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Tuning of protocols and marker selection to evaluate the diversity 
of zooplankton using metabarcoding 

Jon Corell1* and Naiara Rodríguez-Ezpeleta1

Abstract
DNA metabarcoding consists on taxonomic assignment of individuals from an environmental 

sample based on their DNA sequences. In recent years, this technique has enormously evolved due 
to the increasing effort in surveys and to the advent of new sequencing technologies. The success 
of the metabarcoding method largely depends on the efficiency of the protocol for extracting DNA 
from complex samples and on the genetic marker and primer pairs used for taxonomic identification. 
Here, we have experimentally evaluated alternative protocols for DNA extraction from zooplankton 
complex samples, and have theoretically tested the suitability of previously published primer pairs 
for barcoding of zooplankton. The experimental analyses show that the SDS-chloroform method is 
the most suitable for extracting DNA from mixed zooplankton samples. Additionally, the in silico 
analyses show that no primer pair is sufficient to amplify one of the most commonly used markers for 
barcoding, the gene codifying for the cytochrome c oxidase subunit I (COI), but that there are a set 
of primers that seem to capture the whole zooplankton diversity based on the small subunit ribosomal 
RNA (18S rRNA) gene. Our results have implications for future zooplankton metabarcoding projects, 
for which a prior knowledge of the best DNA extraction method and best performing primers is 
necessary.

Key words: 18S rRNA, COI, DNA extraction, metabarcoding, PCR, primers, zooplankton

Resumen
El metabarcoding consiste en asignar taxonómicamente individuos de una muestra medioambiental 

basándose en sus secuencias del ADN.  El aumento del esfuerzo por descubrir la verdadera  y oculta 
biodiversidad que se lleva a cabo en diferentes campañas, junto con la creación de nuevas tecnologías 
de secuenciación han hecho que el metabarcoding haya aumentado considerablemente en los últimos 
años. El éxito de dicha técnica depende sobre todo de la eficiencia del protocolo de extracción 
del ADN, así como también de la idoneidad de los marcadores genéticos y parejas de cebadores 
usados para la identificación taxonómica. En este estudio, hemos evaluado experimentalmente 
diferentes protocolos de extracción del ADN de muestras complejas de zooplancton y hemos testado 
teóricamente la idoneidad de varias parejas de cebadores previamente publicados para el barcoding 
de zooplancton.  Nuestros análisis experimentales demuestran que el método más eficaz para extraer 
ADN de muestras complejas de zooplancton es el SDS-cloroformo. Además, nuestro análisis teórico 
muestra que ninguna pareja de cebadores es suficiente para amplificar uno de los marcadores más 
comúnmente utilizados para el metabarcoding, el gen de la subunidad I de la citocromo c oxidasa 
(COI). Sin embargo, hay varios cebadores basados en el gen de la pequeña subunidad ribosómica (18S 
rARN) que parecen capturar toda la diversidad. Nuestros resultados tienen implicaciones para futuros 
estudios de metabarcoding de zooplancton, para los cuales es necesario un previo conocimiento del 
mejor método de extracción del ADN y de los cebadores que permitan la mayor, o deseada, cobertura 
taxonómica posible.

Palabras clave: 18S rRNA, COI, extracción del DNA, metabarcoding, PCR, cebadores, 
zooplancton
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Introduction
Oceans are dominated in abundance and biomass by 

planktonic organisms (Machida et al., 2009), which are small 
organisms that drift along the water masses. Among the most 
important ones, zooplankton are of particular interest, as they 
play a key role in ocean functioning (Carlotti et al., 2000) for 
being downstream and upstream regulators, and also they are 
considered potential markers of climate change (Thomas et al., 
2004). The study of the distribution of zooplankton is therefore, 
crucial to better understand oceanic ecosystems and anticipate 
the effects of climate change. 

Studying the distribution of zooplankton requires taxonomic 
identification of small organisms, traditionally performed 
by expert taxonomists employing optical techniques. This 
method is time consuming and in some cases there are 
limitations such as those that appear while studying cryptic 
species (morphologically indistinguishable species), early 
developmental stages (eggs and larvae), parts of specimen 
bodies (e.g. one leg) or semi-digested samples (e.g. gut 
contents) (Lindeque et al., 2013). Genetic techniques have 
the potential of overcoming these limitations while providing 
cheaper, faster and more accurate taxonomic identification 
(Nowrousian, 2010). The metabarcoding  is widely used in 
prokaryotes, for which standard protocols for DNA extraction 
and universal primers targeting the small subunit ribosomal 
RNA gene (16S rRNA) are well defined (see for example the 
Earth Microbiome Project: http://www.earthmicrobiome.org). 
The application of this technique to eukaryotic organisms 
is less straight forward as no standards yet exist. Several 
advances have been made in microbial eukaryotes (Creer & 
Sinniger, 2012) but this technique is still under experimental 
and analytical development for multicellular organisms such as 
zooplankton for assessing diversity studies. Yet, the potential 
of this technique to assist routine taxonomic identification 
of zooplankton samples collected during oceanographic 
campaigns has been acknowledged (Machida et al., 2009). 

The DNA barcoding method (Figure 1) consists of taxonomic 
assignment of a specimen (or part of it) by sequencing a 
standardized short DNA fragment (barcode) that is unique 
to each species and therefore used for species recognition 
and discrimination (Bucklin et al., 2010b). Two short DNA 
sequences flanking the barcode (primers) are used to amplify it 
from the genomic DNA in a process named Polymerase Chain 
Reaction (PCR) (Green & Sambrook, 2012). If the process is 
performed, not on a single individual or a group of individuals 
from the same species, but on an environmental sample 
(filtered water, sediment, gut content…) containing a mix of 
individuals from different species, we name it metabarcoding  
(Bourlat et al., 2013). In this case, DNA is extracted from 
the whole sample and the PCR does not amplify a single 
product, but a mixture of products corresponding to each of 
the species in the sample (Figure 1). The products obtained 
from DNA barcoding are generally sequenced using the Sanger 
method (Sanger et al., 1977), whereas the mixed products 

obtained from metabarcoding are generally sequenced using 
high throughput sequencing technologies (Illumina, 454, etc) 
which allow to directly sequence mixed products (Nowrousian, 
2010). Ultimately, both techniques rely on a previously built 
reference database that contains the correspondence between 
the barcodes and the species (Bourlat et al., 2013; Hebert et 
al., 2003).

Figure 1.  Schematic representation of the processes of DNA barcoding 
(left) and metabarcoding (right). Coloured circles represent 
extracted genomic DNA, which is composed of multiple copies 
of the same genome (barcoding) or of multiple copies of the 
genomes of the species composing the samples (metabarcoding). 
Amplified products are identical in barcoding, whereas a 
mixture of amplified products from the different genomes is 
obtained in metabarcoding. Once the amplified products have 
been sequenced, taxonomic assignment is preformed based 
on comparison of the obtained sequences with a reference 
database.

