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Abstract

Metabarcode surveys of DNA extracted from environmental samples are increasingly popular for biodiversity assess-

ment in natural communities. Such surveys rely heavily on robust genetic markers. Therefore, analysis of PCR effi-

ciency and subsequent biodiversity estimation for different types of genetic markers and their corresponding

primers is important. Here, we test the PCR efficiency and biodiversity recovery potential of three commonly used

genetic markers – nuclear small subunit ribosomal DNA (18S), mitochondrial cytochrome c oxidase subunit I (COI)

and 16S ribosomal RNA (mt16S) – using 454 pyrosequencing of a zooplankton community collected from Hamilton

Harbour, Ontario. We found that biodiversity detection power and PCR efficiency varied widely among these mark-

ers. All tested primers for COI failed to provide high-quality PCR products for pyrosequencing, but newly designed

primers for 18S and 16S passed all tests. Furthermore, multiple analyses based on large-scale pyrosequencing (i.e. 1/2

PicoTiter plate for each marker) showed that primers for 18S recover more (38 orders) groups than 16S (10 orders)

across all taxa, and four vs. two orders and nine vs. six families for Crustacea. Our results showed that 18S, using

newly designed primers, is an efficient and powerful tool for profiling biodiversity in largely unexplored communi-

ties, especially when amplification difficulties exist for mitochondrial markers such as COI. Universal primers for

higher resolution markers such as COI are still needed to address the possible low resolution of 18S for species-level

identification.
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Introduction

Aquatic ecosystems are among the most threatened habi-

tats globally (Dudgeon et al. 2006; Hambler et al. 2011;

Holland et al. 2012). Owing to severe threats from inter-

acting stressors including overexploitation, chemical

pollution and introductions of invasive species, extinc-

tion risk of aquatic species appears higher than that for

terrestrial species (Dudgeon et al. 2006; Pereira et al.

2012). For example, extinction rates of freshwater ani-

mals were estimated as more than five times higher than

those for terrestrial species in North America (Ricciardi

& Rasmussen 1999). By 2012, more than 4600 freshwater

animal species were identified as threatened or recently

extinct, accounting for more than 25% of all identified

freshwater animals (Thomsen et al. 2012). There exists a

pressing need, therefore, to identify aquatic ecosystems

with high endemicity and to develop effective conserva-

tion plans to halt biodiversity loss in these ecosystems.

Effective conservation plans largely rely on robust

information regarding species composition. In terms of

abundance and biomass, aquatic ecosystems are domi-

nated by an array of drifting microscopic organisms col-

lectively referred to as plankton (Machida et al. 2009).

Plankton play an important role in maintaining ecosys-

tem function (e.g. key role in food webs, Telesh 2004).

Empirical studies have shown that change/loss of biodi-

versity in plankton communities may alter ecosystem

function and services (e.g. McMahon et al. 2012).
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However, it is often difficult, and sometimes impossible,

to identify planktonic organisms by traditional methods

such as light microscopy, mainly due to poor species

integrity following preservation, cryptic immature stages

and the vast number of taxa present (Briski et al. 2011;

Darling & Mahon 2011; Uusitalo et al. 2013). In addition,

many plankton communities are comprised of a few very

abundant species and numerous very rare species,

making it difficult to detect and identify all taxa (e.g.

Galand et al. 2009; Cheung et al. 2010). Recently, the

advent of robust and sensitive metabarcode methods

based on high-throughput sequencing has made envi-

ronmental DNA-based biodiversity assessments of com-

plex communities possible, especially those dominated

by microscopic organisms (e.g. Fonseca et al. 2010; Lodge

et al. 2012; Zhan et al. 2013).

A prerequisite for metabarcode surveys using high-

throughput sequencing is the selection of robust genetic

markers and corresponding universal PCR primers.

Good candidate primer pairs are expected to effectively

amplify and differentiate a wide range of species in

complex communities. One of the best tested markers/

genes based on traditional Sanger sequencing is mito-

chondrial cytochrome c oxidase subunit I (COI), mainly

attributable to coordinated global barcoding initiatives

(Hebert et al. 2003). Therefore, we hypothesized that

COI could be an ideal candidate marker for high-

throughput sequencing-based biodiversity assessment.

However, some taxa in aquatic communities, including

dominant taxonomic groups such as Copepoda and

Cladocera, can be difficult to PCR amplify when using

COI for barcoding analysis. For example, it was almost

impossible to amplify a globally distributed cladoceran

taxon, Holopedium, collected from Churchill, Manitoba,

Canada at COI (Jeffery et al. 2011). Such recent

evidence challenged our a priori hypothesis. Conse-

quently, a comparison between different types of

genetic markers and their corresponding primer sets is

crucial before employing high-throughput sequencing

technologies for biodiversity assessment in aquatic

communities.

