................... iii 

Abstract ............................................................................................................................. iv 

List of Tables .................................................................................................................... vi 

List of Figures .................................................................................................................. vii 

Chapter 1: INTRODUCTION ......................................................................................... 1 

Chapter 2:  MATERIALS AND METHODS ................................................................. 6 

2.1 Overview of the Method ........................................................................................... 6 

2.2 Genetic diversity of Kane‘ohe Bay Copepods .......................................................... 6 

2.3 Development of Molecular Tools using Cultures ................................................... 10 

2.4 Optimizing qPCR Sample Treatment ...................................................................... 11 

2.5 Processing of mixed samples for qPCR .................................................................. 18 

2.6 Method Validation ................................................................................................... 20 

2.7 Field Demonstration of the qPCR Method .............................................................. 22 

Chapter 3: RESULTS ..................................................................................................... 23 

3.1 Kane‘ohe Bay Copepod mtCOI Sequence Diversity .............................................. 23 

3.2 Sample Treatment and qPCR Method Development .............................................. 26 

3.3 Processing of mixed samples for qPCR .................................................................. 31 

3.4 Method validation ................................................................................................... 32 

3.5 Demonstration of the qPCR Method in the Field .................................................... 35 

Chapter 4: DISCUSSION .............................................................................................. 36 

4.1 Kane‘ohe Bay copepod species diversity ................................................................ 36 

4.2 The New qPCR Method: Does it Work? ................................................................. 38 

4.3 Copepod population densities in Kane‘ohe Bay ..................................................... 39 

4.4 mtCOI copy number increases with development .................................................. 40 

4.5 Environmental variation and effects on mtCOI copy number ................................ 41 

4.6 Caveats and Required Optimization of the Method ................................................ 43 

Chapter 5: FUTURE DIRECTIONS ............................................................................ 46 

TABLES AND FIGURES: ............................................................................................. 48 

APPENDICES ................................................................................................................. 71 

BIBLIOGRAPHY ......................................................................................................... 118 

v



 
 

List of Tables 

Table 1 ........................................................................................................................ (48) 

 Copepod species reported in prior literature from Kane‘ohe Bay, Hawai‘i .   

Table 2 ........................................................................................................................ (49) 

 MtCOI PCR primers used in this study. 

Table 3 ........................................................................................................................ (50) 

 Number of individuals of each species that were sequenced at mtCOI (650 bp) 

from each region of Kane‘ohe Bay. 

Table 4.  ...................................................................................................................... (51)  

 Retention of P. crassirostris developmental stages on the selected Nitex mesh 

sieves.   A)  Mean proportion of a particular naupliar stage captured in each sieve 

± 2×standard error.  B)  Proportional contribution of each stage to a sieve, 

normalized by the total proportions of a stage from the vertical sieve retention of 

that stage for Parvocalanus crassirostris.   

Table 5. ....................................................................................................................... (52) 

 Weighted mean number of mtCOI gene copies per individual within each size 

fraction, for Parvocalanus crassirostris.  

Table 6. ....................................................................................................................... (53) 

 Comparison of microscope counts and qPCR-based estimates of Parvocalanus 

crassirostris abundance (calanoid count×0.19 and qPCR estimate) from the field 

validation experiment, September 2011.  

Table 7 ........................................................................................................................ (54)     

 Comparison of mtCOI DNA copy number measured in this study for 

Parvocalanus crassirostris to mtCOI copy number reported for Acartia tonsa by 

Durbin et al. (2008). 

 

vi



 
 

List of Figures 

Figure 1 ....................................................................................................................... (55)  

 Map of sampling sites in Kane‘ohe Bay, Hawai‘i .  

Figure 2 ....................................................................................................................... (56)   

 Overview of the qPCR-based method for quantification of copepod nauplii from 

field samples. 

Figure 3 ....................................................................................................................... (57)  

 Unrooted maximum likelihood (ML) tree of calanoid copepod mtCOI sequences. 

Figure 4 ....................................................................................................................... (58) 

 Unrooted maximum likelihood (ML) tree of cyclopoid copepod mtCOI 

sequences. 

Figure 5 ....................................................................................................................... (59) 

 Comparison of sample homogenization by bead beating and manual grinding with 

a pestle, based on qPCR-measured copy number individual-1.   

Figure 6 ....................................................................................................................... (60) 

 Comparison of two DNA extraction methods (1) Lysis buffer (LB), and (2) 

QiaAmp (QA) DNA extraction, based on qPCR-measured copy number 

individual-1.    

Figure 7 ....................................................................................................................... (61) 

 Comparison of DNA elution in 4 solutions (E1 – E4) based on qPCR-measured 

copy number individual-1.  Elution in: (E1) autoclaved deionized water, (E2) 

nuclease-free water (pH 6.4), (E3) nuclease-free water (pH 7.2), and (E4) 

QiaAmp AE Buffer.   

 

vii



 
 

Figure 8 ....................................................................................................................... (62) 

 Changes in measurement of DNA copies over time during sample storage (1 - 41 

days), based on qPCR-measured copy number individual-1.  

Figure 9 ....................................................................................................................... (63)   

 Species-specific amplification of the target species using newly-designed qPCR 

primers, and tested against 7 non-target copepod species.   

Figure 10 ..................................................................................................................... (64) 

 Mean mtCOI DNA copy number per individual at each developmental stage in P. 

crassirostris.  

Figure 11 ..................................................................................................................... (65) 

 Determining the environmental effect of food concentration on mtCOI copy 

number in nauplii.   Copy number individual-1 is shown from high (1.0×105 cells 

ml-1) and low (1.0×104 cells ml-1) food treatments in culture.  

Figure 12 ..................................................................................................................... (66) 

 Test for inhibition of qPCR amplification in 4 size fractions of environmental 

plankton samples using Bovine Serum Albumin (BSA).   

Figure 13 ..................................................................................................................... (67) 

 Validation experiments with laboratory cultures.  Comparison of the estimated 

number of individuals from qPCR to the number from microscope counts in 3 

size-fractionated samples.  

Figure 14 ..................................................................................................................... (68) 

 Abundance of calanoid and cyclopoid nauplii in Niskin bottle and net-collected 

size fractions from the September 18, 2011 field sample, from microscope counts.  

 

viii



 
 

Figure 15 ..................................................................................................................... (69) 

 Validation experiments with field samples.  Comparison of the estimated number 

of Parvocalanus crassirostris in different size fractions of the September 18, 2011 

field sample, comparing qPCR measurements and ratio-estimated counts.  

Figure 16 ..................................................................................................................... (70) 

 Field demonstration of the qPCR-based method.  Density of Parvocalanus 

crassirostris nauplii (m-3) calculated from qPCR measurements of DNA copy 

number for duplicate daily net tow samples collected June 20-July 2, 2011, for the 

63-75 µm size fraction.   

  

ix



 
 

Chapter 1: INTRODUCTION 

Copepod nauplii are important members of the marine planktonic community and 

a number of studies report them to be the most abundant component of the 

microzooplankton (Calbet et al., 2001; Lucic et al., 2003; Safi et al., 2007; Turner, 2004).  

As grazers, they are capable of feeding on a diverse assemblage of prey.  They have been 

reported to consume microbes (Roff et al., 1995; Turner and Tester, 1992), but have been 

shown to preferentially consume nanoflagellates over the smaller picoplankton, which 

will be grazed in the absence of other prey (Böttjer et al., 2010).  Their ability to feed at 

the base of the food web is significant, as it indicates that nauplii may be an important 

link between microbial and classical food webs, and thus may be an avenue by which 

carbon can be transferred from the microbial loop to higher trophic levels.  They are also 

an important food source for invertebrate and vertebrate predators, in particular fish 

larvae (Eiane et al., 2002; Sampey et al., 2007; Sullivan and Meise, 1996).  

Despite the importance of copepod early life history stages to food web dynamics 

and carbon flux in the sea, there is very little information about the ecology of nauplii in 

field populations.   This absence of information is primarily due to difficulties in 

sampling them quantitatively, in identifying nauplii to species, and in following a single 

population over time.  Relatively few taxonomies exist for the earlier developmental 

stages of copepods (see Björnberg, 1966; 1967; 2001; Lawson and Grice, 1973; 

Takahashi and Uchiyama, 2007), and there are few morphological differences within 

taxonomic orders, which makes morphological identification of nauplii challenging and 

potentially inaccurate.  As a result, prior ecological studies that report naupliar abundance 

in the field often lump nauplii of all species into a single category (Eiane et al., 2002; 

Lucic et al., 2003; McKinnon and Duggan, 2003; Paul et al., 1991; Uye et al., 1996; 

Zervoudaki et al., 2007), if they are sampled and enumerated at all.   

Molecular methods provide highly accurate species identification (e.g., Bucklin et 

al., 2003; Holmborn et al., 2011; Kiesling et al., 2002; Lindeque et al., 2004; Savin et al., 

2004), and could serve as the basis for new methods for identification and enumeration of 

nauplii.  Quantitative real-time PCR (qPCR) is one molecular technique that has been 
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shown to be highly sensitive to low DNA quantities and highly specific to the gene of 

interest, but has seen limited application in marine zooplankton research. Prior examples 

in metazoan plankton include the detection of rare and/or economically important 

meroplanktonic larvae in environmental samples (Dias et al., 2008; Pan et al., 2008; 

Vadopalas et al., 2006; Wight et al., 2009), detection of invasive species (Bott et al., 

2010; Darling and Blum, 2007), and the analysis of zooplankton gut contents for a 

specific target prey (Durbin et al., 2012; 2008; Nejstgaard et al., 2008; Tobe et al., 2010; 

Troedsson et al., 2007; 2008).   Durbin et al. (2008) showed that it was possible to 

quantify a targeted fragment of the mitochondrial cytochrome C oxidase subunit I 

(mtCOI) gene in a single copepod specimen using qPCR, with sensitivity down to five 

copies of the mtCOI gene.  They also showed that the number of mtCOI copies increases 

with development, and is positively correlated with estimated body carbon.  qPCR has 

seen wide application in identification and/or enumeration of single-celled marine 

organisms, including detection of harmful algae (Galluzzi et al., 2004; Handy et al., 

2008; Zamor et al., 2012) and quantification of microbial cell abundance (Beman et al., 

2012; White et al., 2009) and distribution (Church et al., 2008; Church et al., 2005; De 

Gregoris et al., 2011; Zhu et al., 2005).  However, qPCR-based approaches to estimating 

abundance of multicellular organisms from field samples have been little explored.   

The work reported here describes the development and optimization of a new 

qPCR-based method for quantifying copepod nauplii in field populations, with 

identification to the species level.  Rather than looking at a preserved plankton sample 

under a microscope and attempting to morphologically identify and count each nauplius, 

this method estimates the total number of a single species present in a homogenized field 

sample. Using this method it is possible to measure as many as 27 samples, each with 

three technical replicates, in a single qPCR run. This method is based on qPCR 

amplification of a target gene fragment of the mtCOI gene.  The mtCOI gene is a good 

choice for this analysis because intraspecific genetic divergence at this gene is relatively 

low in calanoid copepods (up to 4% within species), while differentiation between 

species ranges from ~ 9 to > 25% (Bucklin et al., 1999; 2003; 2010b).  This characteristic 
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has made the mtCOI gene informative in a number of DNA barcoding studies of 

zooplanktonic organisms (Bucklin et al., 1999; 2010a; 2010b; Costa et al., 2007; Ortman 

et al., 2010).  Once the qPCR method has been optimized, it can be applied in a variety of 

ecosystems to estimate naupliar abundance and clarify their potentially very important 

role in planktonic food webs.  

A number of alternative molecular techniques have been developed with similar 

goals in mind, however they each have limitations when applied to copepod nauplii.  

Species-specific multiplexed PCR (Hare et al., 2000), PCR single-strand conformation 

polymorphism (PCR-SSCP) methods (Livi et al., 2006), and denaturing gradient gel 

electrophoresis (DGGE) (Deagle et al., 2003) all would require isolating and extracting a 

single nauplius at a time, which would require hundreds of extractions and PCR reactions 

to quantify the same number of individuals as in a single bulk plankton extraction.  

Alternative methods based on FISH-CS, for example as described by Henzler et al. 

(2010) to sort mussel larvae, are high-throughput, but require specific adapters for the 

flow cytometer to analyze zooplankton samples, which limits the maximum size of the 

plankter analyzed (to 200-700 µm).   Additionally, with the FISH-CS method, natural 

auto-fluorescence of plankton samples can interfere with accurate measurements of the 

probe fluorescence, and compromise proper detection of the organisms in the sample.  

The qPCR method proposed here is potentially much faster and/or more accurate than 

these other methods, when applied to naupliar identification and quantification.  

The qPCR method developed here targets the planktonic copepod Parvocalanus 

crassirostris, one of the two dominant calanoid species at the field site in Kane‘ohe Bay, 

Hawai‘i .  Parvocalanus crassirostris was selected as the target species for several 

reasons; it is currently in continuous culture in the laboratory (P. Lenz Laboratory, UH 

Manoa), which facilitates experimental work on this species, its development rates are 

known (McKinnon et al., 2003), it is common in subtropical coastal ecosystems 

worldwide, and is one of the four most abundant copepods in Kane‘ohe Bay (Scheinberg, 

2004).  With a circumglobal distribution in subtropical and tropical waters, Parvocalanus 

crassirostris (also sometimes identified as Paracalanus crassirostris) has been reported 
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on in ecological studies in embayments of Jamaica (Hopcroft et al., 1998), Australia 

(McKinnon and Duggan, 2001), along the Atlantic coast of the U.S. down to Brazil, the 

coast of India, Gulf of Guinea, Suez Canal, and off of South Africa (Lawson and Grice, 

1973, and references therein) as well as elsewhere (see Razouls et al., 2005-2012 for the 

full distribution).  Parvocalanus crassirostris can be very abundant and ecologically 

important in these coastal ecosystems.  For example, in Jamaica, Hopcroft et al. (1998) 

found that P. crassirostris was ~3 times more abundant (16% of the total copepods 

including nauplii) than the next most-abundant taxon, Oithona simplex (4.5%), and 

contributed the most to total copepod biomass (26.9%). Despite their abundance and 

apparent importance, little molecular data is available for this species. Three mtCOI and 

one 28S ribosomal RNA sequences are listed in the National Center for Biotechnology 

Information (NCBI) GenBank database (collected in China and Florida Bay: accession 

Nos. HM045395-7, AF385460, Kiesling et al., 2002).  

The field site, Kane‘ohe Bay, is a subtropical embayment on the windward side of 

Oahu, Hawai‘i (Figure 1).  In the semi-enclosed southern lagoon, the average residence 

time of the water has been found to be ca.13 days (Bathen, 1968; Smith et al., 1981).  

Mixing is generated by trade winds, while wave-induced currents from the outer bay 

contribute a flow of only 0.02 m s-1 (Lowe et al., 2009).  Consistent northeast trade winds 

cause the southern bay to be generally well-mixed except during periods of wind 

relaxation or high rainfall, when the water column becomes stratified (De Carlo et al., 

2007; Ringuet and MacKenzie, 2005).  A number of prior studies in the bay have focused 

on a range of characteristics of the zooplankton community.  Some examples include 

their grazing impact (Calbet et al., 2000), their response to nutrient inputs due to sewage 

or rainstorms (Cox et al., 2006; Hoover et al., 2006; Ringuet and MacKenzie, 2005; 

Smith et al., 1981), and species diversity and community structure (Edmonson, 1937; 

Hirota and Szyper, 1976; Peterson, 1969; Scheinberg, 2004).  Hoover et al. (2006) 

studied the response of the Kane‘ohe Bay zooplankton community to storm runoff, and 

found that P. crassirostris reached almost 6-fold higher abundances than previously 

observed in the bay, and they also found a gradual increase in naupliar abundance after 
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the storm (nauplii of all species lumped).  Interestingly, there was no subsequent increase 

in adult copepod abundances, suggesting high mortality during development after the 

storm.  Calbet et al. (2000) showed that 3 of the 4 common southern Kane‘ohe Bay 

copepod species (adults) feed at high rates on particles smaller than 5 µm (smaller sizes 

than previously reported).  Given the high abundance of copepods and their nauplii 

during certain ecosystem states (e.g. after storm events) and their high rates of 

consumption of small food particles, copepod nauplii could have a substantial grazing 

impact on the phytoplankton community during some ecosystem states more than others.  