Being able to identify the species present in a sample by bulk 
sequencing the DNA, the metabarcoding approach is a promising 
avenue in biodiversity studies. Yet, several experimental and 
analytical issues need to be assessed in order to evaluate the 
suitability of this technique in zooplankton research. First, 
the identification of a suitable method to extract DNA from a 
complex sample is needed. The method of choice should account 
for the heterogeneity of organismal types (gelatinous organisms, 
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exoesqueletal structures, etc), yield enough DNA of good 
integrity and purity, and finally, remove compounds that could 
possibly inhibit subsequent reactions such as PCR (Wilson, 
1997). Second, metabarcoding requires the identification of 
suitable barcodes which should be composed by an enough 
variable region (for species discrimination) flanked by conserved 
regions (for proper primer binding) (Bucklin et al., 2011). 

For eukaryotic organisms such as zooplankton, there are 
mainly two typically targeted genes from which barcode 
sequences are used: the mitochondrial cytochrome c oxidase 
subunit I (COI) (Ortman, 2008) and the nuclear small-subunit 
ribosomal RNA (18S rRNA) gene (Machida & Knowlton, 
2012). COI is one of the most used genes for specifically 
barcoding metazoans, while 18S rRNA has been traditionally 
used for barcoding numerous eukaryotic taxonomic groups 
(Bucklin et al., 2011). There have been more COI over 18S 
rRNA marine metazoan sequences generated, as COI sequences 
are significantly more distant between different species than 
between individuals from the same species (Bucklin et al., 
2010b; Bucklin et al., 2011; Meyer & Paulay, 2005). This 
feature is the barcoding gap: a threshold defined as ten times 
the mean of the intraspecific variation of the group under 
study, compared with the interspecific variation (Hebert et 
al., 2004a). It allows to distinguish between species through 
barcodes (Meyer & Paulay, 2005). 

Within each barcode, a wide variety of primer options are 
possible depending on the targeted taxonomical group (Evans & 
Paulay, 2012), hence being extremely difficult to find a unique 
primer pair that allows amplification of a variable region in all 
species in the sample. This implies that the primers are mainly 
designed for specific groups, which makes results difficult 
to compare. To make them complementary to more than one 
sequence and therefore cover a higher range of taxonomic 
groups, primers can be degenerated (contain more than one 
possible base at a given position) (Meyer & Paulay, 2005) or 
include artificial nucleotides, such as the inosine, that bind to 
any of the four natural nucleotides (Geller et al., 2013).

In this study, we used zooplankton samples collected during the 
Malaspina 2010 circumnavigation to (i) identify a suitable method 
to extract DNA from mixed samples of marine zooplankton and 
to (ii) assess the adequacy of published primer pairs for COI and 
18S rRNA genes to study zooplankton diversity.

Material and Methods

Sample selection

29 mesozooplankton samples from the Malaspina expedition 
covering different depths and locations around the globe were 
used to tune up the DNA extraction.

DNA extraction

Aliquots of 5 or 25 ml of the total sample (50 ml) were used 
for DNA extraction. In order to remove the ethanol in which 
the samples are stored, samples were centrifuged at 3,500 g for 

10 min and separated from ethanol either by inverting the tube, 
when the pellet was firmly attached to the bottom, or by filtration 
(pore diameter of 20 µm), when the pellet was unstable. Three 
different extraction methods were used (detailed below): the 
Sodium dodecyl sulphate (SDS)-chloroform method (Green & 
Sambrook, 2012; Manaffar et al., 2010), the Wizard Genomic 
DNA Purification Kit (Promega Corporation, Wisconsin, USA) 
and the QIAamp DNA Minikit (QIAgen, Venlo, Netherlands). 
DNAs from all samples have been extracted with at least one 
of the protocols (Table S1). 

For the SDS-chloroform method, samples were grinded 
with a mortar in 1 ml SDS buffer (Tris-HCl (10 mM), EDTA 
(100 mM, pH 8.0), NaCl (200 mM), SDS 1 %) until no integer 
organism could be appreciated. The buffer breaks the cells and 
the grinding facilitates the process. Proteins where digested 
through an overnight incubation with proteinase K (0.2 mg/ml, 
final concentration) at 55–56 ºC. After centrifugation at 3,500 
g for 15 min, the supernatant, which contains the released 
nucleic acids (DNA and RNA), was transferred to 2 ml sterile 
Eppendorf tubes (1 ml per Eppendorf). Each aliquot was 
gently mixed with half volume of phenol-chloroform-isoamyl 
alcohol (25:24:1, vol:vol:vol) and centrifuged at 12,000 g for 
10 min. From the three phases in which the sample was divided 
after centrifugation, the aqueous less dense superior phase 
containing the nucleic acids was transferred into a new tube. 
Remaining phenol traces were removed by mixing the sample 
with an equal volume of chloroform-isoamyl alcohol (24:1, 
vol:vol), centrifuging at 12,000 g for 10 min, and transferring 
the supernatant to a new tube. The final supernatant was mixed 
with two times its volume of ethanol 95 %, ammonium acetate 
0.5 M, gently shooked and stored at - 20 ºC for at least 1 h. 
After centrifugation at 12,000 g for 20 min, the ethanol was 
removed with a pipette, leaving the white pellet containing the 
nucleic acids in the tube. Remaining salts were removed by 
adding 150 µl of ethanol 80 %, centrifuging 10 min at 12,000 
g and removing the ethanol. Once all traces of ethanol were 
evaporated, the pellet was dissolved in 100 µl of Milli-Q 
water and stored at - 20 ºC until further analyses. After DNA 
extraction, some samples (Table S1) were incubated with 
RNAse (0.5%) at 37 ºC during 30 min or passed through the 
PowerClean DNA Clean-Up Kit (MO BIO Laboratories Inc., 
California, USA) following manufacturer’s instructions, to 
eliminate or at least reduce the degraded RNA.

For the Wizard Genomic DNA Purification kit and the 
QIAamp DNA Minikit manufacturer´s instructions for the 
protocols “Isolating Genomic DNA from Tissue Culture Cells 
and Animal Tissue: Animal Tissue (Mouse Tail)” and “QIAamp 
DNA Minikit: DNA purification from tissues” were respectively 
followed, except for some modifications: samples were grinded 
with a mortar in the lysis buffer solution provided by the kit to 
ensure full digestion, the RNAse treatment was not applied, 
and final DNA pellet was dissolved in Milli-Q water instead of 
in the provided solutions. All exceptions were made to allow 
direct comparison with the SDS-chloroform method and avoid 
compounds (e.g. EDTA, which is present in most commercial 
elution buffers) that could inhibit further reactions. 
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DNA quantity, purity and integrity check