In this study, we examined the efficiency of both

nuclear (i.e. small subunit ribosomal DNA, also known

as 18S rDNA for eukaryotes, referred to as 18S here-

after) and mitochondrial markers (i.e. cytochrome c

oxidase subunit I and 16S ribosomal RNA, hereafter

COI and mt16S, respectively) and their corresponding

primers for biodiversity assessment of a freshwater

plankton community collected from Hamilton Harbour

in Lake Ontario, Canada. Based on the results

obtained from our evaluation, we sought to select

robust primers for biodiversity assessment based on

high-throughput sequencing technologies for complex

zooplankton communities.

Materials and methods

Field sampling

Zooplankton samples were collected from Hamilton

Harbour in September 2011. We used a conical plankton

net (80-lm mesh) to collect six geo-referenced zooplank-

ton samples using oblique tows from the bottom to water

surface. The collected zooplankton samples were imme-

diately preserved in 100% ethanol and stored at �20 °C
until further analyses.

Molecular markers and corresponding primers

We included one nuclear marker, small subunit ribosomal

DNA (i.e. 18S), and two mitochondrial DNA (mtDNA)

markers, COI and mt16S, for our analysis of the efficiency

of plankton biodiversity estimation using 454 pyrose-

quencing. Because zooplankton communities consist of an

array of taxonomic groups, we focused mainly on the

dominant group, Crustacea (Adamowicz & Purvis 2005),

for the design of new primers and selection of published

primers. Moreover, to make newly designed primers

applicable to other communities such as living in the

benthos in both freshwater and marine habitats, we also

included more taxonomic groups from Arthropoda, as

well as Mollusca, Tunicata, Echinodermata, Annelida,

Nematoda and Platyhelminthes for primer design.

For primer design for each of the three markers, we

recovered sequences of representative species in the

selected taxonomic groups from GenBank (http://www.

ncbi.nlm.nih.gov/nuccore). We initially screened DNA

polymorphism among sequences within each taxonomic

group to select representative sequences for seeking con-

served regions among taxonomic groups. Subsequently,

the selected sequences were aligned to find conserved

regions to locate universal primers across all taxonomic

groups (Fig. 1; and sequence alignment for COI, 18S and

mt16S in Appendices S1, S2 and S3, Supporting informa-

tion, respectively). All primer pairs were designed to

amplify approximately 400–600 bp based on the read

length (~500 bp) of the 454 GS-FLX Titanium platform

and the availability of conserved regions of each gene for

primer design. For the COI gene, we failed to identify

any conserved region, even within Crustacea (see

sequence alignment in Appendix S1, Supporting infor-

mation). Thus, we chose a number of published ‘univer-

sal’ primers to assess their efficiency for biodiversity

assessment in plankton communities.

To characterize pooled PCR product sequences after

pyrosequencing, all forward primers selected for pyrose-

quencing were tagged specifically for each sample using

8nt nucleotide codes (Parameswaran et al. 2007). In

addition, the 454 adaptors (A and B) were added to the
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50-end of the forward and reverse primers, respectively,

to make them compatible with the pyrosequencing

process (Table 1).

Primer test

Selected primers were subjected to a series of tests (Fig. 2).

First, we subjected the primers to amplification of several

crustacean species – the waterfleas Daphina pulex and

Cercopagis pengoi and the European green crab Carcinus

maenas – to test specificity (i.e. to avoid random amplifica-

tions). Second, to explore whether these primers could

effectively amplify multiple species in a mixed-species

assemblage of zooplankton, we amplified bulk DNA iso-

lated from a zooplankton sample collected in Hamilton

Harbour, Ontario. PCR products obtained from successful

primer pairs were cloned into a vector using the TA clon-

ing kit (Invitrogen Inc., ON, Canada). Twenty-four clones

were randomly selected for each primer pair to perform

traditional Sanger sequencing for the multiple species

recovery test. Third, we used a small-scale run of 454

pyrosequencing (i.e. an equivalent of 1/48 PicoTiter plate)

to assess taxonomic coverage using the same bulk DNA

as was used for Sanger sequencing. Finally, we used

large-scale pyrosequencing (i.e. 1/2 PicoTiter plate for

each primer pair) to test the performance of the selected

primer pairs for biodiversity assessment.