Since different species can play different roles in the ecosystem, knowledge of the 

population dynamics of individual naupliar species is critical to fully understanding their 

role in food web dynamics.  Eight copepod species have been previously reported to 

occur in the bay (Table 1), but taxonomic identification has been inconsistent and no 

molecular work had been done previously on the local species.   

Below I present experimental results on development, optimization, and testing of 

a novel qPCR-based method to study naupliar populations in Kane‘ohe Bay, Hawai‘i. 

There were 6 main objectives of this work:  (1) to determine the genetic diversity of the 

copepod species present in Kane‘ohe Bay, and develop species-specific primers for 

amplification of only the target species, P. crassirostris, (2) to optimize the DNA 

extraction protocol,  (3) to measure mtCOI DNA copy number for each developmental 

stage,  (4) to test the effect of food concentration on mtCOI copy number in nauplii,  (5) 

to assess the presence of inhibitors in field samples, and finally, (6) to validate the 

accuracy of the method by comparing qPCR-based abundance estimates to direct 

microscope counts in both laboratory and field populations.  In order to demonstrate use 

of the method in the field, the abundance of the target species was estimated using the 

new qPCR approach across 13 days of field samples collected June 20 through July 2, 

2011.  In future research, I plan to apply this novel method to study the ecology of 

nauplii, and to better understand their importance to food web dynamics in subtropical 

coastal ecosystems.  
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Chapter 2:  MATERIALS AND METHODS 

2.1 Overview of the Method 

 Figure 2 provides an overview of the novel qPCR-based method, and shows how 

we can estimate the abundance of nauplii in mixed plankton samples using this approach.  

First, a mixed plankton sample is obtained in the field using a net tow or Niskin bottle, 

and the plankton is size-fractionated, preserved in 95% non-denatured ethyl alcohol 

(EtOH), and stored at -20 °C.  DNA is extracted from each size fraction, and the total 

number of mtCOI copies in each size-fraction is measured using qPCR.  In order to 

obtain the number of individuals in each size fraction from mtCOI copy number, the total 

copy number is divided by an average copy number in that sieve fraction determined 

from laboratory cultures. This average copy number includes both the mtCOI copy per 

individual as a function of developmental stage, as well as the developmental stages 

present in that sieve size, given the sieve fractionation efficiency for this species 

(determined on cultures).   

 

2.2 Genetic diversity of Kane‘ohe Bay Copepods 

Sample Collection 

Plankton samples were collected from six locations spanning the northern, central, 

and southern regions of Kane‘ohe Bay (Fig. 1).  Sampling was conducted across these 

regions in order to determine species diversity, verify genetic homogeneity of the 

populations present within the bay, and/or uncover any divergent genetic lineages within 

the described morphospecies.  Vertical net tows from 10m to the surface were taken with 

a 0.5m diameter, 64 µm mesh plankton net.  Samples were concentrated and immediately 

preserved in 95% EtOH, put on ice in the field, and then stored at -20 °C.  The alcohol 

was changed once within 24 hours of collection, to maintain the integrity of sample DNA 

(Bucklin et al., 2000).  Station S3 within the south bay (Fig. 1, S3) was sampled monthly 

between Feb 2010 and Nov 2011, and was the primary sampling location for experiments 

on field samples. 
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Species Identification 

Adult females were removed from preserved samples for identification, DNA 

extraction and sequencing.  Although the paracalanid species in the bay had been 

previously examined by taxonomic experts F. Ferrari (Smithsonian Institution) and W. 

Lee (Hanyang University, Seoul, South Korea) and determined to be Parvocalanus 

crassirostris and Bestiolina similis, the Oithona species described from the bay, Oithona 

nana and Oithona simplex (Table 1), seemed to match poorly with the morphological 

variation observed in the samples.  As a result, Oithona material from all three regions of 

the bay was sent to taxonomic expert S. Nishida (ORI, U Tokyo) for identification.  He 

identified three cyclopoid species in the material: O. simplex, O. oculata, and O. 

attenuata, the latter two of which are first reported here for Kane‘ohe Bay.  Additional 

species identification used taxonomic references cited within Razouls et al. (2005-2012). 

 

PCR and DNA Sequencing 

DNA was extracted from individual adult females using the lysis buffer method 

described in Lee and Frost (2002).  For each species, a 710 base pair (bp) fragment of the 

mtCOI gene was targeted for amplification with polymerase chain reaction (PCR) using 

previously published primers L1384 (Machida et al., 2004), and HCO2198 (Folmer et al., 

1994) (Table 2). PCR amplifications were performed in 25 µl reaction volumes using 2.5 

µl 10x PCR Buffer minus Mg2+, 1.5 mM MgCl2, 0.3 µM of each primer, 0.2 mM of each 

dNTP, Invitrogen Taq polymerase (recombinant) at 0.05 units/ µl, and 3 µl of DNA 

extract.  Reaction conditions included denaturing at 95 °C for 30 s, followed by 40 cycles 

of denaturation at 95 °C for 30 s, annealing at 42 °C for 30 s, extension at 72 °C for 1 

min, then the final extension step at 72 °C for 4 min.  PCR products were visualized on 1 

to 1.5% agarose gels with ethidium bromide staining.  Acceptable amplifications were 

purified using shrimp alkaline phosphatase and exonuclease I (USB Corp.; 30 min at 37.0 

°C followed by 95.0 °C for 15 min), and sequenced on an ABI 3730XL machine (BigDye 
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terminator chemistry).  mtCOI sequences were obtained from a total of 161 specimens of 

8 species, sampled at 3 sites within Kane‘ohe Bay (Table 3). 

 

Sequence Analysis 

DNA sequences were evaluated for data quality using Geneious (v5.5.7; Kearse et 

al., 2012). Forward and reverse strands were aligned using ClustalW (v2.0) within 

Geneious (Larkin et al., 2007).  Ambiguous bases in one strand were corrected if the base 

was sequenced more clearly on the second strand, otherwise the base was left as 

ambiguous (“N” rather than A, G, C, or T).  A final consensus sequence was created from 

this alignment for each specimen, containing only bases that were called with high 

confidence.  All sequences for specimens morphologically identified as the same species 

were aligned (ClustalW), and all unique mtCOI haplotypes were translated to amino 

acids to assess for the presence of stop codons or indels (insertions-deletions) within the 

open reading frame (ORF).  Observation of either of these within the mtCOI ORF would 

indicate that a pseudogene may have been amplified, rather than the intended mtCOI 

functional gene copy (Buhay, 2009). No stop codons or interruptions in the reading frame 

were observed in any Kane‘ohe Bay sequences.  All unique sequences were then 

compared to the GenBank database for closest matches, in order to verify amplification 

of calanoid mtDNA.   

In order to evaluate the systematic identity of Kane‘ohe Bay copepods, 

phylogenetic trees were inferred for calanoids and cyclopoids (separately) that included 

both the new Kane‘ohe Bay mtCOI material and all mtCOI sequences present in the 

GenBank database from species within the same genera.  A total of 272 mtCOI sequences 

were downloaded from GenBank and aligned with the Kane‘ohe Bay sequences.  

Sequence details, including species, accession number, sequence length, authors, and 

location of specimen collection, are listed in Appendices 1 (calanoids) and 2 

(cyclopoids).  Separate alignments were created for calanoids and cyclopoids using 

ClustalW.  Each alignment was trimmed to equal length (calanoids 499 bp, cyclopoids 
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584 bp), and any sequences that were shorter than the final 499 bp or 584 bp length were 

removed.  Unique haplotypes were identified using Mothur (v1.25.1; Schloss et al., 

2009), which clusters sequences into groups based on their uncorrected pairwise genetic 

distance.  Haplotypes were clustered in Mothur by assigning sequences into operational 

taxonomic units (OTUs), where all sequences within each unit were less than 1 or 2% 

genetically divergent from the average sequence in the OTU (2% for calanoids, 1% for 

cyclopoids).  For calanoids, all GenBank haplotypes determined to be > 2% genetically 

divergent (>10 substitutions, 499-bp alignment) were included in final alignments, along 

with all unique (>1 bp difference) Kane‘ohe Bay calanoid sequences.  Within the genus 

Acartia, there were a few cases where the <2% divergent OTUs contained multiple 

species.  In these cases, a representative of each species within the OTU was selected for 

final phylogenetic analyses.  This resulted in a total of 82 haplotypes that were used to 

infer the final calanoid phylogenetic tree.   For cyclopoids, all GenBank haplotypes 

determined by Mothur to be >1% genetically divergent (>6 substitutions, 584-bp 

alignment) were included in final alignments, along with all unique (>1 bp difference) 

Kane‘ohe Bay cyclopoid sequences. This resulted in a total of 18 cyclopoid haplotypes 

that were used in the final cyclopoid phylogenetic tree. 

These final alignments were used to infer maximum likelihood trees as well as 

calculate genetic distances between all unique OTUs.  The best nucleotide substitution 

model for both alignments was identified using jModelTest (v0.1.1; Posada, 2008) by 

computing their likelihood scores and identifying the best substitution model using the 

Akiake Information Criterion (AIC).  From this analysis, it was determined that the 

general time reversible (GTR) substitution model with a proportion of invariable sites 

(+I) and rate variation among sites (+G) (GTR+I+G) was the best model for both 

sequence alignments.  The best maximum likelihood (ML) tree for each alignment was 

inferred using PhyML (v3.0; Guindon et al., 2010; Guindon and Gascuel, 2003), with the 

GTR+I+G substitution model and 1000 bootstrap replicates.  Uncorrected pairwise 

genetic distances were calculated from each final alignment using Mothur.   
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2.3 Development of Molecular Tools using Cultures 

Copepod Cultures 

Parvocalanus crassirostris was maintained continuously in the laboratory on a 

diet of Isochrysis galbana (McKinnon et al., 2003; VanderLugt and Lenz, 2009).  This 

culture was used for tests of sieve retention, evaluation of DNA extraction methods, 

determination of the amount of DNA degradation with preservation length, and isolation 

of developmental stages for determination of mtCOI copy number at each stage.   

 

Primer Design and Testing 

For qPCR species-specific primer development, the most common haplotype for 

each of the eight Kane‘ohe Bay copepod species was aligned to the target species, P. 

crassirostris (using ClustalW, in Geneious v5.5.7).   Regions of this gene with the highest 

differentiation between species were identified for primer design.  Primers 15 to 24-bp in 

length that had maximum mismatch to non-target species at their 3’ end were selected to 

amplify a 50-200 bp amplicon in qPCR.  Primers were analyzed in-silico to test for 

potential amplification of non-target species DNA (using Amplify v3.1.4), and to 

evaluate the quality of the oligomer pair (using OligoAnalyzer v3.1).  Candidate primers 

(Integrated DNA Technologies) first were tested with conventional PCR to optimize the 

annealing temperature for maximal amplification of the target species and minimal non-

target amplification.  PCR reaction chemistry and conditions were as described above, 

with the exception of the annealing temperature, which varied.  The final P. crassirostris-

specific primers, PCOI424 and PCOI588 (Table 2), produced a single 165-bp band for all 

P. crassirostris extracts tested, with no bands visible in the no-template control (NTC).  

The optimal annealing temperature was 65 °C for this primer pair.  Faint bands were 

observed in some non-target species (U. vulgaris, O. simplex); however, later qPCR tests 

verified that the rate of amplification was insignificant for these species. 

A multiplex species-specific PCR protocol was designed to discriminate between 

individuals of P. crassirostris and B. similis, the two dominant calanoid copepods at the 
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primary field site (S3, Fig. 1).  Primers L1384 and H2612 (Table 2) (Machida et al., 

2004) were used to amplify a >1000 bp region of mtCOI in these two species.  PCR 

reaction conditions were as described above.  Sequences were aligned and a common 

forward primer (PCBS) was designed that is identical to B. similis and has a 1-bp 

difference from P. crassirostris.  Species-specific reverse primers were designed (PCRP, 

BSRP), such that if an unknown specimen is P. crassirostris a 388-bp region of DNA is 

amplified, and if the specimen is B. similis, a 792-bp region is amplified (Table 2).  The 

distinct PCR product length allows differentiation between these two morphologically 

similar copepods by visualization of these PCR products on an agarose gel.  This 

multiplex PCR protocol was used in section 2.5 to identify unknown copepodites to 

species, and validate the accuracy of the qPCR method. Copepodites of these two species 

can be distinguished morphologically from other calanoid species in the bay (e.g., 

Undinula vulgaris, Acartia sp.), but not easily from each other, so this approach was used 

only to discriminate between these two species. 

 

2.4 Optimizing qPCR Sample Treatment  

qPCR Protocol 

qPCR was carried out on a Bio Rad iCycler IQ.  Preliminary tests determined that 

the optimal primer concentration would be 0.4 µM, and the optimum annealing 

temperature would be 65 °C.  Each plate was run with the same four-point standard 

dilution series of the synthesized primer amplicon region (Integrated DNA technologies) 

and with a no-template control in triplicate.  The 165-bp region amplified by the P. 

crassirostris specific primers (+4 bp on each end for more optimal binding) was used as a 

DNA standard. This standard was resuspended to a concentration of 100 µM, diluted 8 

fold to 10-6 pmole µl-1, further diluted to use as a four-point standard curve, and then 

aliquoted to minimize freeze-thawing.  Use of this standard allows direct quantitation of 

mtCOI gene copies in samples tested in qPCR.  Reactions were carried out in 50 µl 

volumes, with each primer at 0.4 µM concentration, with 25 µl iQ Sybr Green Supermix 
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(Bio Rad), 5 µl DNA extract, and 16 µl nuclease-free water.  Reaction conditions were 

95.0 °C for 10 minutes; 50 cycles of 95.0 °C for 30 seconds, 65.0 °C for 1 minute, 72.0 

°C for 30 seconds; followed by 95.0 °C for 1 minute, with melt curve analysis at the end 

of the experiment to assess purity of the target being amplified.  Baseline cycles were 

determined automatically by the iCycler software (v3.1).  For all qPCR data analysis, the 

threshold level was adjusted manually to 150 RFU to allow comparisons of the sample 

threshold (Cq) across plates.  In order to determine the DNA concentration in an 

unknown sample, the Cq, or threshold cycle, of the sample is plotted on the regression 

created by the Cq vs. log10 pg DNA from the standards of known DNA concentration, 

and the DNA concentration in the unknown sample is inferred from this relationship.  

 

Statistical Analyses 

QPCR data were exported from the iCycler Software (version 3.1) for initial data 

processing.  If the standard deviation (SD) of the Cq for triplicate measurements of the 

same sample was greater than 0.5, the extreme value was considered an outlier and was 

excluded from analysis, as recommended by Bio-Rad technical support.   If the SD of the 

Cq for remaining duplicate wells after removal of outlying samples was still greater than 

0.5, the entire sample was excluded from analysis.  After removal of outlying technical 

replicates, all remaining data were used in statistical analyses and plotting (SigmaPlot 

v11.0).  Results reported in the text are reported in the format of (mean ± SD) unless 

otherwise specified.  Nested ANOVAs were performed according to McDonald (2009). 

 

DNA Extraction  

Consistent extraction of DNA from environmental samples is critical to the 

success of the overall approach, and a number of experiments were conducted to 

maximize the recovery of DNA.  Experiments were conducted to compare sample 

homogenization techniques, extraction methods, and elution solutions. 
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Two homogenization methods were compared; grinding with a pestle and bead-

beating.  Triplicate biological replicates of three sample types were tested in each method 

with the above qPCR protocol: sets of 10 P. crassirostris adult females, replicates of the 

20-63 µm Nitex-sieved size fraction (containing nauplii only), and replicates of the > 63 

µm size fraction (a range of nauplii through adult life stages).  The three groups of 10 

adult females were preserved in 95% EtOH and stored at -20 °C for 15 days before 

extraction.  To create the sieved DNA extracts, four liters of a high-density mixed-stage 

copepod culture were fractionated with a 63 µm and 20 µm Nitex mesh sieve tower, and 

rinsed with 300 ml GFF filtered seawater.  Each size fraction was individually re-

suspended in a 200 ml volume of filtered seawater, mixed well and split into sixths.  Each 

was preserved with 95% EtOH in a 50 ml falcon tube, and stored at -20 °C for 15 days 

prior to extraction.  For extraction, preserved adult females were placed directly into 400 

µl Buffer ATL in a 1.7 ml microcentrifuge tube for pestle grinding (with 3 replicates), 

and 10 females were placed into 500 µl of ATL buffer (Qiagen) in a 2.0 ml screwcap 

tube for bead-beating (with 3 replicates).  The sieved samples were centrifuged, 

transferred into a 2.0 ml screwcap tube, and centrifuged again to remove excess EtOH.  