The DNA concentration and purity were measured with 
the ND-1000 Nanodrop (Thermo Scientific, Massachusetts, 
USA). DNA purity was inferred from 260/280 and 260/230 
absorbance ratios as nucleic acids absorb light at 260 nm, 
proteins at 280 nm and organic compounds at 230 nm (Green 
& Sambrook, 2012). Good 260/280 ratios range between 1.8 
and 2 and good 260/230 ratios, between 1.8 and 2.2 (Thermo-
Scientific, 2010a; Thermo-Scientific, 2010b).  Integrity of 
extracted genomic DNA and PCR amplification success were 
assessed by electrophoresis respectively in 0.7 % and 1.7 % 
agarose gels (using TAE buffer), stained with 20:1 of Red 
Safe (iNtRON Biotechnology Inc., Seoul, Korea) colorant. 
About 100 ng of DNA together with 1:5 loading buffer were 
charged. 2.5 µl of Perfect DNA™ 1 kbp Ladder (Merck 
KGaA, Darmstadt, Germany) and GeneRuler 100 bp (Thermo 
Scientific, Massachusetts, USA) were charged as ladder for 
DNA extractions and PCR products respectively. Based on 
the electrophoresis images, numerical values were assigned to 
each of the samples (0 = full degradation, 1 = medium integrity 
and 2 = full integrity) (modified from Salgado et al., 2007).(S

Zooplankton list assembly and genetic sequences 
retrieval

A list of 2993 zooplankton species was assembled based on 
the repositories spp_barcodes, zoop_ANT-XXIV_1 and zoop_
RHB0603 of the Census of Marine Zooplankton database (www.
cmarz.org/jg/dir/CMarZ/, checked on 13-06-2013), on the 
Marine Barcode of Life database (www.barcodingmarinelife.
org/bc-bin/display_records.active, checked on 13-06-2013) 
and on Bucklin et al., (2010). The list was confronted against 
the World Register of Marine Species (WoRMS) (www.
marinespecies.org/, checked on 13-06-2013), so that the 
species with synonyms or old names could be corrected. The 
species that were not in WoRMS or had ambiguous names 
in such database were not selected. In order to retrieve gene 
sequences from 18S rRNA and COI genes from the identified 
species, the GenBank database (http://www.ncbi.nlm.nih.gov/
nuccores, checked on 18-06-2013) was interrogated. After the 
extraction of the sequences using a bash/shell script, some 
non-selected species appeared as they share some common 
characteristics with one of the list (e.g. genera…). Those 
species were confronted against WoRMS, and the ones that 
were zooplankton were added to the list. Finally, the species 
list was again reduced as there were some unverified species 
(according to the GenBank entry description). Sequences from 
the same species were clustered at 90% identity threshold with 
CD-HIT (Niu et al., 2010) to reduce redundancy.

“In silico” primer analysis

67 primer pairs for COI and 31 primer pairs for 18S rRNA 
selected from the literature (Table S2 and S3) were tested 
against the retrieved zooplankton sequences. Most primers 
pairs were selected because they were developed for targeting 
zooplankton. In 2012 Evans and Paulay showed that some 

pairs could also amplify other taxa apart from the groups for 
which they were originally designed. Moreover, in some cases 
those primer pairs have even higher amplification percentages 
in those “new” taxa, than in the original ones. Therefore, other 
primer pairs targeting alternative groups such as arachnids, 
fish or even birds were also tested for suitability in marine 
zooplankton. Some of the retrieved sequences do not cover 
complete gene length, implying that they cannot be tested for 
primers that fall outside the region they cover. Therefore, we 
tested, for each primer pair, only those sequences that cover 
the gene fragment covered by the corresponding primer 
pair. The complete COI and 18S rRNA gene sequences from 
Mytilus galloprovincialis (accession number DQ399833.1) 
and Aplysia punctata (accession number AJ224919.1) were 
used as reference to determine each primer´s start and end 
position in each gene using BLAST (Altschul et al., 1990). All 
sequences were then compared to the references using BLAST 
to determine their start and end position. For each primer 
pair, only those sequences whose start position is smaller 
than the start position of the forward primer and whose end 
position is higher than the end position of the reverse primer 
were retained, so only those sequences including the primer 
sequence were maintained. The potential amplification of 
each primer pair per taxonomic group was tested using Primer 
Prospector (Walters et al., 2011) with default parameters. When 
more than one sequence per species remained after clustering 
with CD-HIT, amplification was considered successful or 
unsuccessful when all sequences showed a positive or negative 
result in the amplification test respectively. When different 
sequences annotated as belonging to the same species provided 
contradictory results, amplification was considered in general 
positive as, in most cases, the non-amplified sequences were 
proven to be wrongly annotated. If obvious reason for the 
contradiction were observed, amplification was considered 
negative.

Amplification by polymerase chain reaction

The PCR was done with the kit KAPA Taq DNA Polymerase 
(KAPABIOSYSTEM, Massachusetts, USA). Amplification 
was performed on DNA extractions (with all tested methods) 
from sample 118, except for the SDS-chloroform plus RNAse 
treatment, as it is assumed that this method performs similarly 
as the SDS-chloroform. For a 20 µl reaction 4 µl of Kapa 
buffer (1X), 2 µl of MgCl2 (2.5 mM), 0.4 µl of dNTPs (0.2 
mM), 0.4 µl per primer (0.2 µM), 0.1 µl of Taq polymerase 
(0.5 units/µl) and 100 ng of genomic DNA were added. Two 
COI primer pairs (LCO-1490/HCO-2198 and dgLCO1490/
dgHCO2198) were tested under the following PCR thermal 
cycling conditions (Meyer, 2003): 3 min at 95 ºC, 35 cycles 
of 40 s at 95 ºC, 40 s at 45 ºC and 60 s at 72 ºC, and a final 
elongation of 7 min at 72 ºC. 
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Results and discussion

DNA extraction

A comparison of the different methods applied in the same 
samples reveals that good integrity DNA can be obtained with all 
of them (Table 1 and Figure 2). All protocols were not applied 
to all samples (Table S1) due to the high cost and the observed 
worse efficiency of the commercial kits. The SDS-chloroform 
method yielded a smear around 100 bp, which could correspond to 
degraded DNA or RNA. Both, RNAse treatment and purification 
by the cleaning column decreased this smear, suggesting that it 
corresponds to degraded RNA. Both, the QIAamp DNA Minikit 
and the Wizard Genomic DNA Purification Kit are based on a 
similar column-based system (Promega, 2010; QIAgen, 2010); 
therefore only results of the QIAamp DNA Minikit will be used as 
representatives for a commercial kit. 

All samples extracted with the SDS-chloroform or QIAamp 
DNA Minikit methods yielded enough DNA quantity (> 57 
ng/µl) of sufficient purity for subsequent steps (Figure 2 and 
3). The purity of the DNA was inferred from the 260/280 
and 260/230 ratios. The 260/280 and 230/260 ratios were 
statistically significantly lower and higher respectively (Student 
T test, P-value < 0.001) for the SDS-chloroform method when 
compared to the QIAamp DNA Minikit method (Figure 3). 
This suggested that the SDS-chloroform method produces less 
residual proteins but more salts. Importantly, DNA integrity 
differs between the two methods, yielding the majority of the 
extractions performed with the SDS-chloroform method DNA 
of perfect integrity while those performed with the QIAamp 
DNA Minikit method, yielded DNA of very low integrity.