DNA extraction, PCR and pyrosequencing

Total genomic DNA was extracted from 100 mg zoo-

plankton sample using the DNeasy Blood and Tissue Kit

(Qiagen Canada Inc., ON, Canada). The quality and

quantity of extracted DNA were measured by NanoDrop

spectrophotometer (NanoDrop Technologies, DE, USA).

PCR mixtures (25 lL) were prepared in eight replicates

for each sample to avoid possible biased amplification.

Each duplicate consisted of 100 ng of genomic DNA, 1 9

PCR buffer, 2 mM of Mg2+, 0.2 mM of dNTPs, 0.4 lM of

each primer and 2 U of Taq DNA polymerase (Gen-

script). PCR cycling parameters consisted of an initial

denaturation step at 95 °C for 5 min, followed by 25

amplification cycles of 95 °C for 30 s, locus-specific

annealing temperature (Table 1) for 30 s, 72 °C for 90 s

and a final elongation at 72 °C for 5 min. PCR products

of duplicates were pooled and purified using the solid-

phase reversible immobilization (SPRI) paramagnetic

bead-based method (Agencourt, Beverly, MA, USA). Py-

rosequencing was performed using 454 Adaptor A

(Table 1) on a GS-FLX Titanium platform (454 Life Sci-

ences, Branford, CT, USA) by Engencore at the Univer-

sity of South Carolina.

Pyrosequencing data analysis

After pyrosequencing, raw reads were denoised in MO-

THUR version 1.31.2 (Schloss et al. 2009) implemented in

the pipeline SEED version 1.1.35 (V�etrovsk�y & Baldrian

2013). Subsequently, each sequence was sorted based on

its unique tag code on the 50-end of the forward primer.

Raw sequence reads were trimmed and filtered prior to

downstream analyses using RDP pyrosequencing pipe-

line (http://rdp.cme.msu.edu/). Generally, we removed

sequences that (i) did not perfectly match the tag codes

and forward primer sequences, (ii) contained ambiguous

nucleotide (N’s) and (iii) were short (<250 bp). In
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Fig. 1 Information content at each nucle-

otide position (alignment gaps included)

for ‘universal’ primer design for the two

commonly used genetic markers, (a) small

subunit ribosomal DNA (18S) and (b)

mitochondrial 16S ribosomal RNA

(mt16S). Plots are based on aligned

sequences of selected sequences depos-

ited in GenBank (see Appendices S2 and

S3, Supporting information, for 18S and

mt16S, respectively). Entropy (Hx), which

is low in conserved sites and high in vari-

able sites, is shown on the y-axis. Univer-

sal PCR primers were designed in regions

of low entropy (i.e. conserved regions).

Locations for primer design are shown for

each marker.
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addition, we detected and then deleted PCR-mediated

recombinants (i.e. chimeras) in amplification products

from each data set using UCHIME (Edgar et al. 2011).

Sequence reads from each sample were clustered into

similarity-based operational taxonomic units (OTUs)

using the CD-HIT method (Li & Godzik 2006) imple-

mented in the pipeline CLOTU (Kumar et al. 2011).

Subsequently, OTUs were grouped taxonomically (e.g.

order and family) by searching against the nucleotide

data base of GenBank. We used BLASTn implemented in

the pipeline Seed with the parameters of E value <10�80

and minimum query coverage >80%. In addition,

because a run of 1/2 plate for each marker yielded differ-

ent numbers of sequence reads, we used rarefaction

analysis to compare the taxon recovery efficiency of the

final selected primer pairs with our large-scale pyrose-

quencing data at a common sequencing depth. Rarefac-

tion analysis was performed at two levels, OTU and

order level, using 5000 random iterations in ECOSIM

version 7.72 (Gotelli & Entsminger 2006).

Results

Design and selection of primers

After an initial screen among seven taxonomic groups

(i.e. Arthropoda, Mollusca, Tunicata, Echinodermata,

Annelida, Nematoda and Platyhelminthes), we chose 77

representative sequences for 18S (see sequence alignment

in Appendix S2, Supporting information) and 46

sequences for mt16S (see sequence alignment in Appen-

dix S3, Supporting information) for primer design. The

polymorphism survey revealed several conserved

regions of 18S (Fig. 1a) and mt16S (Fig. 1b) for universal

primer design. Based on the sequencing capacity

(approximately 500 bp) and identified sequence poly-

morphisms in the target regions, we designed one pri-

mer pair (Uni18S2-Uni18SR2) spanning V5-7 regions for

18S, and one primer pair (Uni16SF-Uni16SR) for 16S

(Table 1; Fig. 1). In addition, one universal primer pair

(Uni18S-Uni18SR) spanning the V4 region of 18S (Zhan

et al. 2013) was also evaluated in this study. However,

we did not detect any acceptable conserved regions for

universal primer design in the alignment of COI

sequences (Appendix S1, Supporting information).