Samples were further dried by vacuum centrifugation, and resuspended in 400 µl (for 

pestle grinding) or 500 µl (for bead beating) of ATL buffer.   Triplicate samples of each 

type (adults, 20-63 µm, or > 63 µm) were manually ground with a pestle for 20 seconds 

each, then extracted as directed by the QiaAmp DNA mini kit (Qiagen) tissue extraction 

protocol with a 16-20 hour lysis step, all volumes scaled up for increased starting volume, 

with addition of RNAse A (Qiagen) and final elution in 400 µl autoclaved deionized (DI) 

water.  Initial tests of extraction without RNAse A treatment on an Agilent 2100 

Bioanalyzer (v2.0) indicated the presence of RNA in some sample extracts, so RNAse 

treatment was included in all subsequent extractions.  The remaining triplicate samples of 

each type were homogenized with the following bead-beating protocol: 0.6 grams of 1.0 

mm and 0.2 grams of 0.1 mm sterile silica-zirconium beads (BioSpec Inc.) were added to 

each tube, all samples were subject to three cycles of bead-beating (BioSpec 

Minibeadbeater-16) for 40 seconds followed by one minute on ice, then iced 5 minutes 
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and centrifuged for 5 minutes at 14,000 rpm.  400 µl of supernatant was transferred to a 

1.7 ml sterile microcentrifuge tube, and further processed by the same QiaAmp kit 

extraction protocol as the pestle ground samples.  Samples A and C were measured on the 

same qPCR plate, with triplicate wells measured per sample.  All DNA extracts were 

stored at -80 °C until used in qPCR. 

Experiments were conducted to compare two DNA extraction procedures: a lysis 

buffer method (Lee & Frost 2002), which has been found to be particularly useful on 

small amounts of starting tissue (Goetze unpub.), and the QiaAmp DNA mini kit 

(Qiagen).  The QiaAmp DNA mini kit was used for this project instead of the more 

commonly used DNeasy kit because technical protocols are the same (DNA from blood 

and tissue protocols), and discussions with Qiagen technical support verified that the 

DNA yield using either kit would be equivalent.  Both DNA extraction methods tested 

here are commonly used on metazoan plankton (e.g., Bucklin et al., 2010b; Durbin et al., 

2012; Goetze, 2005) and Simonelli et al., (2009) found the DNeasy kit to be the most 

reliable and efficient method out of eight commonly used extraction protocols tested (did 

not test the lysis buffer method).  In this experiment, three sets of 10 adult females were 

preserved in 95% EtOH, stored at -20 °C for 15 days, and placed into 500 µl of lysis 

buffer, then ground with the bead-beating protocol listed above.  The 400 µl supernatant 

was incubated at 65 °C for 1 hour, followed by 95 °C for 15 minutes, and stored at -80 °C 

until used in qPCR.  Three additional sets of 10 adult females were preserved in 95% 

EtOH, stored for 15 days, and placed into 500 µl of Buffer ATL (Qiagen) and ground 

with the above bead-beating protocol.  400 µl supernatant was then extracted following 

the QiaAmp DNA mini kit tissue extraction protocol, as described in the above 

paragraph.  All samples were run on one qPCR plate, with three technical replicates 

measured per sample.  

Finally, experiments also were completed to establish an optimal solution for the 

elution of DNA during extraction.  The QiaAmp kit protocol recommends elution in AE 

Buffer, which contains EDTA, an acid known to interfere with SybrGreen chemistry 

(Demeke and Jenkins, 2010).  Therefore, a number of alternative elution solutions were 
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tested by qPCR measurement of DNA copy number to find a solution appropriate for use 

in qPCR (with SybrGreen chemistry). Sets of 10 adult females preserved in EtOH and 

stored for 15 days were extracted using the QiaAmp kit and bead-beating protocols, 

followed by elution of three biological replicates in 400 µl of each of the following four 

elution solutions; nuclease-free water (Ambion, pH 6.4), nuclease-free water (pH 7.2, pH 

adjusted with Molecular Grade NaOH), autoclaved deionized water (pH 7.0), and AE 

Buffer (Qiagen).  All samples were measured on one qPCR plate with three technical 

replicates measured for each sample. 

 

Sample storage time and DNA recovery  

Given the intentions of the field program in which this qPCR method would be 

applied, samples needed to be preserved rapidly in the field, and stored for at least 14 

days prior to DNA extraction.  The most commonly used sample fixative for molecular 

work on metazoans in field surveys is preservation and storage in 95 to 100% EtOH (e.g., 

Bucklin et al., 2000; Nagy, 2010).   Although EtOH preservation is known to be among 

the most reliable for recovery of high quality DNA for storage times > 1 year (e.g., 

Mandrioli et al., 2006; Quicke et al., 1999), there also have been reports that the success 

of this method varies depending on water content in the sample (Fukatsu, 1999) and that 

degradation over longer-term storage can occur (e.g., Holzmann and Pawlowski, 1996; 

Reiss et al., 1995).  Therefore, experiments were conducted to assess DNA degradation 

using samples from laboratory cultures.  Triplicate sets of 10 adult females were 

preserved in 95% EtOH and stored at -20 °C for 1 day, 22 days, and 41 days.  After the 

specified storage times, each set was extracted using bead beating and the QiaAmp tissue 

kit, as described above, with elution in 400 µl autoclaved DI water and final storage of 

DNA extracts at -80 °C.  
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Finalized Sample Treatment Protocol 

Based on results of the optimization tests described above (DNA extraction, 

storage time), samples for all remaining experiments were extracted with the following 

final procedure.  Copepod samples were preserved in 95% EtOH and stored at -20 °C for 

15-20 days prior to DNA extraction.   The sample was concentrated, EtOH was 

evaporated as described above, and the plankton material was resuspended in 500 µl 

Buffer ATL.  0.6 grams of 1.0 mm and 0.2 grams of 0.1 mm sterile silica-zirconium 

beads were added to each tube and all samples were homogenized with three cycles of 

bead-beating for 40 seconds and icing for 1 minute.  Samples were then iced 5 minutes, 

centrifuged for 5 minutes at 14,000 rpm, and 400 µl of supernatant was transferred into a 

1.7 ml sterile microcentrifuge tube. The remaining steps were followed as recommended 

by the QiaAmp DNA mini kit tissue extraction protocol, scaling up for increased starting 

volume, with the following modifications: samples were incubated at 56 °C overnight for 

16-20 hours, the recommended RNAse A step was incorporated, and samples were eluted 

in 400 µl autoclaved deionized water.  DNA extracts were then stored at -80 °C.  

 

 qPCR Tests of Species-specific Amplification 

Species-specificity of amplification during qPCR was tested across all 8 common 

copepod species in Kane‘ohe Bay.  Triplicate sets of 1-10 individuals of each species 

were extracted with the finalized sample treatment protocol.  The DNA concentration of 

these extracts was measured with a Qubit 2.0 fluorometer (Invitrogen) using the high 

sensitivity (HS) assay.  Template DNA concentration was normalized, and a total of 0.8 

ng total DNA per well was used across all samples.  Samples were run on a single qPCR 

plate, using the above qPCR protocol.  
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MtCOI Copy Number across Development Stage 

MtCOI copy number was measured across all developmental stages of P. 

crassirostris, in order to use these numbers to estimate the abundance of nauplii in 

environmental samples (as summarized in Fig. 2).  Three biological replicates of 10 

individuals of each life stage were obtained from laboratory cultures, preserved for 18 

days, extracted with the final treatment protocol (described above), and measured with 

qPCR.  Developmental stages of P. crassirostris were identified according to Lawson and 

Grice (1973).  The following equation was used to calculate the number of mtCOI DNA 

copies from the pg of DNA measured in qPCR determined from the standard curve;  

 

DNA copy number = [(pg DNA)×(6.022×1023)]/ [165×(1×1012)×650] 

 

where 165 is the number of base pairs in the amplicon including primers, and 650 is the 

average molar mass per base pair. 

 

Maternal Effects of Food Concentration on mtCOI Copy Number in Nauplii 

Body size and dry weight are known to vary across environmental conditions in 

copepods (e.g. Campbell et al., 2001; Durbin and Durbin, 1978; Vestheim et al., 2005), 

and there also may be environmentally-dependent shifts in the number of mitochondria 

within cells.  If this occurs, the number of mitochondrial gene copies (mtCOI) will vary 

as a function of environmental condition.  In order to determine if food concentration 

affects the mtCOI copy number in nauplii (the target developmental period), an 

experiment was performed to test whether mtCOI copy number in non-feeding (NI) and 

late stage, feeding nauplii (NVI) varies under high and low food conditions.     Two 

equally dense (250 adults l-1) P. crassirostris cultures were isolated from a laboratory 

culture.  For 7 days, each culture was fed every other day with either 1x105 cells ml-1 or 

1x104 cells ml-1 of I. galbana.  On day 7, each was gently sieved (100 µm) to retain late 

copepodites and adults only, which were placed back into fresh UV sterilized seawater 
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and again fed the respective high and low concentration of algae.  Two days later each 

culture was harvested onto a 20 µm sieve, preserved in 95% EtOH, and stored in -20 °C 

until processing.  Three sets of 10 individual NI and three sets of 4 individual NVI were 

picked from each preserved culture, extracted after 15 days of storage with the optimized 

DNA extraction protocol, and measured with qPCR at 0.4 ng total DNA per well.  

The high and low food levels tested represent realistic conditions at the field site.  

Mean surface chlorophyll over a recent study was 3.0×103 cells ml-1 (based on I. galbana 

estimates of chl-a per cell; McKinnon et al., 2003), with a maximum reached after a 

storm of 3.0×104 cells ml-1 (Drupp et al., 2011).  Chlorophyll measurements made at a 

depth of 11 m in the present study were up to 4 times as high as surface values, indicating 

the maximum food level at depth could be as high as 1x105 cells ml-1. This highest field 

concentration corresponds to the high food level tested in this study.   

 

2.5 Processing of mixed samples for qPCR 

Sample Size-Fractionation 

In order to use this qPCR approach on mixed field samples, it was necessary to 

separate the developmental stages so that a single large-bodied, late-stage animal would 

not dominate the signal of mtCOI copy number in samples containing primarily early 

stage nauplii.  Based on measurements of body size at each developmental stage for the 

target species by McKinnon et al. (2003), it was determined that size fractionation should 

be sufficient to isolate early nauplii from mid and late stage nauplii.  The following range 

of Nitex mesh sieves, mounted in PVC, were tested for retention of stages of cultured P. 

crassirostris (in µm); 123, 100, 80, 75, 63, 54, 35, and 20.  Live mixed-stage culture was 

gently poured through sieves stacked from coarse to fine, and a 300-500 ml volume of 

GFF filtered seawater was used to rinse the remaining animals to their proper size level.  

Each size fraction was preserved immediately in 95% EtOH, and stage retention on each 

Nitex size was established by replicate counting of sub-samples.  The EtOH-preserved 

sample was thoroughly mixed, and subsampled with a Stempel pipet into a Ward 
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Counting Wheel.  Six sieve sizes were found to separate life stages of P. crassirostris the 

most effectively, generating the following size fractions; >123 µm, 100-123 µm, 80-100 

µm, 75-80 µm, 63-75 µm, and 20-63 µm.  The final proportions of each stage in each 

sieve were determined from counting five size-fractionated samples from culture, with 

three replicate counts of each size fraction.  Results of this experiment were used to 

establish a final sieving protocol for field samples that maximally separate P. 

crassirostris stages into ~ 2 primary stages per Nitex size.  A subset of these samples was 

used for the comparison of qPCR measurements to direct counts in the validation 

experiments (described below).  The contribution of a stage to the total animals within a 

sieve was calculated based on the retention values determined from replicate counts. The 

proportion of a single stage in a size fraction out of the total animals of that stage in all 

sieves was divided by the sum of the proportions of all stages within that sieve range.  

The contribution of stages to each sieve, along with the mean copy number per individual 

of each stage, was used to calculate the weighted mean copy number per individual for 

that sieve range.  This weighted mean copy number was then used to estimate the number 

of individuals in a sieve by dividing the qPCR measured total mtCOI copy number by the 

weighted mean copy number for that sieve.   

 

Assessment of PCR Inhibition 

Compounds that inhibit the PCR reaction are common in mixed environmental 

samples (Demeke and Jenkins, 2010; Wilson, 1997).  This experiment tested whether 

addition of a protein, bovine serum albumin (BSA), that is known to counteract some 

forms of inhibition (Kreader, 1996), would increase the quantity of DNA measured in 

field samples of different size fractions collected on different days.  The effect of BSA on 

qPCR inhibition was tested by comparing measured DNA copy number in replicate 

measurements of environmental samples with and without addition of BSA. Triplicate 

plankton extracts of four Nitex-sieved size fractions (20-63 µm, 63-75 µm, 75-80 µm, 

and 80-100 µm) from plankton tows made at Station S3 were measured for total DNA 
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copy number without BSA, and when BSA was added to each qPCR well at 0.1 µg/µl.  

For the greater size fraction (80-100 µm), a higher concentration of 1.0 µg/µl also was 

tested to determine whether a higher concentration would be more effective at removing 

inhibition for these samples. 

 

2.6 Method Validation  

Experiments were conducted to determine the accuracy of the qPCR method for 

enumeration of nauplii using both laboratory populations of P. crassirostris and mixed 

field samples.  In culture validation experiments, samples were treated as they would be 

in the field, and direct microscope counts were compared to the qPCR-estimated number 

of individuals in each size fraction.  Three samples were taken from the copepod 

monoculture, concentrated onto a 20 µm sieve and re-suspended to 200 ml with GFF-

filtered seawater, then split in half quantitatively with a Stempel pipet.  Each half was 

then individually size-fractionated and all individual size fractions were preserved with 

95% EtOH.  One size-fractionated half of each culture sample was preserved for 15 days 

at -20 °C then extracted for qPCR, while the other half was subsampled for direct count 

comparisons. Counts were performed by subsampling 2-4 mL of well-mixed sample into 

a counting wheel using a Stempel pipet, and enumerating the number of individuals in 

each subsample.  For qPCR estimation of total copy number, 1 ng total DNA was added 

per well and the total number of mtCOI DNA copies was determined in each fractionated 

sample.  The number of animals in qPCR-measured samples was estimated by dividing 

the total size fraction mtCOI copy number by the weighted mean copy number per 

individual for that size fraction.   

To validate the qPCR method with field samples, qPCR-based estimates of 

abundance from sieved environmental samples were compared to those obtained by 

combining microscope counts of total abundance with identification to species using the 

multiplex PCR method described above (under 2.3, Primer Design and Testing).  On 

September 18, 2011 triplicate 10 m vertical plankton tows were conducted at Station S3 
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with a 64 µm mesh net.  Each tow was concentrated onto a 63 µm mesh sieve, 

resuspended to 200 mL in GFF-filtered seawater, and split quantitatively using a Stempel 

pipet.  Each half was size-fractionated, and all samples were preserved in 95% EtOH and 

placed on ice.  To collect the smallest nauplii, triplicate whole water samples (2 L Niskin) 

also were taken and fractionated with a 20 µm, 63 µm, and 75 µm Nitex sieve tower.  