Figure 2.  DNA integrity of the two samples (118 and 119) that have been 
processed with all the different protocols. 1 Kb ladder shows 
the followings bands: 500; 1,000; 1,500; 2,000; 2,500; 3,000; 
4,000; 5,000; 6,000; 8,000 and 10,000 bp. Abbreviations: 1 Kb 
= Perfect DNA™ 1 kbp Ladder; SDS = SDS-chloroform; R = 
SDS-chloroform with RNAse treatment; C = SDS-chloroform 
with column treatment; P = Wizard Genomic DNA Purification 
Kit; Q = QIAamp DNA Minikit. 

Table 1.  Concentration (ng/ul) and purity (260/280 and 260/230 ratios) of DNA extracted from two samples (118 and 119) with different methods. 
Abbreviations of protocols: SDS: SDS-chloroform; SDS+RNAse: SDS-chloroform plus RNAse treatment; SDS+column: SDS-chloroform plus 
column treatment; Promega: Wizard Genomic DNA Purification Kit; QIAgen: QIAamp DNA Minikit.

Sample Extraction met. DNA Conc. (ng/µl) 260/280 260/230 

118

SDS 88.2 1.86 1.72

SDS+RNAse 92 1.91 1.75

SDS+Column 49.4 1.66 2.51

Promega 92.8 1.86 1.99

QIAgen 82.8 1.79 2.39

119

SDS 100 1.81 1.92

SDS+RNAse 102 1.80 2.81

SDS+Column 84.6 1.88 2.04

Promega 11.32 1.28 5.92

QIAgen 63.4 1.74 2.35
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Unlike home-made protocols, commercial kits have fixed 
reagent volumes and are optimized for a limited range of input 
sample volume. It is therefore possible that in our case, the SDS-
chloroform method was outperforming the the QIAamp DNA 
Minikit method because of the large volumes of input sample we 
were using. Indeed, from the 22 samples of 5 ml tested with the 
QIAamp DNA Minikit method, 8 yielded good integrity DNA, 
whereas none of the 25 ml samples tested yielded good DNA 
integrity. One possible explanation could be that with so much 
sample volume the filter clogs avoiding reagents to pass through. 
Since the aim of this study was to obtain the full representation of 
the zooplankton species present in our samples, the subsample used 
for DNA extraction should be large enough so that it represents 
the content of the total sample. Therefore, in our case the SDS-
chloroform method was the most suitable one. Moreover, this 
method was the least expensive as it costs less than 1 € per sample 
compared to the 4 € per sample of the QIAamp DNA Minikit. In 
terms of time consumption, the SDS-chloroform was the only one 

that required more than 6 h, whereas the commercial kits usually 
take around 2 h (the overnight lysis step is not taken into account in 
any cases). In summary, for now, the SDS-chloroform plus RNAse 
treatment is selected as the best performing DNA extraction 
method for zooplankton samples, although testing commercial 
kits that are suitable for larger volumes could help reducing the 
per sample processing time.

Zooplankton species list and sequences

The compiled zooplankton list contains 2993 species, being 
the great majority chordates (1304 sp, 44 %) and arthropods 
(1279 sp, 43 %) (Figure 4A). Yet, this list does not represent 
the real marine zooplankton diversity (Figure 4B) where 
arthropods, especially calanoid copepods (Bucklin et al., 
2010b), followed by molluscs are the main zooplankton groups 
(Brusca & Brusca, 2003; Lenz, 2000; Postel et al., 2000). This 
disagreement is due to the fact that our lists were compiled from 
zooplankton databases including mostly sequenced species. 

Figure 3.  Bloxplots for all DNA concentration, integrity and purity (measured as 230/260 and 280/260 ratios) of the SDS-chloroform (alone and with 
post-treatment) method (SDS) and the QIAamp DNA Minikit (QIAgen). Median (second quartile) is represented as a black line creating the upper 
third quartile and below first quartile. Standard deviation is represented as whiskers, while outliers as individual points. The four parameters were 
statistically different between SDS and QIAgen according to Student T test (P-value < 0.001). 
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Molecular databases are largely biased towards economically 
important species such as fish, which have largely contributed 
to increase the chordate fraction of our dataset.

From the 2993 species, sequences from 1,975 and 654 were 
retrieved from GeneBank for COI and 18S rRNA respectively. 
In both cases, more than one sequence was retrieved for some 
of the species, being the total number of sequences retrieved 
17,201 and 3,133 respectively. After clustering the sequences 
for each species at 90% similarity with CD-HIT, the number 
of sequences per species was reduced, but there were still 312 
and 328 species with more than one sequence for COI and 18S 
rRNA respectively. In the former, the maximum number of 
sequences per species was 28 and in the later, 4. The presence 
of quite different sequences (> 90% similarity) per species may 
be explained by the fact that they corresponded to different 
isolates coming from parts of the world (Evans et al., 2009) or 
to the poor curation of taxonomic databases which can include 
sequences from two different species labelled as one. 

Figure  4.  A. Percentage of each phylum in the created zooplankton 
list. Category others includes Annelida (14 sp), Foraminifera 
(6 sp), Rotifera (6 sp), Nemertea (5 sp), Ciliophora (4 sp), 
Bryozoa (1 sp) and Myzozoa (1 sp). B. Expected zooplankton 
diversity according to actual estimations (Brusca & Brusca, 
2003; Lenz, 2000)

Primer analysis

Primer selection is a key step in organism identification by 
metabarcoding. According to the taxonomic groups of interest, 
different primer combinations are possible. Primer Prospector 

determines if a given primer pair would successfully amplify 
a given sequence, that is, if the two primers would bind to 
the sequence to be amplified. We evaluated the amplification 
potential of 67 and 31 primer pairs for COI and 18S rRNA 
respectively on the retrieved sequences. From those only 23 
and 24 respectively were able to amplify at least one species 
(Figure 5 and 6).

Because most of the sequences in the database for COI do 
not include the binding site for many of the primers under study, 
the number of species on which each primer could be tested for 
this gene was limited. Despite this limitation, we can conclude 
that the best performing primer pairs are Leray_Meyer1 and 
Leray_Geller (Leray et al., 2013a) as they have the highest 
rate of species tested versus amplified (Figure 5). Both of these 
primers pairs combine an internal forward primer (Leray) with 
a modified widely used reverse primer, Folmer (Folmer et al., 
1994). The first primer pair uses a degenerated version of the 
Folmer primer (Meyer et al., 2005) whilst the second replaces 
degenerated bases by inosines (Geller et al., 2013) (Table S2). 

For 18S rRNA, there are more sequences that cover the 
primer binding sites (Figure 6) and therefore more sequences can 
be tested per primer pair. All Machida (Machida & Knowlton, 
2012) and Stoeck (Stoeck et al., 2010) primer pairs are the 
ones that could be tested in more species and also the ones 
that have the highest amplification proportions. The Machida 
primers amplified regions of different length of the 18S rRNA 
gene and have been designed for 24 different phyla (Machida 
& Knowlton, 2012), and the Stoeck primer pairs amplified two 
different regions of 18S and have been designed to amplify all 
kind of organisms (wide range primers) (Dunthorn et al., 2012; 
Guillou et al., 2012; Stoeck et al., 2010) (Table S3). Other 
primer pairs, such as Hillis_Halanych (Halanych et al., 1995), 
also showed relative high proportion of amplified species 
through many phyla, even though they have been designed for 
specific taxonomic groups.