Hence, we chose five published COI primer pairs

(Table 1), including the commonly used universal prim-

ers LCO1490-HCO2198 (Folmer et al. 1994), a primer pair

(UniMinibarF1-UniMinibarR1) for amplification of a

short ‘minibarcode’ fragment (Meusnier et al. 2008), and

three primer pairs (CrustF1-HCO2198, CrustF2-

HCO2198 and CrustDF1-CrustDR1) for Crustacea (Costa

et al. 2007; Radulovici et al. 2009).

Efficiency evaluation of selected primers

All primers were subjected to step-by-step evaluation

(Fig. 2). The evaluation for specificity using several

Table 1 Sequences of primers used for performance evaluation of biodiversity assessment based on high-throughput sequencing.

Fusion primers were used: 454 adaptor A and unique tag were added to 50-end of each forward primer, and 454 adaptor B was added

to 50-end of each reverse primer. 454 adaptors (A and B) were used to make PCR products compatible with the GS-FLX Titanium

sequencing process, while unique tags (i.e. tags consisting of unique eight nucleotides, Parameswaran et al. 2007) were used to differen-

tiate PCR products pooled together for pyrosequencing. Ta = annealing temperature for PCR. The IUPAC codes were used for degener-

ate nucleotides: K = G + T, Y = C + T, R = A + G, D = G + A + T, W = A + T, H = A + C + T

Genetic marker Primer name Sequence Ta (°C) Reference

Nuclear SSU Uni18S 50-AGGGCAAKYCTGGTGCCAGC-30 50 Zhan et al. 2013;

Uni18SR 50-GRCGGTATCTRATCGYCTT-30

Uni18S2 50-CTTAATTTGACTCAACACGG-30 50 This study

Uni18SR2 50-TAGCGACGGGCGGTGTGTAC-30

Mitochondrial 16S Uni16SF 50-TRACYGTGCDAAGGTAGC-30 50 This study

Uni16SR 50-YTRRTYCAACATCGAGGTC-30

Mitochondrial COI LCO1490 50-GGTCAACAAATCATAAAGATATTGG-30 40 Folmer et al. 1994;

HCO2198 50-TAAACTTCAGGGTGACCAAAAAATCA-30

UniMinibarF1 50-TCCACTAATCACAARGATATTGGTAC-30 46 for first 5

cycles, then 53

for 35 cycles

Meusnier et al. 2008;

UniMinibarR1 50-TGAAAATCATAATGAAGGCATGAGC-30

CrustF1 50-TTTTCTACAAATCATAAAGACATTGG-30 42 Costa et al. 2007;

CrustF2 50-GGTTCTTCTCCACCAACCACAARGAYATHGG-30

CrustDF1 50-GGTCWACAAAYCATAAAGAYATTGG-30 45 Radulovici et al. 2009

CrustDR1 50-TAAACYTCAGGRTGACCRAARAAYCA-30

- 454 adaptor A 50-GCCTCCCTCGCGCCATCAG-30 - 454 Life Sciences

454 adaptor B 50-GCCTTGCCAGCCCGCTCAG-30

© 2014 John Wiley & Sons Ltd
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common species showed that the newly designed primer

pairs for 18S and mt16S amplified all species effectively,

exhibiting bright and sharp bands on agarose gels. The

primers selected from publications for COI were func-

tional, showing weak but detectable bands on agarose

gels. Hence, we included all eight primer pairs for the

three genetic markers to further assess PCR amplification

efficiency using bulk DNA extracted from the zooplank-

ton community. After PCR, two primer pairs, CrustF1-

HCO2198 and CrustF2-HCO2198, showed weak or no

bands with high background noise on agarose gels. Such

poor PCR amplification was not improved after PCR

optimization for Mg2+ (1.5–3.5 mM) and annealing tem-

perature (40–60 °C). Another two primer pairs, UniMini-

barF1-UniMinibarR1 and CrustDF1-CrustDR1, showed

inconsistent amplification when repeated using the same

DNA template and PCR conditions. Consequently, we

cloned the PCR products from four primer pairs: two for

18S (Uni18S-Uni18SR and Uni18S2-Uni18SR2); one for

16S (Uni16SF-Uni16SR); and one for CO1 (LCO1490-

HCO2198). After Sanger sequencing, multiple species

were recovered using these four primer pairs. Therefore,

we included these four primer pairs for small-scale

pyrosequencing.