From one half of each triplicate sample (20 µm, 63 µm Niskin and net, 75 µm net, and 80 

µm net size fractions), the number of calanoid nauplii, calanoid copepodites, cyclopoid 

nauplii, and cyclopoid copepodites was determined in each fraction by subsampling with 

a Stempel pipet and enumerating under a microscope using a counting wheel.  From the 

100-123 µm net collected size fraction, 96 individual calanoid copepodites (CI-CII) were 

randomly selected, individually extracted using the lysis buffer protocol, and identified as 

either P. crassirostris or B. similis using the multiplex PCR method described above (2.2 

Primer Design & Testing).  The ratio of P. crassirostris to B. similis CI-CII was 

determined by scoring specimens to species on the agarose gel.   This ratio was 

multiplied by the total calanoid copepods counted in each size fraction to determine the 

expected number of P. crassirostris in each sample for each size fraction.  The other half 

of each triplicate net and whole water sample was concentrated and extracted after 17 

days of preservation with the optimized qPCR sample treatment protocol and the DNA 

was stored at -80 °C.  Extract DNA concentration was measured with the Qubit 

fluorometer HS Assay, 1.0 ng of DNA was added per qPCR well, and triplicate wells of 

each sample were measured in qPCR.  Total DNA measured per sample (pg) was 

converted to mtCOI copy number as above, and this was divided by the weighted mean 

copy number per fraction to get the qPCR-estimated number of individuals in each 

sample.  The count and ratio estimated number of nauplii was then compared to the 

number estimated using the qPCR method.   
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2.7 Field Demonstration of the qPCR Method 

The novel qPCR method was applied to consecutive daily field samples as a 

demonstration of one potential use of this technique.  These samples were obtained 

during a relatively stable period (low rainfall, late summer), and therefore it was expected 

that naupliar abundance would be relatively constant during this time period.  Plankton 

samples were collected daily for 13 days from June 20, 2011 through July 2, 2011.  Dual 

net tows were collected with a 64 µm Nitex mesh net, split quantitatively with a Stempel 

pipet, size fractionated with Nitex sieves, and preserved as described above.   After 17-21 

days of preservation the 63, 75, and 80 µm fractions from the duplicate net tows were 

extracted with the final sample treatment protocol.  The number of mtCOI gene copies in 

the duplicate 63 µm size fractions was measured in qPCR by adding 1 ng total DNA per 

well, with triplicate wells per sample, using the above qPCR protocol.  As above, the 

qPCR-measured total copy number was divided by the weighted mean DNA copy 

number per individual in each size fraction to estimate the total number of animals in 

each daily sample.  This number was divided by the flowmeter-derived total water 

volume filtered per sample to estimate the number of individuals m-3 on each of the 

thirteen sampled days. 
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Chapter 3: RESULTS 

Experimental results are presented below regarding development, optimization, 

and testing of the qPCR-based method to study Parvocalanus crassirostris nauplii in 

Kane‘ohe Bay, Hawai‘i .  Six primary objectives were accomplished:  (1) Kane‘ohe Bay 

copepod species diversity was determined, and species-specific primers were developed 

to amplify the target species in qPCR.  (2) A DNA extraction protocol was optimized for 

maximum reliable recovery of DNA from environmental samples.  (3) mtCOI DNA copy 

number for each life stage of the target species was quantified, allowing estimation of the 

number of individuals from total target DNA measured in a mixed sample.  (4) 

Preliminary tests of the effect of food concentration on mtCOI copy number in nauplii 

were completed, to determine if environmental variation will affect application of the 

method in the field.  (5) The presence of inhibitors in field samples was assessed through 

use of BSA to remove chemical inhibition of the PCR reaction. (6) The method was 

validated with culture and field samples by comparing measured mtCOI DNA copy 

number to direct microscope counts to understand the accuracy of the method.  Finally, to 

demonstrate use of this new method in the field, the naupliar abundance of the target 

species was estimated using qPCR in 13 days of field samples collected in the summer of 

2011. 

 

3.1 Kane‘ohe Bay Copepod mtCOI Sequence Diversity 

A 650-bp region of the mtCOI gene was sequenced for each of the 8 common 

copepod species in Kane‘ohe Bay to evaluate genetic diversity and obtain initial 

sequences for primer design.  For the four most common species present in the southern 

bay, sequences from 26-32 individuals were obtained (Table 3), while 9-15 individuals 

were sequenced for each of the less common northern bay species. More information 

regarding the sequences and alignments for each species can be found in Appendices 3-

10.  From the haplotype analyses, 39 haplotypes from Genbank were used to represent 

each species out of the 251 total GenBank calanoid sequences.  From the six Kane‘ohe 
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Bay calanoid species, 43 unique mtCOI haplotypes were found, to make the total of 82 

haplotype sequences (from 21 species, 6 genera) that were included in the final calanoid 

phylogenetic tree (Figure 3).  For cyclopoids, GenBank sequences that were greater than 

1% genetically divergent resulted in 5 haplotypes out of the 25 Cyclopoid sequences 

from the GenBank database.  These 5 haplotypes were aligned with all unique Kane‘ohe 

Bay cyclopoid sequences to create a final alignment of 18 cyclopoid sequences (from the 

5 species) in the cyclopoid phylogenetic tree (Figure 4).   

Within Parvocalanus crassirostris, two main genetic lineages were found (Fig. 

3).  Both lineages were at least 18% divergent from the published P. crassirostris 

sequences (HM045395-397), obtained from specimens collected in Chinese coastal 

waters.  Within the primary lineage of this species that dominated in central and southern 

Kane‘ohe Bay (4 unique haplotypes, 94% of sequences), within-bay divergence among 

haplotypes ranged from 0.2 to 1.2% (labeled P. crassirostris in red on Fig. 3).  This 

southern bay lineage is the focus of the described qPCR work.  Two animals were 

sampled from the northern region of the bay that were 14.3% divergent from the primary 

lineage (1 unique haplotype, P. crassirostris (O) on Fig. 3).  These may be a ‘cryptic,’ 

genetically divergent lineage from the rest of the local P. crassirostris, or these outliers 

may have been of another species and were misidentified.  In either case, the primers 

designed to amplify the primary lineage will not amplify the outlier haplotype nor the 

published P. crassirostris haplotype from Chinese coastal waters.  

All Kane‘ohe Bay Bestiolina similis sequences (9 unique haplotypes) were at least 

16.3% divergent from the previously published B. similis sequences (AB679172-188).  

As in P. crassirostris, two primary genetic lineages were found within Kane‘ohe Bay for 

this species.  In the primary lineage (84% of sequences) within-bay divergence ranged 

from 0.2 to 1.0% (7 unique haplotypes, B. similis in red on Fig. 3).  This primary lineage 

was used for qPCR primer design.  The secondary lineage (2 unique haplotypes, 13% of 

sequences, B. similis (O) on Fig. 3) was found only in the central and northern regions of 

the bay, and was 8.6 to 9.2% divergent from the primary lineage.  Of the animals 

identified morphologically as Bestiolina similis (N=31), one specimen appears to have 
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been Paracalanus parvus, with 99% sequence identity to P. parvus mtCOI in the 

GenBank database (HQ150069; collected in the Spermode archipelago, Indonesia).  This 

sequence is noted as P. parvus (in red) on Fig. 3, and is 1.2 to 13% divergent from the 

previously published P. parvus sequences.  While the primary lineage of B. similis was 

used for P. crassirostris-specific primer design (as non-target DNA), the sequence 

alignments  suggest that both the secondary B. similis lineage and P. parvus would not be 

amplified by the Parvocalanus qPCR primers.   

Of the less common Kane‘ohe Bay calanoids, Undinula vulgaris, Labidocera sp., 

and Acartia sp. were found only in the central and northern bay, and not identified in the 

southern bay samples analyzed here.  Within Kane‘ohe Bay, divergence among U. 

vulgaris haplotypes (9 unique haplotypes) was found to range from 0.2 to 1.4%.  These 

haplotypes were 2.2 to 9.2% divergent from previously published sequences: the 9.2% 

divergent haplotype came from the Northwest Atlantic (GU171333), while the 2.2% 

divergent specimen was collected in Chinese coastal waters (EU599561) and is a close 

enough match to serve as verification of the identity of this species.  Divergence within 

Kane‘ohe Bay Labidocera sp. ranged from 0.2 to 2.2% (10 unique haplotypes), and these 

haplotypes were at least 16.0% divergent from the closest published Labidocera 

sequence, L. rotunda.   The Kane‘ohe Bay Labidocera haplotypes matched more closely 

to other Labidocera species than copepods of other genera, suggesting that the genus-

level identification is reliable.   The Acartia sp. within Kane‘ohe Bay was 0.2 to 1.4% 

divergent among the specimens within the bay (9 unique haplotypes).  This group was at 

least 16.6% divergent from all other Acartia sequences published in GenBank (13 

species; closest to an A. tonsa haplotype), indicating that the species in Kane‘ohe Bay is 

not among the previously reported Acartia.  Similar to Labidocera sp., the morphology 

and sequence similarity suggest that Acartia is also the correct genera for this copepod 

group in Kane‘ohe Bay.   

No species-level matches were present in the GenBank database for the Kane‘ohe 

Bay cyclopoid species (O. simplex, O. attenuata, O. oculata), and the sequences will be 

the first to be submitted to this public database.  Figure 4 shows the maximum likelihood 
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phylogenetic tree of the cyclopoid sequences described here.  A single genetic lineage 

was found within each Kane‘ohe Bay Oithona species (Fig. 4).  However, across all the 

Oithona sequences (GenBank and this study), some species had 3 bp insertions, while 

others had 3 bp deletions.  The published O. dissimilis sequences (AB604158-164) 

showed a single amino acid deletion when aligned to the published O. similis sequences 

(JN230860-871), which align well (no gaps) with the Kane‘ohe Bay O. simplex and O. 

attenuata sequences.  In contrast, the Kane‘ohe Bay O. oculata sequences have a single 

amino acid insertion in their alignment relative to the O. similis sequences. The within-

species genetic distance for O. attenuata was 0.2% (2 haplotypes).  Mean within-species 

distance for O. oculata was 0.6%, with a range of 0.2 to 1.0% (4 haplotypes).  Mean 

genetic distance within O. simplex was found to be 1.1%, ranging from 0.2 to 2.4% (7 

haplotypes).  All Oithona species were highly divergent from one another (Fig. 4), with 

uncorrected pairwise genetic distances ranging from 26.5 to 32.8% between species.   

 

3.2 Sample Treatment and qPCR Method Development 

DNA Extraction 

Pestle grinding is a common method for homogenization of tissue during DNA 

extraction, however human inconsistency in grinding may introduce bias in the extent of 

homogenization across samples.  For this reason, bead beating was tested as an 

alternative method.  Results of this test are shown in Figure 5.  In this experiment, three 

sample types were tested: nauplii in the 20-63 µm size fraction (Fig. 5, ‘nauplii’), a mix 

of late nauplii through adults in the >63 µm size fraction (Fig. 5, ‘mixed stage’), and 10 

adult females (Fig. 5, ‘adults only’).  No significant difference between methods was 

found in the quantity of DNA recovered in each sample type tested (Nested ANOVA, 

F(3,17) = 0.15,  p=0.927; Fig. 5).  The mean coefficient of variation for Cq values in bead 

beat and pestle ground samples ranged from 1.1 to 1.3% and 1.0 to 1.8%, respectively, 

indicating that the two homogenization methods resulted in very similar precision.  For 

the broadest range of copepod sizes (‘mixed stage’), which is more representative of field 
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samples, bead beating resulted in a lower coefficient of variation, suggesting that bead 

beating may be slightly better at thorough homogenization for samples containing a 

mixed size range of individuals.  Since there was no significant difference between the 

two methods, and bead beating seemed to be a more systematic approach with less 

potential for variation across samples due to manual sample handling, bead beating was 

used in all remaining experiments.  

Because purity of the DNA extract is essential for an efficient qPCR reaction, 

different extraction methods were tested as well as different solutions for elution of DNA.  

Figure 6 shows the results from testing the QiaAmp DNA extraction kit against the lysis 

buffer method.   The QiaAmp extraction resulted in a significantly higher quantity of 

DNA measured in qPCR in comparison to the lysis buffer extraction method (Fig. 6, t-

test, p=0.023; QiaAmp elution in dH2O).  However, different elution solutions showed no 

significant difference in mean copy number (Figure 7; 1-way ANOVA, F(3, 8)=0.621, 

p=0.621).  Although elution in AE Buffer is recommended by the manufacturer to 

increase sample integrity during storage, the EDTA in this solution can interfere with 

qPCR chemistry.  This may decrease reliability of measurement of DNA copy number, 

and may be reflected in the larger SD in Fig. 7.  Based on mean values alone, autoclaved 

deionized water (dH2O, E1, Fig. 7) and nuclease free water (pH 7.2; E3, Fig. 7) resulted 

in the highest mean measurements of mtCOI copy number.  Autoclaved dH2O was 

chosen as the preferred elution solution, and was used in all subsequent experiments.  

 

Sample Storage Time and DNA recovery 

The qPCR method was developed to evaluate changes in population structure 

over time based on time-series sampling, which made it necessary to determine whether 

the duration of preservation prior to DNA extraction would have an effect on DNA 

recovery in samples.  An overall decrease in mean recovery of sample DNA was 

observed with increased storage times (Figure 8), however these differences were non-

significant, given high variation across replicate samples preserved for the same length of 
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time (SD range 1.4×106 to 2.3×106; 1-way ANOVA, F(2, 6)= 1.348, p=0.328).    The 

decline in the mean measured mtCOI copy number over time with preservation in 95% 

EtOH and storage at -20 °C was 14% after 22 days, and 31% after 41 days.  Given the 

observed decrease in mean copy number over time of preservation, samples to be 

compared in all experiments presented here were consistently extracted after a standard 

storage time of 15-20 days. 

 

qPCR Tests of Species-Specificity in Amplification 

Although primer specificity was tested with conventional PCR, the species-

specific primers developed to amplify the target species also needed to be tested with 

qPCR to determine the level of amplification of non-target DNA.  When equal amounts 

of total DNA were tested for eight copepod species, amplification of target DNA was 

significantly higher than amplification of non-target DNA using primer pair PCOI424 

and PCOI588 (Figure 9; 1-way ANOVA and Tukey test, F(7, 15)=77.82, p<0.001 and 

p<0.001 for each pairwise comparison). The mean Cq for the target species was 19.47, 

which is 15 cycles earlier than the mean non-target Cq of 34.77.  An increase in 3 

amplification cycles is equal to approximately an order of magnitude less DNA 

amplification, therefore all non-target samples amplified at a rate equivalent to 1/10,000 

of one adult and at 1/1,000 of a single nauplius of the target species.  These results 

demonstrate that amplification using the primer set PCOI424 and PCOI588 is specific 

enough to quantify the target species P. crassirostris, even when in the presence of non-

target DNA. 

 

mtCOI Copy Number across Developmental Stage 

Determination of mtCOI gene copy number across life stages of the target species 

was necessary in order to estimate the number of individuals from the total mtCOI copy 

number in mixed environmental samples (summarized in Fig. 2). The number of mtCOI 

gene copies for P. crassirostris was found to increase from 2.08x105 copies per 
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individual at the first nauplius stage (NI), to 5x106 copies per individual in the adult 

female (Figure 10).  Mean copy number increased over naupliar development (ANOVA, 

F(5, 12)=107.3, p<0.001).  A Post-hoc Tukey test showed that the naupliar stages NI, 

NII, and NIII (2.1×105, 2.1×105, and 2.4×105 copies per individual respectively) were 

significantly different from NIV (4.7×105 copies per individual NIV), and that NIV was 

significantly different from NV and NVI (9.8×105 and 9.5×105 copies per individual NV 

and NVI respectively) (p>0.05).  Copepodites and adults had less clear distinctions 

between stages, with an overall significant change in mtCOI copy number between NVI 

and the adult female (ANOVA on ranks, p=0.048), but no significant differences between 

any of these sequential life stages (Dunn’s test, p>0.05). At the CIV stage, the copy 

number for males and females diverged, and feeding adult females (5.1×106 copies per 

individual) had a 5-fold higher copy number than adult males (1.0×106 copies per 

individual), which have degenerate mouthparts and are non-feeding.  The significant 

differences in copy number over development further justifies the need to separate life-

stages in order to more accurately estimate the number of individuals from total mtCOI 

copy number in a mixed environmental sample. 

 

Maternal Effects of Food Concentration on mtCOI Copy Number in Nauplii 

For the earliest stage nauplii (NI, non-feeding), food concentration had no 

significant effect on mtCOI copy number (Figure 11; t-test, p = 0.173).  Mean mtCOI 

copy numbers per individual for early nauplii were 5.0×105 and 4.0×105 for high and low 

food experiments, respectively.  This is 2-2.4 times the copy number for NI determined in 

a previous experiment; this discrepancy is likely due to inter-plate differences in qPCR 

reaction conditions.  In the late nauplius stage NVI, mean copy numbers per individual 

for each treatment were 1.6×106 and 5.6×105 for high and low food experiments, 

respectively.  The mtCOI copy number for this stage in an earlier experiment was 

9.5×105 (Fig. 10), which falls between the high and low food treatment estimates from 

this experiment.  For the NVI stage, the difference in means for the two treatments was 
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not statistically significant due to high variability among replicate samples (Fig. 11; t-test, 

p = 0.162), however the trend in the means suggest that food concentration may affect 

mtCOI copy number for feeding stages.  Further work is required to understand the 

relationship between food condition and mtDNA gene copy number.  