In general, when focusing on one specific group, the primer 
pair to use should be selected based on the amplification 
percentage of that group. On the other hand, if focussing on 
the whole community, primers that are not the best performing 
on a specific group but that capture the whole phyla spectrum 
might be desirable. Yet, ideally, the combination of wide-range 
and group-specific primers should be used in order to cover the 
whole biodiversity of the target groups.

DNA amplification by the Polymerase Chain 
Reaction

LCO-1490/HCO-2198 (Folmer et al., 1994) and dgLCO1490/
dgHCO2198 (Meyer et al., 2005) (Folmer and Meyer 
respectively in the Primer Prospector analysis) were chosen for 
their wide coverage and common usage (Geller et al., 2013; 
Leray et al., 2011; Leray et al., 2013a) to test amplification 
of COI on the DNA obtained from sample 118 with different 
protocols (Figure 7). The amplified product appeared as a clear 
band around 600 bp, which confirms that amplification worked 
well for both primers (the expected length of the products 
amplified with these primer pairs is 658 bp).
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Figure 5.  Number of species tested (left y axis, grey bars) and, within them, proportion of potentially amplified (right y axis, black bars) for COI using 
different primer pairs (x axis) for the most representative phyla. Only primers that showed amplification for at least one species are shown. 
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Figure 6.  Number of species tested (left y axis, grey bars) and, within them, proportion of potentially amplified (right y axis, black bars) for 18S rRNA using 
different primer pairs (x axis) for the most representative phyla. Only primers that showed amplification for at least one sequences are shown.



Tuning of protocols and marker selection to evaluate the diversity of zooplankton using metabarcoding

29  |  Revista de Investigación Marina, 2014, 21(2)

Figure 7.  PCR products obtained with 2 different primer pairs (in the 
left side LCO-1490/HCO-2198 and in the right dgLCO1490/
dgHCO2198) for sample 118 extracted using different DNA 
extraction protocols. The 100 bp ladder shows bands from 100 
bp to 1,000 bp every 100 bp. Abbreviations: 100 bp = GeneRuler 
100bp ladder; SDS = SDS-chloroform; C = SDS-chloroform 
with column treatment; P = Wizard Genomic DNA Purification 
Kit; Q = QIAamp DNA Minikit; - = negative control.

Conclusions
Here, we have addressed two of the requirements needed 

for a metabarcoding analysis of zooplankton samples: the 
definition of an efficient protocol for DNA extraction and 
the identification of the best suitable primer pairs for barcode 
amplification. Due to the large volumes of sample needed, the 
commercial kits tested have proven to be inefficient, being 
the SDS-chloroform based method the most suitable protocol 
to extract DNA from zooplankton complex samples. From 
the primer pairs tested, the ones presenting a certain degree 
of degeneracy are the ones that most successfully amplify a 
wide-range of species. These findings allow us to set the bases 
for applying metabarcoding to different zooplankton samples 
all around the globe, as well as to other researchers an easy 
access to identify the best approach for their studies. In the 
last years high throughput sequencing technologies have had 
an incredible evolution. Adding to this evolution, the selection 
of appropriate barcodes and the construction of well-populated 
DNA libraries, the metabarcoding has a bright future regarding 
molecular taxonomic identification.
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SUPPLEMENTARY MATERIAL

Tuning of protocols and marker selection to evaluate the diversity of 
zooplankton using metabarcoding

Jon Corell and Naiara Rodríguez-Ezpeleta

Table 1.  Different DNA extraction protocols used in this study. The number below the protocols represents the number of times that sample has been extracted 
with that protocol. Abbreviations of protocols: SDS = SDS-chloroform; SDS+RNAse = SDS-choroform plus RNAse treatment; SDS+column = 
SDS-choroform plus column treatment; Promega = Wizard Genomic DNA Purification Kit; QIAgen = QIAamp DNA Minikit.

DNA extraction protocols

Sample SDS SDS+RNAse SDS+column Promega Quiagen

17 2     

18 3     

19 2     

20    1

21 2     

50     2

51     2

53     2

54     1

57     1

58     1

59     1

76 2     

77     2

96     2

102     1

104     2

106     2

107  1   2

108  1   2

118 1 1 1 1 1

119 1 1 1 1 1

127 2 1 1   

128 2     

129 1     

130 1     

131 1 1    

132 1 1 1   

133 2 1    
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Table 2.  Details of the primers tested for COI amplification. For each primer pair, primer names, forward and reverse sequences, taxonomic group for which 
it was designed and reference are indicated.  

Primer pair name (forward name; 
reverse name)

Primer pair sequences in sense 5’-3’ (top: forward and bottom: 
reverse)

Taxa for which it 
was designed Reference

Barret1
(chelicerateforward1;cheliceraterev

erse1)

TACTCTACTAATCATAAAGACATTGG
CCTCCTCCTGAAGGGTCAAAAAATGA Arachnida (Barrett & 

Hebert, 2005) 

Barret2
(chelicerateforward1;cheliceraterev

erse2)

TACTCTACTAATCATAAAGACATTGG
GGATGGCCAAAAAATCAAAATAAATG Arachnida  (Barrett & 

Hebert, 2005)

Bely1
(COI-A+;COI-B-)

CCTGTTCTTGCTGGTGCTATTACNAT
TAGTCAGAATATCGCCGAGGTATNCC Clitellata  (Bely & Wray, 

2004) 

Blanco
(Blancof;Blancor)

GAGCCTGGTCAGGAATAATCG
GGTCTCCTCCTCCTCCAACAT Clausocalanus

 (Blanco-Bercial 
& Álvarez-

Marqués, 2007)

Bucklin_Folmer1
(LCO-1490;HCO-2607)

GGTCAACAAATCATAAAGATATTGG
ACATAGTGGAAATGTGCTACAACATA Holozooplankton

  (Bucklin et al., 
2010a; Folmer et 

al., 1994)

Bucklin_Folmer2
(LCO-1490;HCO-Co-2358)

GGTCAACAAATCATAAAGATATTGG
CCHACDGTAAAYATRTGRTG Holozooplankton

  (Bucklin et al., 
2010a; Folmer et 

al., 1994)

Bucklin_Folmer3
(Cop-COI-1498F;HCO-2198)

AAYCATAAAGAYATYGGDAC
TAAACTTCAGCCTGACCAAAAAATCA Copepoda

 (Bucklin et al., 
2010b; Folmer et 

al., 1994) 

Bucklin_Folmer4
(LCO-1490;Cop-COI-2105R)

GGTCAACAAATCATAAAGATATTGG
CGRTCHGTHARNARYATDGTAATDGC Copepoda

 (Bucklin et al., 
2010b; Folmer et 

al., 1994) 

Bucklin_Folmer5
(LCO-1490;Cop-COI-2189R)