A small-scale pyrosequencing run (i.e. an equivalent

of 1/48 PicoTiter plate) yielded approximately 13 000–

17 000 sequence reads for each of the four primer pairs.

To assess taxonomic coverage, all sequences were

grouped taxonomically by order (higher ranks were used

when order was not available for a given taxon) using

BLASTn implemented in the pipeline Seed (Fig. 3). The

number of observed order-level taxa varied greatly

among the types of genetic markers, with 19 and 15

based on the two primer pairs for 18S vs. two for COI

and seven for mt16S (Fig. 3). We observed a similar

pattern for Crustacea: we detected five orders based on

18S, but only one and two orders using COI and mt16S,

respectively. In addition, the two primer pairs for 18S

recovered a wide range of other taxonomic groups,

including animals, plants (algae), fungi, blue-green algae

and protists (Fig. 3), despite the primers not being

designed to capture that level of biodiversity. However,

only a limited number of those groups were recovered

using either COI or mt16S. When comparing the two

mitochondrial markers, mt16S recovered more groups

than COI, including platyhelminthes, rotifers and cyano-

bacteria. Considering both the number of taxonomic

groups recovered (Fig. 3) and the DNA sequence varia-

tion that the primers span (Fig. 1), we chose one repre-

sentative primer pair for each of two types of genetic

markers for further performance tests, that is Uni18S-

Uni18SR for 18S (nuclear) and Uni16SF-Uni16SR for

mt16S (mtDNA).

A total of 686064 and 299045 sequences were obtained

for 18S and mt16S, respectively, in runs of 1/2 PicoTiter

plate for each marker. After preprocessing to remove

Sequences of representative species
     (download from NCBI website)

Align

 Newly designed
universal primers

Conserved regions for primer design

Succeed                                         Fail

 Primers chosen 
from publications

Primer test

      Several available species
          (for specificity test)

   Bulk DNA from plankton community
   (for multiple species detection test)

   Small-scale pyroseq. (1/48 plate)
      (for taxonomic coverage test)

   Large-scale pyroseq. (1/2 plate)
           (for performace test)

3 genes (18S, mt16S and COI)

   Uni18S-Uni18SR (18S1) for V4
Uni18S2-Uni18SR2 (18S2) for V5-7

Uni16SF-Uni16SR (mt16S)

18S

mt16S

     LCO1490-HCO2198 (COI1)
UniMinibarF1-UniMinibarR1 (COI2)
      CrustF1-HCO2198 (COI3)
      CrustF2-HCO2198 (COI4)
     CrustDF1-CrustDR1 (COI5)

COI

18S1  18S2  mt16S  COI1  COI2  COI3  COI4  COI5
   √        √          √        √         √        √        √          √

                                           18S1  18S2  mt16S  COI1
√        √         √      √
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   X         X
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    X       X
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                                           18S1  18S2  mt16S  
√        √         √      

                   COI1
                      X
Narrow taxanomic coverage

1 nuclear & 1 mtDNA

Uni18S-Uni18SR (18S1) for V4
Uni16SF-Uni16SR (mt16S)

Fig. 2 Methodological flow chart used to

perform step-by-step performance evalua-

tion for biodiversity assessment in a com-

plex plankton community collected from

Hamilton Harbour, Ontario, using 454 py-

rosequencing based on three genetic

markers and their corresponding primers.
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low-quality sequences, we obtained 138246 and 38718

sequences for 18S and mt16S, respectively, which were

subjected to similarity-based OTU clustering using

genetic divergences ranging from 1% to 8% (Fig. 4). As

expected, the number of OTUs decreased as genetic

divergence increased (Fig. 4). The number of observed

OTUs based on 18S was larger than that based on mt16S

at all genetic divergence levels examined (Fig. 4). After

OTUs were assigned to orders (see Appendix S4, Sup-

porting information), we detected a large difference in

the number of order-level taxa recovered for these two

genetic markers (Table 2). Overall, 38 orders were recov-

ered when using 18S primers, while only 10 orders were

detected based on mt16S. Similar to the results obtained

from small-scale pyrosequencing, a wide range of taxo-

nomic groups, including numerous animal groups,

fungi, algae and protists, was recovered based on 18S,

though recovery with mt16S was limited to several

animal groups including molluscs, bryozoans and

crustaceans (Table 2). Almost all taxonomic groups

recovered by mt16S were also recovered by 18S, with

two exceptions (Phylactolaemata and Clupeiformes;

Table 2). Among all order-level taxa detected by mt16S,

more than 78% belong to Diplostraca, though we did not

detect such dominance by any one group using 18S. The

most abundant taxonomic groups detected by 18S were

two crustacean orders Cyclopoida (18.7%) and Diplostra-

ca (18.7%), followed by Calanoida (18.1%) and Peritrichia

(13.3%). Relative contributions of sequences by remain-

ing taxa were lower than 6%, ranging from 0.28% to 5.9%

(Table 2).