 

qPCR run statistics 

Validity of qPCR data is typically assessed by amplification efficiency, which is 

based on the slope of the standard curve and the quality of within-plate technical 

replicates.  For all qPCR experiments, amplification efficiencies ranged between 91 to 

108%, within the acceptable range of amplification efficiency (Bustin et al., 2009).  

Quantification of DNA from unknown samples is based on the standard curve, which is a 

linear plot of the Cq against the log10 starting quantity of DNA, based on known 

quantities of DNA in a dilution series of the qPCR standard.  All standard curves had 

regression coefficients (r2) greater than 0.99.  One experiment, comparing different 

concentrations of BSA had an amplification efficiency of 86.4%.  However, these results 

were used qualitatively for comparisons across samples of different treatments that were 

run on the same plate, and thus are acceptable for this purpose.  The no-template controls 

run on each plate had either no amplification or a Cq greater than 25.  This is 6 cycles 

higher than the lowest point of the standard curve, equivalent to amplification of two 

orders of magnitude less DNA, which would not interfere with quantitative estimates of 

mtCOI DNA copy number.  In all cases, melt-curve analysis showed one strong peak, 

indicating a single PCR product of the target length.  Within-plate measurements of 

sample replicates had an average coefficient of variation for Cq values of 1.08% (range 

0.12 to 3.58%); the across plate sample replicate average coefficient of variation was 

16% (range 1.3 to 33%).  The level of variability observed across plates is expected given 

the sensitivity of the qPCR reaction, and the range reported here is within that reported by 

other studies for qPCR inter-assay variability (Karlen et al., 2007; Saikaly et al., 2007).   
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3.3 Processing of mixed samples for qPCR 

Sample Size-Fractionation 

Size fractionation is necessary to separate life stages of the target species in order 

to accurately estimate the number of individuals in a mixed field sample.  Out of a range 

of 8 mesh sizes tested for their ability to separate life stages of the target species, six were 

selected for the final size-fractionation protocol. Sieve sizes of 20, 63, 75, 80, 100, and 

123 µm provided maximum separation of naupliar stages of P. crassirostris (Table 4A).  

The 20-63 µm size fraction captured predominantly NI, NII, and a smaller proportion of 

NIII and NIV animals.  The 63-75 µm size fraction captured the NII, NIII, NIV, and NV 

stages, with a smaller proportion of NI and NVI.  The 75-80 µm size fraction captured 

the NV and NVI stages, with a smaller proportion of NIII and NIV.  The 80-100 µm size 

fraction captured primarily NVI, and early copepodites with a smaller proportion of NIV 

and NV.  qPCR experiments focused on size fractions 20, 63, 75, and 80 µm, since these 

retain the naupliar stages.  The 100 and 123 µm size fractions contain only mid to late 

copepodites and adults that can be identified morphologically, or sorted and extracted to 

differentiate species (Parvocalanus, Bestiolina) using multiplex-PCR.   

The contribution of a stage to the total animals within a sieve was calculated 

based on the retention values reported in Table 4A.  For example, from Table 4A the 

expected contribution of NI to the total animals in the 20 µm size fraction is equal to 

0.91/[0.91+0.503+0.135+0.054] = 0.568, which is the expected proportion of the total 

animals within this size fraction that are NI.    These values shown in Table 4B were 

used to estimate a weighted mean mtCOI DNA copy number per individual of the target 

species for that sieve range (Table 5).   Use of these values will underestimate the 

number of individuals in a particular sieve if there is an unusually high number of small 

individuals (earliest stages retained) or a low number of intermediate sized individuals 

relative to a stable age distribution for the stages in that sieve size.    
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Assessment of qPCR Inhibition  

Addition of BSA at 0.1 µg µl-1 reduced inhibition of amplification during qPCR 

of all size fractions in mixed environmental samples (Nested ANOVA, F4,16=6.35, 

p=0.003; Figure 12 A- D).  A higher concentration of BSA, 1.0 µg µl-1, did not result in 

higher mtCOI copy number in the 80-100 µm size fraction (Fig. 12D).  Some variation 

across samples was observed, where sample a in Figs. 12 B, C, and D showed inhibition 

in the absence of BSA, while the other two samples were less affected (field samples a, b, 

and c were collected on different days).  The size fraction shown in Fig. 12A contained 

copepod nauplii and detrital material only, which is a potential reason for there being no 

clear difference after the addition of BSA to this sample size fraction.  Larger size 

fractions (Fig. 12, B, C and D) contained a mix of copepods and other planktonic 

organisms, increasing the diversity of material potentially able to inhibit the PCR 

reaction.  Since addition of BSA either positively affected DNA measurement or had no 

effect in 8 of the 9 sample replicates tested, it was determined that BSA would be used at 

a concentration of 0.1 µg µl-1 in all field sample analyses as a precaution to remove 

potential chemical inhibition of qPCR.   

 

3.4 Method validation  

Culture Validation Experiment  

Abundance estimates from the qPCR method and direct microscope counts were 

compared for three samples, each of which had four size fractions, obtained from the 

copepod monoculture (Figure 13A- D).  Overall, there was close correspondence 

between methods in 8 of 12 sample size fractions, with qPCR estimating 67 to 116% of 

the counted number.  There were 4 outliers where qPCR estimates differed widely from 

counts, ranging from 33% to as high as 255% of the counted number.  In the 20-63 µm 

size fraction, qPCR estimates of the number of nauplii for samples II and III were 1.06 to 

0.93 times the counted number, while the qPCR estimate in collection I overestimated the 

counts by a factor of 2.5 (Fig. 13A).  In the 63-75 µm size fraction, the two estimates for 
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collection I were nearly identical, while counts were 2.6 and 1.5 times higher than qPCR 

estimates for samples II and III, respectively (Fig. 13B).  Counts in the 75-80 µm size 

fraction were from 1.2 to 3 times higher than qPCR estimates of abundance from all three 

samples (Fig. 13C).  The 80-100 µm size fraction showed the closest agreement between 

the two methods (Fig. 13D).  QPCR abundance estimates for this size fraction were from 

0.79 to 1.16 times the number of counted individuals.  Additional experiments should be 

performed to determine the cause of variation in the 4 outlying size fractions.  The overall 

coefficient of variation (CV) of the technical replicates of qPCR measurements ranged 

from 4.3 to 31.6% (mean=16.1%), and the CV for technical replicates of counts ranged 

from 2.9 to 46.8% (mean=15.8%), showing almost equal variation between replicate 

estimates of samples by either method.  The samples used in these validation experiments 

were the same samples used to determine stage distribution in the size-fractionation 

experiment.   

 

Field Validation Experiment 

Validation of the qPCR method with field samples is more complicated than when 

using laboratory monocultures, because the species identity of field-collected nauplii is 

unknown.  The overall approach was to determine the total number of calanoids in each 

size fraction from environmental samples using microscope counts (including Bestiolina 

and Parvocalanus), and then multiply this number by the proportion of P. crassirostris 

determined from multiplex-PCR to estimate the number of P. crassirostris within each 

size fraction.  This number provides the ‘count’-based estimate of abundance that was 

compared to the qPCR method.   

The total number of calanoids and cyclopoids was compared from two replicate 

Niskin-collected samples and three replicate net-collected samples from Sept 18, 2011 

(Figure 14).  In all size fractions, cyclopoids were 5 to 8 times more abundant than 

calanoids (Fig. 14).  Data from the same size fractions were averaged across samples to 

estimate the density of the population on that day.   Although overall densities of the two 
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groups were similar in the Niskin and net collections, the error was higher for the Niskin 

samples due to the much smaller total volume of water sampled (2 L sampled with the 

Niskin, 570 L filtered with the net).   

Since morphological identification of Parvocalanus nauplii in mixed plankton 

samples is impossible, the proportion of Parvocalanus out of all calanoids was estimated 

using multiplex-PCR.   Using multiplex-PCR, the ratio of juvenile P. crassirostris to B. 

similis was found to be 19% based on 84 reactions of randomly selected individual 

calanoid CI and CII copepodites.   This ratio was used to calculate the number of 

Parvocalanus out of the total calanoids counted in each size fraction, for comparison to 

the qPCR estimated number of individuals in replicate Niskin and net collected field 

samples (Figure 15A, B).  In the largest size-fraction measured (80-100 µm), which also 

contained some of the same developmental stages that were used to determine the 0.19 

proportion, the abundance estimates of the target species by qPCR gave very close 

comparisons to counts (with the 0.19 ratio applied).  In this size fraction, QPCR 

estimated 77 to 107% of the count-based number of P. crassirostris.  However, when 

qPCR estimates are compared to the ratio-applied count for the other size fractions, the 

two methods of enumeration were significantly different (Nested ANOVA, p=0.014).  

Considering Niskin-collected samples alone, if the 63-75 µm size fraction from the 

Niskin was excluded from the analysis (this sample had high error, due to the low number 

of the target species in the sample by either estimation method), there was no significant 

difference between qPCR and microscope counts (20- 63 µm only; Nested ANOVA, 

p=0.102).  In both Niskin sample replicates that were measured for the 20-63 µm size 

fraction, the mean qPCR estimate was 1.5-2 times higher than the mean counts based on 

the multiplex-PCR ratio. For net collections, the qPCR and count-based estimates of 

abundance were also significantly different (Nested ANOVA, (p<0.001).  The approach 

used here made the assumption that the 19% Parvocalanus of the total calanoids was 

constant across all life stages in the field.  This assumption may well be incorrect, and 

could underlie the differences found between qPCR and count-based estimates of 

abundance for the smaller size fractions.   
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Based on the qPCR measurements, there was an overall average P. crassirostris 

density of 2.8×103  nauplii m-3 (SD=1.1×103) on that day (mean of combined same-

sample size fractions for both net and Niskin estimates) while the average total calanoid 

density was 1.4×104 individuals m-3 (SD = 4.8×103).  The average total naupliar density 

from counts of both calanoids and cyclopoids in the net samples (combining same-sample 

size fractions) was 8.4×104 individuals m-3 (SD = 2.4×104), making the target species 

only 3% of the total nauplii (calanoid and cyclopoids) on this sampling date.   A 

summary of the total calanoids in each size fraction, and both methods of estimating the 

target species abundance are shown in Table 6.   

 

3.5 Demonstration of the qPCR Method in the Field 

As a demonstration of the qPCR method to measure changes in copepod 

abundance in the field, mtCOI copy number was quantified in the 63-75 µm size fraction 

for daily samples collected during a two-week sampling period June 20 –July 2, 2011. 

During this period, the average temperature of the water column was 25.4 °C (SD=0.12), 

daily rainfall was less than 0.64 inches (National Weather Service data, Luluku rain 

gage), and average wind speed was 9.6 MPH (National Weather Service).  From 

duplicate samples collected daily, the qPCR-measured number of P. crassirostris nauplii 

on each day ranged from 7.0×102 to 2.4×103 individuals m-3, with an average number of 

1.5×103 individuals m-3 over the 13 day period (Figure 16). This size fraction includes 

primarily the Parvocalanus stages NIII and NIV (with some NII, NV).  A linear 

regression shows a widely scattered, non-significant decrease (y= -17.2x + 1642.8, r2 

=0.021; ANOVA p=0.64) in P. crassirostris abundance over the sampling period, 

demonstrating that day to day measurements of naupliar abundance can vary, even during 

seemingly stable environmental periods.  
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Chapter 4: DISCUSSION 

Early life history stages of copepods are understudied because of difficulties in 

enumerating and identifying these stages in mixed field populations using conventional 

microscopic methods.  The qPCR method developed here is an alternative molecular 

method that allows identification and quantification of copepod nauplii in plankton 

populations.  In the qPCR method, mtCOI DNA copy number is quantified for a specific 

species in a size-fractionated plankton sample.  The number of mtCOI DNA copies in the 

sample is then used to estimate the number of individuals, through application of culture-

derived estimates of mtCOI copy number across developmental stage.  The qPCR method 

developed here has a comparable level of technical accuracy to microscope counts for 

enumeration of nauplii, but provides a higher level of taxonomic resolution than is 

possible with conventional microscopy.  However, measurements made using this new 

qPCR method were sensitive to protocol, and a number of optimization steps were 

required.  The following discussion begins with comments on copepod genetic diversity 

within Kane‘ohe Bay.  Then the overall accuracy and precision of the qPCR method is 

discussed, followed by a brief review of the naupliar densities found in Kane‘ohe Bay as 

measured by qPCR and comparison to previous reports of naupliar density at the study 

site.   In addition, changes in mtCOI copy number over development and environmental 

conditions are discussed.  Finally, I outline the reasoning behind the specific method 

optimizations as well as potential sources of error.  

  

4.1 Kane‘ohe Bay copepod species diversity  

The mtCOI sequences obtained here represent the first attempt at characterizing 

the copepod community of Kane‘ohe Bay using molecular tools.   The mtCOI gene has 

been used widely for DNA barcoding in a broad range of organisms, and it has been a 

useful marker for calanoid copepods, which typically show up to 4% genetic divergence 

within species and greater than 9% genetic divergence between species (Bucklin et al., 

2010a; 2010b).  The GenBank database includes mtCOI sequence data for 3 of the 8 
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calanoids species that were initially identified in Kane‘ohe Bay.  Of these, only the 

Undinula vulgaris sequence from Kane‘ohe Bay matched closely with an existing U. 

vulgaris sequence in GenBank (2.2% divergent), and can be definitively identified as U. 

vulgaris.  The Kane‘ohe Bay P. crassirostris and B. similis were highly divergent 

genetically from previously published sequences of these same nominal species.  These 

observations are similar to the high genetic differentiation found within geographically 

distant estuarine populations of A. tonsa on the Northwest Atlantic coast (Caudill and 

Bucklin, 2004).   Since the A. tonsa populations described by Caudill and Bucklin (2004) 

and the paracalanids described here both primarily inhabit near-shore areas, geographical 

isolation likely has caused these species to be genetically distinct from other known 

populations of the same species elsewhere. 

Within Kane‘ohe Bay, relatively low genetic divergence (0.2 to 1.2%) was found 

among 4 of the 5 haplotypes found for P. crassirostris specimens (30 of 32 sequences).  

Interestingly, two identical sequences made up the 5th haplotype obtained for this species 

which were found to be 14.2% divergent (P. crassirostris(O), Fig. 3) from the other 

haplotypes, suggesting that there may be a second species in this group that is 

morphologically similar to what has been identified as P. crassirostris in the Bay.  These 

less common individuals were found in the central and northern bay samples, which is a 

region with high flushing rates with the open ocean (Bathen, 1968) and is characterized 

by higher diversity but lower copepod abundance compared to the southern bay 

(Bartholomew, 1973; Peterson, 1969; Smith et al., 1981).  The DNA alignment suggests 

that the qPCR species-specific primer set would not be expected to amplify the cryptic 

species represented by the 5th haplotype (6 and 3 bp mismatch with the forward and 

reverse primers, respectively).  Thus the qPCR method used here would provide 

abundance estimates for the more common P. crassirostris group, which is also the only 

one that was found in the south bay during the initial genetic survey.  Additional primers 

for qPCR or multiplex-PCR would need to be designed to obtain quantitative data on the 

second P. crassirostris(O) group. 

 

37



 
 

 

4.2 The New qPCR Method: Does it Work? 

In validation studies using cultured laboratory populations, P. crassirostris 

naupliar abundances estimated by qPCR and microscope counts were comparable and 

showed high sensitivity over a wide range of in situ abundances (10s-1000s of 

individuals per sample).  Most samples tested (8 of 12) resulted in fairly accurate qPCR 

measurements that were from 66 to 115% of the mean counted number of individuals.  

The mean coefficient of variation for technical replicates for each method was 16%, 

indicating similar precision in qPCR-based and microscope count-based measurements.  