GGTCAACAAATCATAAAGATATTGG
GGGTGACCAAAAAATCARAA Copepoda

 (Bucklin et al., 
2010b; Folmer et 

al., 1994) 

Bucklin_Folmer6
(LCO-1490;Crus-COI-2198R)

GGTCAACAAATCATAAAGATATTGG
CCHACDGTAAAYATRTGRTG Copepoda

 (Bucklin et al., 
2010b; Folmer et 

al., 1994) 

Bucklin_Folmer7
(LCO-1490;Crus-COI-2428R)

GGTCAACAAATCATAAAGATATTGG
TTAATHCCHGTDGGNACVGCAAT Copepoda

 (Bucklin et al., 
2010b; Folmer et 

al., 1994) 

Bucklin_Folmer8
(Ost-COI-1535F;HCO-2198)

GGDGCHTGAAGWGCWATGYTAGG
TAAACTTCAGCCTGACCAAAAAATCA Ostracoda

 (Bucklin et al., 
2010b; Folmer et 

al., 1994) 

Bucklin_Folmer9
(LCO-1490;Eup-COI-2000R)

GGTCAACAAATCATAAAGATATTGG
CADACAAAYARWGGDATTCGGTCTAT Euphausiacea

 (Bucklin et al., 
2010b; Folmer et 

al., 1994) 
Cohen

(Cohen-Fwd;Cohen-Rev)
ATTYTBCCNGGRTTTGG
TACCCYCGNCAAAAAC Brachiopoda  (Cohen et al., 

2011) 

Costa_Folmer1
(CrustF1;HCO2198)

TTTTCTACAAATCATAAAGACATTGG
TAAACTTCAGGGTGACCAAAAAATCA Crustacea

 (Costa et al., 
2007; Folmer et 

al., 1994) 

Costa_Folmer2
(CrustF2;HCO2198)

GGTTCTTCTCCACCAACCACAARGAYATHGG
TAAACTTCAGGGTGACCAAAAAATCA Crustacea

 (Costa et al., 
2007; Folmer et 

al., 1994) 
Dawson1

(LCOjf;HCOcato)
GGTCAACAAATCATAAAGATATTGGAAC

CCTCCAGCAGGATCAAAGAAAG Scyphozoa  (Dawson, 2005)

Dawson2
(LCOjf;HCO-2198)

GGTCAACAAATCATAAAGATATTGGAAC
TAAACTTCAGCCTGACCAAAAAATCA Scyphozoa  (Dawson, 2005)

Figueroa
(H2612-COI;L592-RCOI)

AGGCCTAGGAAATGTATAGGGAAA
AACCTTAATACATCTTTTTATGATG

Copepoda (primarly 
calanoida)   (Figueroa, 2011)

Folmer
(LCO-1490;HCO-2198)

GGTCAACAAATCATAAAGATATTGG
TAAACTTCAGCCTGACCAAAAAATCA

Metazoan 
invertebrates

  (Folmer et al., 
1994)
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Fukami
(MCOIF;MCOIR)

TCTACAAATCATAAAGACATAGG
GAGAAATTATACCAAAACCAGG

Scleractinia, 
Cnidaria

  (Fukami et al., 
2007)

Geller
(jgLCO1490;jgHCO2198)

TNTCNACNAAYCAYAARGAYATTGG
TANACYTCNGGRTGNCCRAARAAYCA

Marine 
invertebrates

 (Geller et al., 
2013) 

Geller_Leray
(jgLCO1490;LerayCOIintR)

TNTCNACNAAYCAYAARGAYATTGG
GGRGGRTASACSGTTCASCCSGTSCC Metazoa

(Geller et al., 
2013; Leray et 

al., 2013b)

Goetze1
(RNI;VH)

GTAGTNGTAACWGCTCATGC
TAAACTTCAGGGTGACCAAAAAATCA Eucalanidae

 (Goetze & 
Bradford-Grieve, 

2005) 
Goetze2

(PLXIVH;PLXIVL)
CCAAACGTTTCTTTCTTCCC

TCAGCCAGGGTCTTTAATTGG Pleuromamma   (Goetze, 2011)

Hebert_Hajibabei
(LEP-F1;EPT-long-univR)

ATTCAACCAATCATAAAGATAT
AARAAAATYATAAYAAANGCGTGNANNGT

River benthos 
macroinvertebrates

 (Hajibabaei et 
al., 2011; Hebert 

et al., 2004b)
Hebert1

(LEP-F1;LEP-R1)
ATTCAACCAATCATAAAGATAT
TAAACTTCTGGATGTCCAAAAA Lepidoptera  (Hebert et al., 

2004b) 
Hebert2

(LEP-F1;LEP-R2)
ATTCAACCAATCATAAAGATAT

CTTATATTATTTATTCGTGGGAAAGC Lepidoptera  (Hebert et al., 
2004b) 

Hebert3
(BirdF1;BirdR1)

TTCTCCAACCACAAAGACATTGGCAC
ACGTGGGAGATAATTCCAAATCCTG Birds  (Hebert et al., 

2004a) 
Hebert4

(BirdF2;BirdR2)
TTCTCCAACCACAAAGACATTGGCAC

ACTACATGTGAGATGATTCCGAATCCAG Birds  (Hebert et al., 
2004a) 

Hebert5
(BirdF3;BirdR3)

TTCTCCAACCACAAAGACATTGGCAC
AGGAGTTTGCTAGTACGATGCC Birds  (Hebert et al., 

2004a) 

Hill_Folmer1
(LCO-1703;HCO-2198)

GGTCAACAAATCATAAAGATATTGG
TAAACTTCAGCCTGACCAAAAAATCA Calanoida

 (Folmer et al., 
1994; Hill et al., 

2011) 

Hill_Folmer2
(LCO-1719;HCO-2198)

GGATTTGGTAACTGATTAGTGCC
TAAACTTCAGCCTGACCAAAAAATCA Calanoida

 (Folmer et al., 
1994; Hill et al., 

2011) 
Hoareau

(COIceF;COIceR)
ACTGCCCACGCCCTAGTAATGATATTTTTTATGGTNATGCC

TCGTGTGTCTACGTCCATTCCTACTGTRAACATRTG Echinodermata  (Hoareau & 
Boissin, 2010) 

Jungbluth
(L1384;HCO2198)

GGTCATGTAATCATAAAGATATTG
TAAACTTCAGGGTGACCAAAAAATCA Copepod  (Jungbluth & 

Lenz, 2013) 
Kojima1

(COI-7;COI-D)
ACNAAYAARCAYGAYATYGGNAC
TCTGGGTGTCCRAARAAYCARAA Vestimentiferan  (Kojima et al., 

1997) 
Kojima2

(TW-1;TW-2)
CGAGTYCCTYTNTTYGTNTG
ACTACRTARTANGTRTCRTG Vestimentiferan  (Kojima et al., 

1997) 
Kojima3

(COI-3;COI-6)
GTNTGRGCNCAYCAYATRTTYACNGT
GGRTARTCNSWRTANCGNCGNGGYAT Vestimentiferan  (Kojima et al., 