When crustaceans were examined at the family-level,

we detected a similar pattern to that observed at the

order level. Overall, we detected more families based on

18S than mt16S, nine vs. six families (Table 3). For family

detection based on 18S, the most abundant was Cyclopi-

dae (18.7%); however, this family was not detected in the

mt16S sequence data (Table 2). The most abundant

family identified in the mt16S data was Daphniidae

(39.3%), followed by Bosminidae (35.2%).

When both 18S and mt16S data were subjected to rar-

efaction analysis, the curves did not plateau for either

OTU- or order-level analyses, even after 120000 high-

quality sequences had been added for 18S (Fig. 5). The

curves for 18S showed more OTUs/orders at a common

sequencing depth when compared to mt16S. This pattern

became more apparent at the order level (Fig. 5b). For

example, when sequencing depth was set to 20000

sequences, the number of orders for 18S was double that

of mt16S (Fig. 5b).

Discussion

High-throughput sequencing of environmental samples

has revolutionized the exploration and quantification of

biodiversity, especially in organisms such as microscopic

species for which traditional morphological identifica-

tion is problematic and sometimes impossible (e.g. Fons-

eca et al. 2010; Lodge et al. 2012). Despite the allure of

such technology for analysing the diversity and
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and corresponding primer: Uni18S-

Uni18SR and Uni18S2-Uni18SR2 for 18S;

LCO1490-HCO2198 for COI; and

Uni16SF-Uni16SR for mt16S. Operational

taxonomic units (OTUs) were grouped at

3% genetic divergence using CD-HIT

method.

0
1 2 3 4 5 6 7 8

100

200

300

400

1000

3000

6000

9000

Genetic divergence %

N
um

be
r o

f O
TU

s

18S
mt16S
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iter plate pyrosequencing of the plankton sample collected from

Hamilton Harbour, Ontario, Canada, using 18S (primer pair:

Uni18S-Uni18SR) and mt16S (primer pair: Uni16SF-Uni16SR).
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distribution of species at the community level, successful

application to some communities, such as zooplankton,

relies largely on the power and efficiency of genetic

markers and corresponding primers (Tang et al. 2012). In

this study, we compared the performance of three com-

monly used markers, 18S, mt16S and COI, and their cor-

responding primers for biodiversity assessment based on

454 pyrosequencing of a complex zooplankton commu-

nity. Our results showed that the power and efficiency

varied widely among these markers and their corre-

sponding primers, with the best overall performance

obtained with 18S.

The COI gene is the most commonly used DNA

barcode marker for identifying and differentiating

animal species (Hebert et al. 2003). Studies based on

traditional Sanger sequencing have confirmed that COI

is a better indicator of true diversity than both traditional

morphology and other genetic markers, including 18S

Table 2 Composition of order-level taxa recovered from the complex plankton community collected from Hamilton Harbour, Ontario,

using 454 pyrosequencing based on two types of genetic markers, 18S (nuclear) and 16S (mtDNA). The sequencing depth was 1/2 Pi-

coTiter plate for each marker. Operational taxonomic units (OTUs) were grouped at 3% genetic divergence using CD-HIT method. ‘-’

indicates no detection

Group Order

Percentage of

OTUs-18S (%)

Percentage of

OTUs-16S (%)