The similarity in replication of the two methods is a promising indication that this novel 

qPCR method can be as reliable as microscope counting to estimate the abundance of 

individuals in a target population.  However, there were 4 outliers, in which qPCR 

estimates were as low as 32% or as high as 255% of the microscope counted abundance 

(sample I in Fig 13 A and C, sample II in Fig 13 B, and sample III in Fig 13 C).  The 

cause of these outliers is unknown, but could be due to inefficient fractionation of 

samples, non-homogenous mixing prior to splitting these samples, or violation of the 

assumptions made to calculate the weighted mean copy number for a sieve.   Further 

experiments are necessary to identify the technical and biological sources of error that 

result in these discrepancies, and eliminate them.  

In field validation studies, the abundance estimates of the target species by qPCR 

gave very close comparisons to counts (with the 0.19 ratio applied) for the largest size 

fraction measured (80-100 µm).  In this size fraction, qPCR estimated 77 to 107% of the 

count-based number of P. crassirostris.  The 80-100 µm size fraction captures late 

nauplii as well as the same developmental stages as those that were selected for 

multiplex-PCR (CI – CII). Thus, the percentage of P. crassirostris in this size fraction 

would be expected to be the most similar to that determined by multiplex-PCR.  This is a 

promising indication that the qPCR estimate is a fairly accurate estimate of the naupliar 

abundance of this species in the field samples tested. 
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For the size-fractions containing earlier life stages, the comparison of qPCR to 

multiplex-PCR based ‘counts’ suggests the proportion of P. crassirostris out of the total 

calanoid population varied across size fractions, and was not a constant 19%, as initially 

assumed.  The differences observed between qPCR and ‘counts’ in the smaller size 

fractions are likely due to the proportion of Parvocalanus and Bestiolina being different 

in the earlier life stages.  The following theoretical proportions of the target species were 

estimated in each size fraction by dividing the qPCR-estimated abundance of P. 

crassirostris by the total counted calanoid abundance (rather than applying the 0.19 ratio 

from multiplex-PCR); 0.32 in the 20-63 µm Niskin (low number of individuals in the 63-

75 µm Niskin [4 to 7 estimated by either enumeration method] resulted in high error, 

proportion of 0.07), 0.39 in the 63-75 µm net, 0.12 in the 75-80 µm net, and 0.18 in the 

80-100 µm net. These differences, if real, suggest that P. crassirostris made up a larger 

fraction of the smallest calanoid nauplii on this sampling date, either due to changes in 

reproduction or mortality or due to differences in separation efficiency between the two 

species.  Parvocalanus crassirostris is approximately 0.87 as wide as B. similis at each 

developmental stage (McKinnon et al., 2003), so separation efficiency could play a 

significant part in skewing the ratios of the two species captured by each sieve.  If there is 

a shift in the ratio of these two species early in life, it may indicate that high predation or 

low food resources may contribute to differential mortality during a particular 

developmental period for one species.   

 

4.3 Copepod population densities in Kane‘ohe Bay 

The naupliar abundance data reported here from the July and September 2011 

field samples are the first data on naupliar densities of a single copepod species from a 

subtropical bay.  In the September 18, 2011 field samples, the average density of P. 

crassirostris estimated by qPCR was as follows: 2.7×103 individuals m-3 in the 20-63 µm 

Niskin size fraction, 1.4×103 individuals m-3 in the 63-75 µm net size fraction, 9.5×102 

individuals m-3 in the 75-80 µm net size fraction, and 1.0×103 individuals m-3 in the 80-
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100 µm net size fraction.    The smallest nauplii (20-63 µm) were nearly as abundant as 

the later stages combined (63 µm to 100 µm) suggesting that the net underestimated the 

number of nauplii significantly.  The density of the target species also was found to be 

consistent across comparable environmental states, where for both sampling periods 

water temperatures were similar and rainfall was low.  The mean P. crassirostris density 

and standard deviation obtained over the 13 day field sample set (63-75 µm size fraction 

only; June 20-July 2, 2011) was 1.5×103 individuals m-3 (SD =5.5×102), which was 

comparable to the same size fraction on a single sampling day (September 18, 2011) with 

a mean density of 1.4×103 individuals m-3 (SD =4.5×102).   

The total naupliar density, including cyclopoid and calanoid nauplii combined, 

within Kane‘ohe Bay may have changed over longer time scales, based on microscope 

counts alone.  Scheinberg (2004) estimated the total naupliar abundance from 63 µm net 

tows within the same region of the bay over a two year period in 2001-2002, and found 

the average naupliar abundance to be 3.0×104 individuals m-3 (range 1.0×104 to 7.0×104 

individuals m-3).  The total naupliar abundance on September 18, 2011 was found to be 

8.4×104 individuals m-3, including only samples collected using the same method.  This is 

greater than twice the previously determined average and greater than the maximum 

found over the two-year sampling period.  Interestingly, the total counted copepod 

density in the 20-63 µm Niskin size fraction alone accounts for an additional 5.3×104 

individuals m-3 not sampled with the net, which emphasizes the significant number of 

early nauplii that are missed entirely by traditional sampling methods, as well as a need 

for quantitative sampling and enumeration of these potentially very important members 

of the microzooplankton.  

  

4.4 mtCOI copy number increases with development 

Overall, mtCOI copy number increased by greater than one order of magnitude 

over the development of P. crassirostris.  The significant difference in mtCOI DNA copy 

number between the intermediate stage nauplii (NIII-NV), as well as the overall increase 
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over development, emphasizes the need for an accurate way to separate early and late 

stage nauplii from one another and the need to estimate retention of each of these stages 

within a given sieve range.  Under-estimation of naupliar density is particularly likely if 

the stages are poorly separated or if the distribution across stage is biased relative to 

expectations.  Application of this qPCR method to other species will require optimizing 

the size fractionation of each species, to reflect and account for changes in DNA copy 

number across development.   

The mtCOI DNA copy numbers found for the different naupliar stages of P. 

crassirostris are similar to those reported for Acartia tonsa by Durbin et al. (2008; Table 

7).  The earliest nauplius stage for both species starts out at a comparable copy number of 

2.1×105 and 2.0×105 copies individual-1 respectively, which may be a reflection of their 

similar body size and shape.  Copy number starts to diverge after the NIV stage, and the 

two species end up with a three-fold difference in adult female copy number (5.1×106 

copies individual-1 in P. crassirostris, and 1.7×107 copies individual-1 in A. tonsa).  Adult 

female A. tonsa are much larger than P. crassirostris, with a mean length of 1.16 mm and 

0.62 mm respectively (based on Razouls et al., 2005-2012).  The differences seen 

between these two species in adult mtCOI copy number may be a reflection of their very 

different adult body size and volume.     

 

4.5 Environmental variation and effects on mtCOI copy number 

Previous work suggests that variable food resources influence body carbon, and 

may also influence mtCOI copy number.  Durbin et al. (2008) found a close relationship 

between body carbon and mtCOI DNA copy number for Acartia tonsa, especially for the 

early life stages where the number of mtCOI copies per µg carbon ranged from 4.2×106 

to 8.1×106.  In Calanus finmarchicus, Campbell et al. (2001) looked at the effect of 

different food levels on growth, and observed the rate of change in body carbon and 

nitrogen with development to decrease by a factor of 2 with a low food treatment.  

Gusmão and McKinnon (2011) found that individual DNA content was affected by food 
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type and concentration (also in A. tonsa), but the absolute changes in DNA content seem 

to be relatively small for the food concentrations tested (changed from 0 to 5×104 pg total 

DNA individual-1 after an order of magnitude increase in food concentration).  If 

differences in body carbon are due to changes in cell number, and if each cell has a 

relatively constant DNA concentration, this would cause mtCOI copy number to vary as a 

function of food conditions.  The effect of variable food condition on mtCOI copy 

number needed to be assessed in this study, since such variation would affect estimates of 

copepod abundance when applying the qPCR method to field samples.  

The results presented here demonstrate that mtCOI DNA copy number in the 

earliest naupliar stage (NI) remains unaffected by maternal condition (food condition) as 

well as by food availability.  The fact that the first two naupliar stages of P. crassirostris 

are non-feeding provided an opportunity to isolate food-environment effects from 

maternal condition to evaluate whether food conditions can affect mtCOI copy number 

apart from any maternal effects.  Results for this earliest naupliar stage are encouraging 

in suggesting that maternal condition does not influence mtCOI copy number in nauplii.  

However, the differences in mean copy number observed at the NVI stage suggest that 

food level may have some influence on mtCOI DNA copies for feeding stages, and 

requires further experimentation to determine the level of this influence.  The food levels 

tested here were representative of the levels of variation found at the field site.  One 

primary goal of the current research is to develop this qPCR method to measure naupliar 

abundance after storm events to better understand copepod population dynamics in 

response to event-scale shifts in the ecosystem.  If food resources change in concert with 

naupliar abundance during these periods, then estimation of naupliar abundance using 

this qPCR method would be confounded with changes in mtCOI copy number due to 

fluctuating food conditions.  Development of an alternative target gene fragment, in 

particular a nuclear gene, could circumvent possible problems with variable mtCOI copy 

number across food conditions, and should be considered for further application of the 

qPCR method. 
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4.6 Caveats and Required Optimization of the Method 
The goal of the optimization steps was to maximize DNA measureable by qPCR, 

given the constraints of application of the method in the field.  The reasoning behind the 

optimization steps performed in this study is described below. 

Results presented here, as well as those of a number of other studies, have all 

found the Qiagen DNA extraction kits to provide high DNA yield that is suitable for 

downstream qPCR applications, in comparison to a range of other methods (Simonelli et 

al. 2009; Griffiths et al., 2006; McOrist et al., 2002).  The addition of the bead-beating 

protocol to the extraction procedure provided a more reliable lysis of the mixed plankton 

sample than could be achieved by manual grinding.  Griffiths et al., (2006) used real-time 

PCR to tested different fungal cell lysis techniques and extraction methods, and similarly 

found the most reproducible, highest yield results came from bead-beating combined with 

a Qiagen kit extraction protocol.  Since the combination of the Qiagen kit and bead-

beating provided consistent, high quality results in previous studies as well as here, it was 

adopted as a standard protocol, and is recommended for future work in this area. 

One primary concern for the development of this method was the possible 

degradation of DNA during storage, either while samples are stored in EtOH or following 

DNA extraction during freeze-thaw cycles while using the extract in qPCR.  Our results 

demonstrate a decrease in mean DNA quantity measured by qPCR over increasing time 

of storage. Therefore, future studies aiming for quantitative comparisons of samples 

collected over time need to consider alternative preservation methods, or standardize 

sample storage time prior to DNA extraction to minimize this source of error.  Other 

researchers have eluted samples in water for qPCR experiments with good results 

(Monaco et al., 2010; Nejstgaard et al., 2008; Troedsson et al., 2008).  The integrity of 

DNA in water-preserved samples has been shown to be less effected by freeze-thaw 

cycles when samples were stored in larger total volumes (1 ml) and when initial DNA 

copy number was high (Bellete et al., 2003), and both of these conditions were satisfied 

in the qPCR method described here.  Although the Qiagen AE buffer is recommended for 

extending the preservation time of DNA, it contains EDTA, which is a known inhibitor of 
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the qPCR reaction.  Sample storage as well as purity of the final extract had to be 

considered, and autoclaved water was chosen as the final elution solution.  It is 

recommended that studies minimize thawing and re-freezing of samples eluted in water, 

as this is a well-known cause of sample degradation.  If sample analyses require repeated 

thawing, it is recommended that an alternative elution buffer be found that is known to 

not interfere with PCR reaction chemistry, but is also stable to freeze-thaw.   

There are a number of factors that can cause inhibition of the PCR reaction, which 

would make qPCR estimates of DNA copy number unreliable.  These factors include 

natural or introduced chemical inhibitors, as well as inhibition by interference from non-

target DNA, both of which have the potential to greatly influence quantitative 

measurements of sample DNA.  As recommended by the MIQE guidelines (Bustin et al., 

2009), it is highly recommended that studies aiming to use qPCR for quantitative 

estimates of gene copy number run experiments to evaluate for inhibition of the PCR 

reaction.  Dilution of high concentration samples is a common method of reducing or 

removing most types of inhibition (Lloyd et al., 2010; Pan et al., 2008), but too high a 

dilution can cause a weak or absent qPCR signal. The concentrations of total DNA tested 

here (8.0×10-3 to 2.0×10-2 ng µl-1) were within the boundaries determined by previous 

research with similar sample content (5.0×10-4 up to 5 ng µl-1; Nejstgaard et al., 2008) 

and resulted in high quality qPCR measurements for cultured copepod samples.  BSA has 

been used in a number of studies to remove chemical inhibition in PCR reactions (Juen 

and Traugott, 2006; Vadopalas et al., 2006; Wang et al., 2007; Wilson, 1997).  Even with 

dilution of the sample extracts analyzed here, addition of BSA improved amplification of 

samples and apparently interfered with chemical inhibitors present in some field sample 

extracts.   

Finally, there are potential sources of error associated with the sieve size-

fractionation procedure, and in the assumptions made regarding the proportion of each 

stage retained on each sieve.  First, it is a challenge to allocate expected proportions of 

each stage in the sieves by size fractionation without knowing the actual stage 

distribution of the target species in the field.  The assumption used for calculating the 
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weighted mean copy number in a size fraction is that, within a single sieve range 

intermediate-sized animals are more abundant than those at the extremes (a normal 

distribution is expected).  An underlying assumption is that no single stage is more or less 

abundant than those proximal to it.  This does not take into account differential mortality 

rates by stage and daily changes in recruitment that are likely to occur in the field, which 

could result in a non-normal distribution of stages in the population and in each sieve.  

Limitations in the ability to physically separate sequential naupliar stages indicate that 

normality is a necessary assumption, and similarities in copy number within sieve ranges 

should minimize the error introduced due to the normality assumption.  In addition, there 

is potential size-fractionation error introduced with variable sieving efficiencies in 

different environmental states due to the presence of large numbers of particulates, such 

as during phytoplankton blooms or high plankton concentrations.  In this case, care needs 

to be taken to size-fractionate a smaller proportion of the total plankton tow and rinse the 

fractionated samples thoroughly with filtered seawater to minimize this error, as was 

done here.  Despite these potential sources of error, good agreement was found between 

qPCR and count-based estimates of the number of P. crassirostris in the 80-100 µm size 

fraction of the September 2011 field samples, and close agreement was found between 

comparisons in most of the culture validation comparisons.     
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Chapter 5: FUTURE DIRECTIONS 

This novel application of qPCR for enumeration of copepod nauplii in field 

samples can give species-specific information on copepod abundance at their earliest life 

stages.  This is one of the first applications of qPCR in zooplankton ecology and is the 

first to attempt to use qPCR to estimate the abundance of multicellular organisms in the 

field.  This new qPCR-based method has accuracy comparable to that of microscope 

counts, and has great potential for elucidating the roles of copepod nauplii in marine 

pelagic food webs, and clarifying significant points in the life history of these important 

marine grazers.   

Possible applications of this method include using it to study different size-

fractionated ‘cohorts’ over time to estimate survival of P. crassirostris during different 

stages of development.  In Kane‘ohe Bay, the relatively few species present, short 

development times (~8 days from egg to adult), and high residence time of the water in 

southern Kane‘ohe Bay, make it an ideal location for this sort of study on the population 

dynamics of nauplii.  Knowledge of the points in development with highest mortality 

may provide insight into possible sources of mortality (predation, food limitation).  

Because of its sensitivity, the qPCR method also can be used to identify very small 

quantities of DNA in the guts of potential predators of nauplii.  Using this new qPCR 

method, we could identify previously unknown naupliar predators, and provide a more 

thorough understanding of the importance of nauplii as mediators of trophic transfer in 

marine food webs.   Additionally, the method could be developed and used to study a 

suite of species, to compare their relative abundances in the same samples, further 

advancing knowledge of how various species respond to varied environmental 

conditions.  These are just a few of the potential applications of this new method for 

simultaneous identification and quantification of copepod nauplii.   

Before the method can be used more broadly, additional steps need to be taken to 

improve the method’s accuracy and precision.  Primarily, more in-depth experiments on 

food level effects should be completed before further work is done based on the mtCOI 
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gene.  Also, an additional experiment should be run testing for any interference effects of 

non-target DNA across a spectrum of non-target and target DNA concentrations.   