1997) 
Kon

(AmphL109;AmphH1325)
ATTCGNGCNGAAYTNTCNCAGCC
TCNGAATAYCGNCGWGGTATNCC Cephalochordata  (Kon et al., 

2006) 

Leray_Folmer1
(LerayCOIintF;HCO-2198)

GGWACWGGWTGAACWGTWTAYCCYCC
TAAACTTCAGCCTGACCAAAAAATCA Metazoa

  (Folmer et al., 
1994; Leray et 

al., 2013b)

Leray_Folmer2
(LCO-1490;LerayCOIintR)

GGTCAACAAATCATAAAGATATTGG
GGRGGRTASACSGTTCASCCSGTSCC Metazoa

  (Folmer et al., 
1994; Leray et 

al., 2013b)

Leray_Geller
(LerayCOIintF;jgHCO2198)

GGWACWGGWTGAACWGTWTAYCCYCC
TANACYTCNGGRTGNCCRAARAAYCA Metazoa

  (Folmer et al., 
1994; Leray et 

al., 2013b)

Leray_Meyer1
(LerayCOIintF;dgHCO2198)

GGWACWGGWTGAACWGTWTAYCCYCC
TAAACTTCAGGGTGACCAAARAAYCA Metazoa

  (Folmer et al., 
1994; Leray et 

al., 2013b)

Leray_Meyer2
(dgLCO1490;LerayCOIintR)

GGTCAACAAATCATAAAGAYATYGG
GGRGGRTASACSGTTCASCCSGTSCC Metazoa

  (Folmer et al., 
1994; Leray et 

al., 2013b)
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Martinez_Folmer
(LCOjf;HCO-2198)

GGTCAACAAATCATAAAGATATTGGAAC
TAAACTTCAGCCTGACCAAAAAATCA Medusozoa

 (Folmer et al., 
1994; Martinez et 

al., 2010) 

Messing
(M13F;M13R)

TGTAAAACGACGGCCAGT
CAGGAAACAGCTATGAC

Zooplankton, 
freshwater 

microcrustacean
  (Messing, 1983)

Meusnier
(Uni-MinibarF1;Uni-MinibarR1)

TCCACTAATCACAARGATATTGGTAC
GAAAATCATAATGAAGGCATGAGC Universal   (Meusnier et al., 

2008)
Meyer

(dgLCO1490;dgHCO2198)
GGTCAACAAATCATAAAGAYATYGG

TAAACTTCAGGGTGACCAAARAAYCA Gastropods  (Meyer et al., 
2005)

Misof1
(C1-J1751;C1-N2191)

GGATCACCTGATATAGCATTCCC
CCCGGTAAAATTAAAATATAAACTTC Panorpa  (Misof et al., 

2000) 

Misof2
(C1-J 2165;TL2-N 3014)

GAAGTTTATATTTTAATTTTACCDGG
TCCAATGCACTAATCTGCCATATTA Panorpa  (Misof et al., 

2000) 

Nelson
(COIf;COIr)

TCMACTAATCAYAARGAYATTGGNAC
CCDCTTAGWCCTARRAARTGTTGNGG Vestimentiferan  (Nelson & 

Fisher, 2000)
Obst

(CycF;CycR)
CGRATGGARCTYTCTCAYCC

TTAAAATTACGRTCTGTYAAAAG Cicliophora  (Obst et al., 
2005)

Ortman
(MedCOIR;HCO-2607)

GGAACTGCTATAATCATAGTTGC
ACATAGTGGAAATGTGCTACAACATA Medusozoa  (Ortman et al., 

2010)

Ortman_Folmer1
(LCO-1490;HCO-Med-2414)

GGTCAACAAATCATAAAGATATTGG
GGAACTGCTATAATCATAGTTGC

Medusozoa, 
Ctenophora

 (Folmer et al., 
1994; Ortman, 

2008) 

Ortman_Folmer2
(LCO-1490;HCO-2424)

GGTCAACAAATCATAAAGATATTGG
TTAATACCGTTAGGAACGGCAATAATTAT Ctenophora

 (Folmer et al., 
1994; Ortman, 

2008) 
Papadopoulos

(ChelgCOI-F;ChelgCOI-R)
GGCCAAAACAGGGAGAGATA

CGGGACTCAGTATAATTATTCGTCTA
Calanus 

helgolandicus
 (Papadopoulos et 

al., 2005)

Prosser
(ZplankF1_t1;ZplankR1_t1)

TGTAAAACGACGGCCAGTTCTASWAATCATAARGATATTGG
CAGGAAACAGCTATGACTTCAGGRTGRCCRAARAATCA

Zooplankton, 
freshwater 

microcrustacean

 (Prosser et al., 
2013)

Radulovici
(CrustDF1;CrustDR1)

GGTCWACAAAYCATAAAGAYATTGG
TAAACYTCAGGRTGACCRAARAAYCA Crustacea  (Radulovici et 

al., 2009)
Schroth
(L5;H5)

CTCTTGTAAGGTGAAGCC
CATAATTCAACATCGAGG Aurelia sp   (Schroth et al., 

2002)

Schwendinger_Folmer
(LCO-1490;HCOoutout)

GGTCAACAAATCATAAAGATATTGG
GTAAATATATGRTGDGCTC

Tardigrada, 
Opiliones, 
Myriapoda

 (Folmer et 
al., 1994; 

Schwendinger & 
Giribet, 2005)

Simon_Folmer
(LCO-1490;Nancy)

GGTCAACAAATCATAAAGATATTGG
CCCGGTAAAATTAAAATATAAACTTC

Marine 
invertebrates

(Folmer et al., 
1994; Simon et 

al., 1994) 
Stefaniak

(Tunf;Tunr)
TCGACTAATCATAAAGATATTAG
AACTTGTATTTAAATTACGATC Tunicata  (Stefaniak et al., 

2009)
Ward1

(FishF1;FishR1)
TCAACCAACCACAAAGACATTGGCAC
TAGACTTCTGGGTGGCCAAAGAATCA Fish (Ward et al., 

2005)  
Ward2

(FishF2;FishR2)
TCGACTAATCATAAAGATATCGGCAC

ACTTCAGGGTGACCGAAGAATCAGAA Fish  (Ward et al., 
2005) 

Ward4
(FishF1;FishR2)

TCAACCAACCACAAAGACATTGGCAC
ACTTCAGGGTGACCGAAGAATCAGAA Fish  (Ward et al., 

2005) 
Ward5

(FishF2;FishR1)
TCGACTAATCATAAAGATATCGGCAC
TAGACTTCTGGGTGGCCAAAGAATCA Fish  (Ward et al., 

2005) 
Zeale

(ZBJ-ArtF1c;ZBJ-ArtR2c)
AGATATTGGAACWTTATATTTTATTTTTGG

WACTAATCAATTWCCAAATCCTCC Arachnida, Insecta  (Zeale et al., 
2011) 
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Table 3.  Details of the primer pairs tested for 18S rRNA amplification. For each primer pair, primer names, 
forward and reverse sequences, taxonomic group for which it was designed and reference are indicated.