Acari Astigmata 0.28 —

Annelida (annelid worms) Haplotaxida 1.42 0.82

Bacillariophyta (diatoms) Fragilariales 0.28 —

Bryozoa (bryozoans) Phylactolaemata — 0.82

Ctenostomatida 0.28 —

Chlorophyta (green algae) Mychonastes 0.28 —

Sphaeropleales 0.28 —

Chlamydomonadales 1.13 —

Ciliophora (ciliates) Cyclotrichida 0.28 —

Cyrtolophosidida 0.28 —

Heterotrichida 0.28 —

Hypotrichia 0.28 —

Oligotrichia 0.28 —

Stichotrichia 0.28 —

Endogenida 5.95 —

Peritrichia 13.31 —

Cnidaria (cnidarians) Hydroida 0.57 —

Crustacea (crustaceans) Harpacticoida 0.28 —

Calanoida 18.13 2.46

Cyclopoida 18.70 —

Diplostraca 18.70 78.69

Cryptophyta (cryptomonads) Cryptomonadales 0.28 —

Cyanobacteria (blue-green algae) Chroococcales 0.28 3.28

Desmidiales (desmids) Desmidiales 0.57 —

Dinophyceae (dinoflagellates) Suessiales 0.28 —

Gonyaulacales 0.57 —

Fungi (fungi) Monoblepharidales 0.28 —

Spizellomycetales 0.85 —

Ichthyosporea Ichthyophonida 0.28 —

Mollusca (molluscs) Veneroida 0.28 4.10

Nematoda (roundworms) Chromadorida 0.28 —

Oomycetes Saprolegniales 0.28 —

Myzocytiopsidales 0.28 —

Perkinsea Perkinsea 0.28 —

Platyhelminthes (flatworms) Macrostomida 2.27 1.64

Porifera (sponges) Haplosclerida 0.28 —

Rotifera (rotifers) Ploimida 5.10 4.92

Flosculariacea 5.67 —

Zygnematales Zygnematales 0.57 —

Teleostei (teleost fishes) Clupeiformes — 3.28

© 2014 John Wiley & Sons Ltd

MARKER EVALUATION FOR BIODIVERS ITY EST IMATION 7



(Tang et al. 2012). In addition, global barcoding initia-

tives have accumulated a large number of reference

sequences for annotating metabarcoding data derived

from environmental samples. Collectively, the COI gene

was expected to be an ideal candidate marker for high-

throughput sequencing-based biodiversity assessment.

However, performance comparisons in this study

revealed that the tested COI primers were affected by

three different problems: (i) weak/no bands with high

background noise (CrustF1-HCO2198 and CrustF2-

HCO2198); (ii) unstable amplification (UniMinibarF1-

UniMinibarR1 and CrustDF1-CrustDR1); and (iii)

narrow taxonomic coverage (LCO1490-HCO2198) after

small-scale pyrosequencing. Similarly, poor PCR amplifi-

cation success was observed in other microscopic organ-

isms, such as crustaceans (El�ıas-Guti�errez et al. 2008;

Jeffery et al. 2011) and nematodes (Bhadury et al. 2006).

To address poor PCR amplification and narrow taxo-

nomic coverage, new primer pairs were designed based

on the taxonomic groups of interest (e.g. Costa et al.

2007; Meusnier et al. 2008; Radulovici et al. 2009). How-

ever, our tests indicate that the more specific primer

pairs are not useful for broad application using bulk

DNA from a complex aquatic community. Several

aspects of the COI molecule, such as poorly conserved

priming sites associated with high substitution rates, and

biased substitution patterns with high AT content, could

be responsible for our observed poor PCR amplification

and narrow taxonomic coverage (Sanna et al. 2009; Creer

et al. 2010). Poor PCR amplification or lack of primer uni-

versality are the major reasons why the COI gene has

had limited use for biodiversity surveys in environmen-

tal samples using high-throughput sequencing (Sanna

et al. 2009; Creer et al. 2010).

Currently, biodiversity assessment for eukaryote

environmental samples relies mainly on the nuclear

18S rDNA gene (Creer et al. 2010; Fonseca et al. 2010;

Bik et al. 2012). Our study which includes pyrose-

quencing results and rarefaction analyses clearly dem-

onstrated that 18S recovered more taxonomic groups

than COI and mt16S for both the dominant taxonomic

group (i.e. Crustacea) in zooplankton and others

(Fig. 3; Tables 2 and 3). However, several studies have

suggested that 18S likely underestimates true species

Table 3 Comparison of order- and family-level of crustacean taxa recovered from the complex plankton community collected from

Hamilton Harbour, Ontario, using 454 pyrosequencing based on two types of genetic markers, 18S (nuclear) and 16S (mtDNA). The

sequencing depth was 1/2 PicoTiter plate for each marker. Operational taxonomic units (OTUs) were grouped at 3% genetic divergence

using CD-HIT method. Morphological taxonomy data were based on surveys on Hamilton Harbour conducted from 1984–2007 (see

Appendix S5, Supporting information, for species list). ‘-’ indicates no detection

Order Family 18S (%) 16S (%)

Detected by

morphological

taxonomy?