Finally, in order to compare samples run on different qPCR plates more effectively, a 

sample from the field should be extracted and aliquoted to run at the same concentration 

on every plate to be compared, as an internal positive control.  These additional method 

development and validation steps would improve the accuracy and utility of the method.  
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TABLES AND FIGURES:	
Table 1.  Planktonic copepod species listed in prior literature from Kane‘ohe Bay, Hawai‘i.  *: reported rarity in samples collected.  
Location(s) = regions where the species was reported to occur within Kane‘ohe Bay.  

Order Family Species Location(s) Reference 
     

Calanoida 
 

Acartiidae 
*Acartia sp. south 

Bartholomew (1973); Hirota and Szyper (1976); 
Scheinberg (2004) 

Acartia hamata south Peterson (1969) 
    

Calanidae 
*Undinula darwinii south Scheinberg (2004) 

Undinula vulgaris north Peterson (1969) 
    

Paracalanidae 
 

Parvocalanus 
crassirostris 

south Calbet et al., (2000);  Scheinberg (2004) 

Bestiolina similis south Scheinberg (2004) 

Paracalanus sp. south 
Bartholomew (1973);  Newbury and Bartholomew 
(1976) 

Acrocalanus inermis south Kimmerer (1984); Calbet et al., (2000) 

Acrocalanus sp. south Hirota and Szyper (1976) 
    

Pontellidae *Labidocera sp. north, south Peterson (1969); Hirota and Szyper (1976) 
    

Pseudodiaptomidae *Pseudodiaptomus sp. north, south Peterson (1969); Hirota and Szyper (1976) 
     

Cyclopoida 
 

Cyclopidae Cyclops sp. south Peterson (1969) 
    

Oithonidae 

Oithona simplex south 
Bartholomew (1973);  Newbury and Bartholomew 
(1976);  Hirota and Szyper (1976);  Kimmerer (1984);  
Calbet et al., (2000);  Scheinberg (2004) 

Oithona nana south 
Bartholomew (1973);  Newbury and Bartholomew 
(1976);  Hirota and Szyper (1976);  Kimmerer (1984);  
Calbet et al., (2000);  Scheinberg (2004) 
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Table 2.  MtCOI primers used in this study.  Sets of primers are separated into groups by their application: DNA sequencing, 
qPCR (Parvocalanus crassirostris), and multiplex PCR (P. crassirostris and Bestiolina similis).  “Universal” indicates primers 
that amplify this gene fragment in a broad range of species.  

 

  

Primer 
ID 

Sequence 5'-------> 3' Species Direction 
Amplicon 
Size (bp) 

Application Reference 

L1384 GGTCATGTAATCATAAAGATATTG Universal Forward - Sequencing Machida et al. 2004 

HCO219
8 

TAAACTTCAGGGTGACCAAAAAATCA Universal Reverse 710 Sequencing Folmer et al. 1994 

H2612 AGGCCTAGGAAATGTATMGGGAAA Universal Reverse 1228 Sequencing Machida et al. 2004 

PCOI424 GCGGGAGTAAGATCAATTCTAGGC 
Parvocalanus 
crassirostris 

Forward - qPCR This study 

PCOI588 AGTAATGGCCCCTGCTAATACGG 
Parvocalanus 
crassirostris 

Reverse 165 qPCR This study 

PCBS1 CTGGTATAATTGGAACAGG 
Parvocalanus 

crassirostris and 
Bestiolina similis 

Forward - Multiplex PCR This study 

PCRP1 ACTCCCGCAAGGTGTAAAG 
Parvocalanus 
crassirostris 

Reverse 388 Multiplex PCR This study 

BSRP1 GAGCTCATACTACAAATCCTAAC Bestiolina similis Reverse 792 Multiplex PCR This study 
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Table 3.  Number of individuals of each species that were morphologically identified and 
sequenced at mtCOI (650 bp) from each region of Kane‘ohe Bay. *: species was sampled 
in low abundance at that location; -: species was not found in the sample; ~: species is not 
currently in culture.  

 

 

 

 

Species 
South 
bay 

Central 
bay 

North 
bay 

Culture
Total 

sequences/species
Parvocalanus 
crassirostris 

8 9 10 5 32 

Bestiolina similis 9 9 10 3 31 
Oithona simplex 11 8 5 ~ 24 

Oithona attenuata 11 7 8 ~ 26 
Oithona oculata - - 9 ~ 9 

Acartia sp. - 5 8 ~ 13 
Labidocera sp. - *2 13 ~ 15 

Undinula vulgaris - *2 9 ~ 11 
Total 39 42 72 8 161 
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Table 4.   Size fractionation of Parvocalanus crassirostris using Nitex sieves of different mesh sizes.   A) Mean proportion of a 
particular naupliar stage captured in each sieve ± 2×standard error.  B) Proportional contribution of each stage to a sieve, calculated 
from the total proportions of a stage from the vertical sieve retention of that stage for Parvocalanus crassirostris.   

 A.   

Sieve Fraction 
(µm) 

NI NII NIII NIV NV NVI 

20- 63 0.91 ± 0.179 0.50 ± 0.289 0.14  ± 0.127 0.05 ± 0.102 

63- 75 0.09 ± 0.179 0.50 ± 0.289 0.85 ± 0.141 0.88 ± 0.139 0.57 ± 0.126 0.04 ± 0.052 

75- 80 0.01 ± 0.016 0.06 ± 0.073 0.40 ± 0.118 0.6 ± 0.15 

80- 100 0.003 ± 0.004 0.03 ± 0.032 0.36 ± 0.162 

Total counted 354 1069 6978 6509 4932 1369 

 

B.   

Sieve fraction 
(µm) 

NI NII NIII NIV NV NVI CI CII CIII CIV 

20- 63 0.568 0.314 0.084 0.034       

63- 75 0.031 0.170 0.291 0.301 0.195 0.013     

75- 80   0.010 0.044 0.277 0.413 0.222 0.035   

80- 100    0.001 0.007 0.090 0.168 0.236 0.249 0.249 
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Table 5.  Weighted mean number of mtCOI gene copies per individual within each size 
fraction, based on sieve retention and the number of DNA copies per stage in 
Parvocalanus crassirostris.  

 

Size Fraction (µm) Weighted Mean Copies Individual-1 
20-63 2.2×105

63-75 4.6×105

75-80 9.0×105

80-100 1.0×106
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Table 6. Method validation with field samples.  Comparison between microscope counts and qPCR estimates of Parvocalanus 
crassirostris abundances using two collection methods; a Niskin bottle (2 L) and a net tow (570 L mean tow).  Total calanoids is the 
microscope count of all calanoid nauplii and copepodites in each size fraction.  Calanoid count × 0.19 is an estimate of P. crassirostris 
abundance (see Results for details).  3 subsamples were counted for each sample and each qPCR sample was run in triplicate.  SD: 
standard deviation; -: no measurements available.  Numbers highlighted in bold indicate the most appropriate comparison between 
methods, both of which analyzed CI - CIV copepodite stages. 

Collection 
Method 

Size Fraction 
(µm) 

Sample 
replicate 

Total Calanoids 
(m-3) 

SD 
Calanoid Count 

×0.19 (m-3) 
SD 

qPCR estimate  
(m-3) 

SD 
         

Niskin 

20-63 

I 7608 3354 1445 637 2665 325

II 10896 6892 2070 1310 - - 

III 9172 4094 1743 778 2673 465
        

63-75 

I 12361 2687 2349 511 1781 132

II 4736 3115 900 592 - - 

III 8813 3922 1674 745 7 1 
         

Net 

63-75 

IV 2687 883 511 168 780 328

V 2034 1238 386 235 1064 250

VI 1431 509 272 97 510 23 
        

75-80 

IV 5536 303 1052 58 695 228

V 3720 844 707 160 323 117

VI 3669 658 697 125 582 140
        

80-100 

IV 3069 725 583 138 626 145

V 3723 1722 707 327 545 142

VI 3119 1650 593 313 - - 
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Table 7.   Comparison of the mean mtCOI DNA copy number per individual measured 
for Parvocalanus crassirostris (this study) to copy number reported for Acartia tonsa by 
Durbin et al., (2008). 

Stage Sex 
P. crassirostris 
mtCOI copy #  

(×103) 

Range      
(×103) 

A. tonsa        
mtCOI copy #  

(×103) 

Range       
(×103) 

NI - 208 180-236 202 199-245 

NII - 209 168-249 144 120-169 

NIII - 235 211-259 271 204-313 

NIV - 473 394-552 410 268-664 

NV - 977 824-1130 1140 616-1904 

NVI - 954 875-1033 1620 1566-1726 

CI - 840 489-1192 - - 

CII - 675 371-978 - - 

CIII - 961 787-1135 - - 
      

CIV 
Female 1529 897-2161 - - 

Male 1688 1192-2183 - - 
      

CV 
Female 3700 3343-4057 - - 

Male 1546 1297-1795 - - 
      

Adult 
Female 5097 3190-7004 17200 6890-29800 
Male 1038 675-1401 - - 
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Figure 1.  Map of the island of Oahu (Hawai‘i), with an inset showing Kane‘ohe Bay and the sampling locations.  S, C, and N indicate 
the southern, central or northern regions of the bay. Station S3 was the main sampling station for field testing of the qPCR method; 
other stations were sampled to assess copepod genetic diversity within the bay.  Images from Google Earth™. 
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Figure 2.  Overview of the novel qPCR-based approach to identification and enumeration of nauplii. A mixed plankton sample is 
collected, size fractionated on 6 sieves of decreasing mesh size, preserved in 95% EtOH, and stored for 15-20 days.   DNA is extracted 
from each size-fraction, and total mtCOI copy number in each sample is determined using qPCR.  The number of mtCOI copies is 
then translated into number of individuals using data on stage-specific sieve retention and DNA copy number determined from 
cultured individuals. 
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Figure 3.  Maximum Likelihood tree of 82 unique calanoid copepod mtCOI sequences.  The scale bar refers to the number of 
substitutions per nucleotide site.  Branch bootstrap values are labeled as:  50 to 80% bootstrap support (open circle) or >80% bootstrap 
support (closed circle).  Red font: sequenced from Kane‘ohe Bay; black font: haplotype from GenBank.  B. similis(O) and P. 
crassirostris(O) indicate possibly cryptic species.  
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Figure 4.  Maximum likelihood phylogenetic tree of 18 unique cyclopoid copepod mtCOI 
sequences. Scale bar refers to the number of substitutions per nucleotide site in the 
alignment. Branch bootstrap values are labeled as:  50 to 80% bootstrap support (open 
circle) or >80% bootstrap support (closed circle).  Red font: sequenced from Kane‘ohe 
Bay; black font: haplotype from GenBank.   
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Figure 5.  Comparison between two methods of sample homogenization: bead beating 
(solid bar) and manual grinding (open bar) on three cultured samples of different stage 
composition: 20-63 µm (nauplii), adult females (Adults only), and > 63 µm (mixed 
stages).  Error shown is standard deviation (SD), with three biological replicates of each 
sample type.  
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Figure 6. Comparison between two DNA extraction methods:  lysis buffer (LB) vs. 
QiaAmp (QA) DNA extraction protocols, on triplicate samples (of N=10 adult females).  
Error shown is standard deviation (SD) of triplicate samples. 
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Figure 7.  Comparison among four DNA elution solutions (E1 to E4).  Extraction of 
triplicate sets of 10 adult female Parvocalanus crassirostris.  Solutions: E1 – autoclaved 
deionized water, E2 – nuclease-free water (pH 6.4), (E3) nuclease-free water (pH 7.2), 
and (E4) QiaAmp AE Buffer.  Error shown is standard deviation (SD) of triplicate 
samples.   
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Figure 8.  Effect of length of sample storage on DNA copy number. Samples were 
preserved 1 day, 22 days, and 41 days in 95% EtOH and stored at -20 °C prior to DNA 
extraction.  Error bars represent the standard deviation (SD) of triplicate samples 
measured.   
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Figure 9.  qPCR test of primer specificity to the target species.  A total of 0.02 ng of 
template DNA was used for each sample.  The point where each curve in the exponential 
amplification phase crosses the “Threshold” is the determined Cq value for that sample. 
Fluorescence is expressed as a relative measure of fluorescence units.  An increase in 3 
amplification cycles equals approximately an order of magnitude less DNA in the 
sample.  Non-target species amplified at approximately 0.01% of one adult and 0.1% of 
one nauplius of the target species (mean Cq for target species was 19.5, while non-targets 
ranged from 34.1 to 35.4).  Non-targets include all planktonic copepods reported to occur 
in Kane‘ohe Bay. 
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Figure 10.  Mean mtCOI DNA copy number per individual for each developmental stage 
in P. crassirostris. Error is standard deviation (SD) of triplicate samples.  NI through CV 
correspond to naupliar and copepodite stages. 
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Figure 11.  Effect of food environment on mtCOI gene copy number in early (NI) and 
late (NVI) stage nauplii.  Nauplii originated from adults maintained at high (black; 
1.0×105 cells ml-1) or low (gray; 1.0×104 cells ml-1) food concentrations of Isochrysis 
galbana.  Error is standard deviation (SD) of triplicate samples. 
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Figure 12. Effect of testing qPCR amplification of field samples with bovine serum 
albumin (BSA) at 0.1 µg/µl (light gray), 1.0 µg/µl (dark gray), and without BSA 
(white).  Samples a, b, and c are individual samples collected from the field on 
separate days.  Error shown is standard deviation (SD) of triplicate measurements of 
each sample.  A) Smallest plankton size fraction, 20-63 µm; B) intermediate size 
fraction, 63-75 µm; C) intermediate size fraction, 75-80 µm and; D) largest size 
fraction tested in qPCR, 80-100 µm.  *: sample was omitted from analyses due to 
high SD (see Methods). 
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Figure 13.  Comparisons of direct counts (white) to qPCR estimates (gray) of size 
fractionated Parvocalanus crassirostris from culture.  Sample replicates I, II, III are 
three separate samples taken from culture, split in half, and each half was then size 
fractionated. Error is standard deviation (SD) of triplicate measurements for each 
sample. A) 20-63 µm size fraction; B) 63-75 µm size fraction;  C) 75-80 µm size 
fraction and;  D) 80-100 µm size fraction.
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Figure 14. Abundances of calanoids (black) and cyclopoids (gray) from size-fractionated 
Niskin (2 L volume) and net (570 L filtered volume) collected on September 18, 2011 at 
station S3.   Error bars are standard deviation (SD) of triplicate counts of duplicate 
samples (Niskin), and triplicate counts of triplicate samples (net). 
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Figure 15. Comparisons of direct counts (white) to qPCR estimates (gray) of size 
fractionated Parvocalanus crassirostris from field samples. Counts were estimated by 
multiplying the total calanoid counts by 0.19 determined from multiplex-PCR.  
Samples were collected with both a Niskin bottle (2 L volume) and plankton net 
(mean 570 L filtered volume).  Error shown is standard deviation (SD) of triplicate 
measurements of each sample. A) 20-63 µm Niskin size fraction; B) 63-75 µm Niskin 
size fraction; C) 63-75 µm net size fraction; D) 75-80 µm net size fraction, y-axis is 
the same as (C), and; E) 80-100 µm net size fraction.
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Figure 16.  Number of Parvocalanus crassirostris individuals m-3 calculated from qPCR 
measurements of mtCOI DNA copy number for duplicate daily net tow samples for the 
63-75 µm size fraction.  This size fraction includes primarily NII-NV stages (Table 4B). 
Error shown is standard deviation (SD) of duplicate samples.  Date of sample collection 
is on the x-axis. 
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent
EU599500 914 A. bifilosa
EU599501 914 A. bifilosa
EU599502 914 A. bifilosa
EU599503 914 A. bifilosa
EU599504 914 A. bifilosa
EU599505 914 A. bifilosa
EU599506 914 A. bifilosa
EU599507 914 A. bifilosa
EU599508 914 A. bifilosa

 EU599493 947 A. clausii3
EU599494 947 A. clausii3
EU599495 947 A. clausii3
EU599496 947 A. clausii3
EU599497 947 A. clausii3
EU599498 947 A. clausii3
EU599499 947 A. clausii3

HE647790 605 A. clausii2
HE647791 605 A. clausii1
HE647792 605 A. clausii2
HE647793 605 A. clausii2
HE647794 605 A. clausii2
HE647795 605 A. clausii2
HE647796 605 A. clausii2

APPENDICES

Acartia 
bifilosa

Acartia clausii

Coast of China

Coast of China

Sun,S., Wang,M. and Liu,B.