Primer pair name 
(forward name; reverse name)

Primer pair sequences in sense 5’-3’
(top: forward and bottom: reverse)

Taxa for which it 
was designed

Reference

Apakupakul1 
(18SrDNAA;18SrDNAB)

AACCTGGTTGATCCTGCCAGT 
TGATCCTTCCGCAGGTTCACCT

Euhirudinea (Apakupakul et 
al., 1999)  

Apakupakul2 
(18SrDNAL;18SrDNAC)

CCAACTACGAGCTTT 
CGGTAATTCCAGCTC

Euhirudinea (Apakupakul et 
al., 1999) 

Burnette1 
(18F509;18R925D)

CCCCGTAATTGGAATGAGTACA 
GATCYAAGAATTTCACCTCT

Annelida, 
Poeobiidae

(Burnette et al., 
2005)

Carranza1 
(5F;9R)

GCGAAAGCATTTGCCAAGAA 
GATCCTTCCGCAGGTTCACCTAC

Platyhelminth (Carranza et al., 
1996) 

Carranza2 
(1F;9R)

TACCTGGTTGATCCTGCCAGTAG 
GATCCTTCCGCAGGTTCACCTAC

Platyhelminth

Cohen 
(F1;R1)

CCGAATTCGTCGACAACTGGTTGATCCTGCCAG 
CGAGATCTTAATGATGTCA

Brachiopoda, 
Phoronida

(Cohen et al., 
1998) 

Figueroa 
(L10319-CYB;H10648-CYB)

CCTTGGGGKCAGATGTCTTTTTGGG 
GATAAAATTTTCWGGGTC

Calanoida (Figueroa, 2011) 

Floyd 
(Nem_18S_F;Nem_18S_R)

CGCGAATRGCTCATTACAACAGC 
GGGCGGTATCTGATCGCC

Nematodes (Floyd et al., 
2005) 

Fonseca 
(FO4;R22)

GCTTGTCTCAAAGATTAAGCC 
GCCTGCTGCCTTCCTTGGA

Marine metazoa (Fonseca et al., 
2010) 

Guillou1 
(StoeckV4f;StoeckV4r)

CCAGCASCYGCGGTAATTCC 
ACTTTCGTTCTTGATYRA

Universal (Stoeck et al., 
2010)  

Guillou2 
(StoeckV9Af;StoeckV9Ar)

GTACACACCGCCCGTC 
TGATCCTTCTGCAGGTTCACCTAC

Universal (Stoeck et al., 
2010)  

Guillou3 
(StoeckV9Bf;StoeckV9Br)

TTGTACACACCGCCC 
CCTTCYGCAGGTTCACCTAC

Universal (Stoeck et al., 
2010) 

Hamilton 
(18S11b;18S2A)

GTCAGAGGTTCGAAGGCG 
GATCCTTCCGCAGGTTCACC

Metazoa (Hamilton, 2003) 

Hillis_Bucklin 
(18SE;18S-693R)

CTGGTTGATCCTGCCAGT 
AAACCTCTGGCAAAACTACG

Calanoida (Bucklin et al., 
2003; Hillis & 
Dixon, 1991) 

Hillis_Halanych 
(18SE;18L)

CTGGTTGATCCTGCCAGT 
GAATTACCGCGGCTGCTGGCACC

Pisionidae (Halanych et al., 
1995; Hillis & 
Dixon, 1991)

Hillis_Hamby 
(18SE;18SL)

CTGGTTGATCCTGCCAGT 
CACCTACGGAAACCTTGTTACGACTT

Marine 
invertebrates

(Hamby & 
Zimmer, 1988; 
Hillis & Dixon, 

1991) 
Holland 

(Mollusca1991f;Mollusca1991r)
GCCAGTAGCATATGCTTGTCTC 
AGACTTGCCTCCAATGGATCC

Mollusc, 
Hemichordata, 
Echinodermata

(Holland et al., 
1991)

Kelly 
(SP4;SP5)

GGTGGTGCCCTTCCGTCAATTCCTTTAAGTTT 
GTCTGGTGCCAGCAGCCGCGGTAATTC

Demospongiae (Kelly-Borges & 
Pomponi, 1994)

Machida1 
(1;2RC)

CTGGTGCCAGCAGCCGCGGYAA
TCCGTCAATTYCTTTAAGTT

Metazoa (Machida & 
Knowlton, 2012)

Machida2 
(3;4RC)

GYGGTGCATGGCCGTTSKTRGTT
CKRAGGGCATYACWGACCTGTTAT

Metazoa (Machida & 
Knowlton, 2012)

Machida3 
(3;5RC)

GYGGTGCATGGCCGTTSKTRGTT
GTGTGYACAAAGGBCAGGGAC

Metazoa (Machida & 
Knowlton, 2012)

Machida4 
(1;5RC)

CTGGTGCCAGCAGCCGCGGYAA 
GTGTGYACAAAGGBCAGGGAC

Metazoa (Machida & 
Knowlton, 2012) 

Mullin 
(18S1.2;18Sr2b)

GGCGATCAGATACCGCCCTAGTT 
TACAAAGGGCAGGGACGTAAT

Nematodes (Mullin et al., 
2003) 

Nishida 
(18S1A;18S2A)

ATCTGGTTGATCCTGCCAGT 
GATCCTTCCGCAGGTTCACC

Fungi (Nishida & 
Sugiyama, 1993) 
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Palero 
(18S1f;18Sb2.9)

TACCTGGTTGATCCTGCCAGTAG 
TATCTGATCGCCTTCGAACCTCT

Achelata (Palero et al., 
2009) 

Porazinska 
(A-NF1;B-18Sr2b)

GCCTCCCTCGCGCCATCAGGGTGGTGCATGGCCGTTCTTAGTT 
GCCTTGCCAGCCCGCTCAGTACAAAGGGCAGGGACGTAAT

Nematodes (Porazinska et al., 
2009) 

Raupach 
(18A1;1800)

CTGGTTGATCCTGCCAGTCATATGC 
GATCCTTCCGCAGGTTCACCTACG

Marine 
invertebrates

(Raupach et al., 
2009)

Spears 
(18s329;18sI)

TAATGATCCTTCCGCAGGTT 
AACTYAAAGGAATTGACGG

Brachyura, 
Mesocyclops

(Spears et al., 
1992) 

Struck 
(18F35;18R399)

TCTCAAAGATTAAGCCATGCA 
CCCTCTCCGGAATCGAACCCTGAT

Aeolosomatidae, 
Parergodrilidae

(Struck et al., 
2002) 

Thum1 
(18S-1F;18S-1R)

AACCTGGTTGATCCTGCCAGT 
TGGTGCCCTTCCGTCAATTCCT

Diaptomidae (Thum, 2004)

Thum2 
(18S-2F;18S-2R)

CTGGTGCCAGCAGCCGCGG 
TTGATCCTTCTGCAGGTTCACCTAC

Diaptomidae (Thum, 2004)
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