Sun,S., Wang,M. and Liu,B.

Italy
Giangrande,E., Bonelli,E. and 

Belmonte,G.

Appendix 1: Complete list of NCBI calanoid mtCOI sequences included in phylogenetic analyses.  Included are:  species name, accession 
number, sequence length, location collected (if specified), author(s), corresponding placement on the maximum likelihood tree (Fig 3) “leaf 
name” followed by a number if there was more than 1 haplotype for that species, and the number of haplotypes within each species which 
were >2% divergent. -: the sequence did not align with a complete enough region of the sequences, and was omitted from the final analyses. 

1

3

71



Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent
EU856796 966 A. danae
HM045358 916 A. danae

Acartia 
erythraea

HM045353 979 Coast of China Sun,S., Wang,M. and Li,C. A. erythraea 1

EU016218 642 U of Rhode Island pier
Durbin,E.G., Casas,M.C., 

Rynearson,T.A. and Smith,D.C.
A. hudsonica1

EU274431 564 Maryland ? Chen,G. and Hare,M.P. A. hudsonica1
HM045294 981 A. hudsonica2
HM045295 982 A. hudsonica2

Acartia 
levequei

HM481287 657
Galapagos or Florida 

Keys
Figueroa,D.F. A. levequei

HE647783 605 A. margalefi1
HE647784 605 A. margalefi2
HE647785 605 A. margalefi2
HE647786 605 A. margalef1
HE647787 605 A. margalefi2
HE647788 605 A. margalefi2
HE647789 605 A. margalefi2

EU856797 966 A. negligens1
EU856798 966 A. negligens2
EU856799 966 A. negligens2
EU856800 966 A. negligens2
EU856812 966 A. negligens1
EU856813 966 A. negligens2
HM045291 999 A. negligens2

Coast of China Sun,S., Wang,M. and Li,C.

Appendix 1: (Continued )

2

Coast of China Sun,S., Wang,M. and Li,C.Acartia danae

Italy?
Giangrande,E., Bonelli,E. and 

Belmonte,G.

Acartia 
hudsonica

Acartia 
margalefi

Acartia 
negligens

Coast of China Wang,M., Sun,S. and Li,C.

2

1

2
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent
Acartia 

negligens
HM045359 976 Coast of China Sun,S., Wang,M. and Li,C. A. negligens1 2

Acartia 
ohtsukai

HM045293 982 Coast of China Wang,M., Sun,S. and Li,C. A. ohtsukai2 1

Acartia omorii AY145426 625 Korea
Eyun,S.-I., Soh,H.Y., Suh,H.-L. 

and Lee,Y.-H.
A. omorii 1

DQ071177 656
Inland sea near Nakajima, 

Japan
Ueda,H. and Bucklin,A.C. A. pacifica2

DQ665251 658 A. pacifica1

DQ665252 658 A. pacifica1

EU599509 985 Coast of China Sun,S., Wang,M. and Liu,B. A. pacifica1

HM045292 976 A. pacifica2
HM045354 949 A. pacifica2
HM045355 952 A. pacifica2
HM045356 1009 A. pacifica2
HM045357 1006 A. pacifica2

DQ071176 647 Ariake Bay, Japan Ueda,H. and Bucklin,A.C. Acartia sp.2
EU599510 969 Coast of China Sun,S., Wang,M. and Liu,B. Acartia sp.

DQ665253 658 A. spinicauda
DQ665254 658 A. spinicauda

Acartia tonsa AF259662 443 Wales? Felgueroso,J. and Braig,H.R. (-) 5

Acartia 
spinicauda

XiaMen, China
Liu,C.-C., Lin,Y.-S. and 

Cao,W.-Q.

Coast of China

Acartia 
pacifica

XiaMen, China

Wang,M., Sun,S. and Li,C.

Acartia sp.

Liu,C.-C., Lin,Y.-S. and 
Cao,W.-Q.

Appendix 1: (Continued )
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent

DQ431907 588 A. tonsa2

DQ431908 588 A. tonsa2

DQ431909 588 A. tonsa5
DQ431910 588 A. tonsa5
DQ431911 588 A. tonsa2
DQ431912 588 A. tonsa2

EU016219 624 A. tonsa2

EU016222 630 A. tonsa1

EU196702 658 A. tonsa1
EU196703 658 A. tonsa1
EU196704 658 A. tonsa1
EU196705 658 A. tonsa1
EU196706 658 A. tonsa1
EU196707 658 A. tonsa1
EU196708 658 A. tonsa1
EU196709 658 A. tonsa1
EU196710 658 A. tonsa1
EU196711 658 A. tonsa1
EU196712 658 A. tonsa1
EU196713 658 A. tonsa1

Acartia tonsa

Kiel, Germany
Drillet,G., Goetze,E., 

Jepsen,P.M., Hojgaard,J.K. and 
Hansen,B.W.

5

Mobile Bay, FL USA

Turkey Point, FL USA

Bucklin,A.C., Hill,R.S., 
Beaudet,J.G., Bailey,M.A., 

Ueda,H. and Bradford-Grieve,J.

U of Rhode Island pier
Durbin,E.G., Casas,M.C., 

Rynearson,T.A. and Smith,D.C.

Appendix 1: (Continued )
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent
EU196714 658 A. tonsa1
EU196715 658 A. tonsa1
EU196716 658 A. tonsa1
EU196717 658 A. tonsa1
EU196718 658 A. tonsa1
EU196719 658 A. tonsa2
EU196720 658 A. tonsa2
EU196721 658 A. tonsa2
EU196722 658 A. tonsa2
EU196723 658 A. tonsa2
EU196724 658 A. tonsa2
EU196725 658 A. tonsa5
EU196726 658 A. tonsa5
EU196727 658 A. tonsa5
EU196728 658 A. tonsa5
EU196729 658 A. tonsa5
EU196730 658 A. tonsa5
EU196731 658 A. tonsa5
EU196732 658 A. tonsa5

EU274436 564 A. tonsa2
EU274437 564 A. tonsa2
EU274438 564 A. tonsa2
EU274439 564 A. tonsa2

Maryland ? Chen,G. and Hare,M.P.

Acartia tonsa

Kiel, Germany
Drillet,G., Goetze,E., 

Jepsen,P.M., Hojgaard,J.K. and 
Hansen,B.W.

5
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent
EU274440 564 A. tonsa2
EU274441 564 A. tonsa2
EU274442 564 A. tonsa2
EU274443 564 A. tonsa2
EU274444 564 A. tonsa4
EU274445 564 A. tonsa4
EU274446 564 A. tonsa4
EU274447 564 A. tonsa4
EU274448 564 A. tonsa4
EU274449 564 A. tonsa4
EU274450 564 A. tonsa4
EU274451 564 A. tonsa4
EU274452 564 A. tonsa4
EU274453 564 A. tonsa4
EU274454 564 A. tonsa4
EU274455 564 A. tonsa4
EU274456 564 A. tonsa4
EU274457 564 A. tonsa4
EU274458 564 A. tonsa4
EU274459 564 A. tonsa4
EU274460 564 A. tonsa4
EU274461 564 A. tonsa4
EU274462 564 A. tonsa1
EU274463 564 A. tonsa1
EU274464 564 A. tonsa1

Maryland ? Chen,G. and Hare,M.P.Acartia tonsa 5

Appendix 1: (Continued )
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent

GQ466417 291 Ontario, Canada?
Briski,E., Cristescu,M., 

Bailey,S. and MacIsaac,H.
(-)

HE647797 605 A. tonsa1
HE647798 605 A. tonsa1

JF304027 564 A. tonsa1
JF304028 564 A. tonsa2
JF304029 564 A. tonsa2
JF304030 564 A. tonsa1
JF304031 564 A. tonsa1
JF304032 564 A. tonsa1
JF304033 564 A. tonsa1
JF304034 564 A. tonsa1
JF304035 564 A. tonsa1
JF304036 564 A. tonsa1
JF304037 564 A. tonsa1
JF304038 564 A. tonsa1
JF304039 564 A. tonsa1
JF304040 564 A. tonsa3
JF304041 564 A. tonsa3
JF304042 564 A. tonsa4
JF304043 564 A. tonsa4
JF304044 564 A. tonsa4
JF304045 564 A. tonsa3

Appendix 1: (Continued )

Acartia tonsa

Maryland ? Chen,G. and Hare,M.P.

Italy?
Giangrande,E., Bonelli,E. and 

Belmonte,G.

5
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent
JF304046 564 A. tonsa3
JF304047 564 A. tonsa1
JF304048 564 A. tonsa1
JF304049 564 A. tonsa1
JF304050 564 A. tonsa1
JF304051 564 A. tonsa2
JF304052 564 A. tonsa1
JF304053 564 A. tonsa1
JF304054 564 A. tonsa1
JF304055 564 A. tonsa2
JF304056 564 A. tonsa1
JF304057 564 A. tonsa1
JF304058 564 A. tonsa1
JF304059 564 A. tonsa1
JF304060 564 A. tonsa4
JF304061 564 A. tonsa1
JF304062 564 A. tonsa1
JF304063 564 A. tonsa1
JF304064 564 A. tonsa3
JF304065 564 A. tonsa2
JF304066 564 A. tonsa1
JF304067 564 A. tonsa3
JF304068 564 A. tonsa1
JF304069 564 A. tonsa2
JF304070 564 A. tonsa2

Maryland ? Chen,G. and Hare,M.P. 5Acartia tonsa

Appendix 1: (Continued )
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent
JF304071 564 A. tonsa1
JF304072 564 A. tonsa2
JF304073 564 A. tonsa2
JF304074 564 A. tonsa2
JF304075 564 A. tonsa1
JF304076 564 A. tonsa3
JF304077 564 A. tonsa1
JF304078 564 A. tonsa3
JF304079 564 A. tonsa1
JF304080 564 A. tonsa2
JF304081 564 A. tonsa1
JF304082 564 A. tonsa1
JF304083 564 A. tonsa1
JF304084 564 A. tonsa1
JF304085 564 A. tonsa1
JF304086 564 A. tonsa1
JF304087 564 A. tonsa1
JF304088 564 A. tonsa4
JF304089 564 A. tonsa3
JF304090 564 A. tonsa4
JF304091 564 A. tonsa4
JF304092 564 A. tonsa2
JF304093 564 A. tonsa5
JF304094 564 A. tonsa2
JF304095 564 A. tonsa4

5

Appendix 1: (Continued )

Acartia tonsa Maryland ? Chen,G. and Hare,M.P.
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent

AB679172.1 1173 B. similis
AB679173.1 1173 B. similis
AB679174.1 1173 B. similis
AB679175.1 1173 B. similis
AB679176.1 1173 B. similis
AB679177.1 1173 B. similis
AB679178.1 1173 B. similis
AB679179.1 1173 B. similis
AB679180.1 1173 B. similis
AB679181.1 1173 B. similis
AB679182.1 1173 B. similis
AB679183.1 1173 B. similis
AB679184.1 1173 B. similis
AB679185.1 1173 B. similis
AB679186.1 1173 B. similis
AB679187.1 1173 B. similis
AB679188.1 1173 B. similis

Labidocera 
acuta

HM045338.1 982 Coast of China Wang,M., Sun,S. and Li,C. L. acuta 1

EU599538.1 961 L. euchaeta1
HM045391.1 1011 L. euchaeta2
HM045392.1 983 L. euchaeta3
HM045393.1 991 L. euchaeta3

Labidocera 
euchaeta

Coast of China Sun,S., Wang,M. and Liu,B. 3

Bestiolina 
similis

Palau, Micronesia Saitoh, S., and Tamate, H.B.

Appendix 1: (Continued )
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent

AB206442.1 625 Japan
Ohtsuka,S., Soh,H., 

Shimomura,M., Yamane,A., 
Eyun,S. and Abe,K.

L. rotunda2

AY145428.1 625 Korea
Eyun,S.-I., Soh,H.Y., Suh,H.-L. 

and Lee,Y.-H.
L. rotunda2

HM045390.1 976 Coast of China Sun,S., Wang,M. and Li,C. L. rotunda1

AF474110.1 656 Sea of Japan (-)

AF474111.1 656
NW. Pacific near 

Okinawa
(-)

EU599545.1 869 (-)
EU599546.1 955 P. parvus3

EU856801.1 953 P. parvus1
EU856802.1 953 (-)
EU856803.1 953 (-)
EU856804.1 953 (-)

HM045398.1 1066 (-)

HQ150069.1 548
Spermonde Archipelago, 

Indonesia
Blanco-Bercial, L., Bradford-

Grieve, J. and Bucklin,A.
P. parvus2

HM045395.1 1103 P. crassirostris
HM045396.1 1103 P. crassirostris
HM045397.1 921 P. crassirostris

Parvocalanus 
crassirostris

Coast of China Sun, S., Wang, M., and Li, C.

Labidocera 
rotunda

Paracalanus 
parvus

Coast of China

Sun,S., Wang,M. and Liu,B.

Sun, S., Wang, M., and Li, C.

Bucklin, A.C., and Frost, B.W.

Appendix 1: (Continued )
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >2% 

divergent

AF462318.1 647 Gulf Stream, N Atlantic
Bucklin,A.C., Allen,L.D., 

Seppa,B.M., Frost,B.W. and 
Bradford Grieve,J.

(-)

EU599558.1 955 U. vulgaris1
EU599559.1 940 U. vulgaris1
EU599560.1 940 U. vulgaris1
EU599561.1 959 U. vulgaris1
EU599562.1 959 U. vulgaris1
EU599563.1 959 U. vulgaris1

GU171332.1 746 (-)
GU171333.1 1006 U. vulgaris2
GU171334.1 682 (-)
GU171335.1 762 (-)

2

Appendix 1: (Continued )

Undinula 
vulgaris

Bucklin,A., Ortman,B.D., 
Jennings,R.M., Nigro,L.M., 

Sweetman,C.J., Copley, N.J., 
Sutton, T., and Wiebe, P.H.

Sun,S., Wang,M. and Liu,B.

Sargasso Sea, NW 
Atlantic

Coast of China
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >1% 

divergent
AB604158.1 1224 O. dissimilis1
AB604159.1 1224 O. dissimilis1
AB604160.1 1224 O. dissimilis1

AB604161.1 820 O. dissimilis3
AB604162.1 820 O. dissimilis4
AB604163.1 820 O. dissimilis3
AB604164.1 820 O. dissimilis3

AB604165.1 1200 Palau, Micronesia Saitoh, S. O. dissimilis2

Oithona nana AF259667.1 443 Georges Bank, USA Felgueroso,J. and Braig,H.R. (-)

EU599542.1 871 O. similis 1
EU599543.1 872 O. similis
EU599544.1 742 O. similis

JN230859.1 683 O. similis
JN230860.1 630 O. similis
JN230861.1 685 O. similis

South Korea Lee, S., and Lee, W.

4

Appendix 2:  Complete list of NCBI cyclopoid sequences included in phylogenetic analyses.  Included are: species name, accession 
number, sequence length, location collected (if specified), author(s), corresponding placement on the maximum likelihood tree (Fig 3) “leaf 
name” followed by a number if there was more than 1 haplotype for that species, and the number of haplotypes within each species which 
were >1% divergent.  - indicates the sequence did not align with a complete enough region of the sequences, and was omitted from the final 
analyses.

Oithona 
dissimilis

Katabaru beach, 
Okinawa, Japan

Hija-gawa River, 
Okinawa, Japan

Ueda,H., Yamaguchi,A., 
Saitoh,S., Sakaguchi,S.O. and 

Tachihara,K.

Oithona 
similis

Coast of China Sun, S., Wang, M., and Liu, B
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Species 
name

Accession 
Number

Seq Length  
(bp)

Location of 
collection

Author(s)
Tree "leaf" 

name
N >1% 

divergent
JN230862.1 685
JN230863.1 633
JN230864.1 675
JN230865.1 673
JN230866.1 672
JN230867.1 677
JN230868.1 675
JN230869.1 682
JN230870.1 673
JN230871.1 673

Appendix 2:  (Continued )

1
Oithona 
similis

South Korea Lee, S., and Lee, W. O. similis
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