Diplostraca Bosminidae 1.42 35.25 Yes

Daphniidae 13.31 39.34 Yes

Sididae 3.68 1.64 Yes

Podonidae 0.28 — No

Macrotrichidae — 0.82 No

Moinidae — 0.82 No

Cyclopoida Cyclopidae 18.69 — Yes

Calanoida Diaptomidae 16.72 2.46 Yes

Calanidae 1.13 — Yes

Temoridae 0.28 — No

Harpacticoida Ameiridae 0.57 — No

0

100

200

300

400

0 20k 40k 60k 80k 100k 120k 140k

No. of sequences (k = 1000)

N
o.

 o
f O

TU
s

0
0 20k 40k 60k 80k 100k 120k 140k

No. of sequences (k = 1000)

10

20

30

40

N
o.

 o
f o

rd
er

-le
ve

l t
ax

a18S mt16S 18S mt16S(a) (b) Fig. 5 Rarefaction curves for 18S (primer

pair: Uni18S-Uni18SR) and mt16S (primer

pair: Uni16SF-Uni16SR) at the operational

taxonomic unit (OTU) level (a) and order

level (b) based on 1/2 PicoTiter plate py-

rosequencing of the plankton sample col-

lected from Hamilton Harbour, Ontario,

Canada.
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richness (e.g. Tang et al. 2012). The use of 18S might

be adequate at higher taxonomic scales, but species-

level patterns should be interpreted with caution (Tang

et al. 2012). As demonstrated in this study, 18S and

newly designed primers are powerful tools for profil-

ing biodiversity in complex communities, especially in

largely unexplored communities such as zooplankton

where a large number of taxa remain unknown and

some dominant taxa are difficult to amplify using

mitochondrial markers such as COI. A possible solu-

tion for the low resolution of 18S at the species level

is the use of other high-resolution markers, such as

the mt16S primers developed here or COI primers

designed specifically for taxonomic groups of interest

after broad-scale community composition has been

comprehensively explored using 18S. Very recently,

new COI primer pairs including ZplankF1_t1-

ZplankR1_t1 (Prosser et al. 2013) and jgHCO2198-

jgLCO1490 (Geller et al. 2013) were tested using

traditional Sanger sequencing. Those primer pairs were

not included in this study due to unavailability at the

time when this project was performed. After the per-

formance of those primers is fully tested using high-

throughput sequencing of bulk DNA isolated from

complex communities, it may be possible to determine

whether they can be used for whole community-level

biodiversity assessments.

Mt16S is also a commonly used genetic marker for the

identification of animals (Deagle et al. 2009; Mitani et al.

2009). Compared to COI, conserved mt16S regions were

readily available for universal primer design to cover a

relatively wide range of taxa (Fig. 1b). A small-scale run

of pyrosequencing also confirmed that 16S recovered

more taxa than COI (Fig. 3). However, relative to 18S,

mt16S seriously underperformed with respect to the

number of taxa detected (Fig. 3; Table 2). This problem

became more apparent when a large-scale run of pyrose-

quencing (i.e. 1/2 PicoTiter plate for each marker) was

employed, with 38 vs. 10 orders for all taxonomic groups

(Table 2), and four vs. two orders and nine vs. six fami-

lies for Crustacea (Table 3). In addition, more than 78%

of detected orders belonged to a single group (Diplostra-

ca), suggesting possible biased amplification with this

primer pair. Biased amplification and/or different

degree of universality of primers may therefore be

responsible for the difference in biodiversity recovery

between 18S and mt16S.

Indeed, biased PCR amplification was observed

even when using different primers for the same mark-

ers/genes (e.g. Bellemain et al. 2010; Pinto & Raskin

2012). Biased PCR amplification can be caused by sev-

eral factors, such as specificity/universality of the

primers, length variation of amplified regions among

taxa and taxonomic composition of communities of

interest (Huber et al. 2009; Bellemain et al. 2010; Enge-

lbrektson et al. 2010). The first two factors are derived

from the nature of markers/genes selected, such as the

availability of conserved regions for universal primer

design and the existence of large insertions/deletions

in amplified regions (e.g. Fig. 1; Appendices S1–S3,

Supporting information). For environmental DNA-

based or community-based studies, redesign of ‘uni-

versal’ primers based on a competent marker (e.g. 18S

in this study) and/or use of multiple sets of primers

targeting different regions of selected marker genes

(e.g. Uni18S-Uni18SR for V4 region and Uni18S2-

Uni18SR2 for V5–V7 regions) may minimize biased

amplification (Bellemain et al. 2010; Nossa et al. 2010;

Pinto & Raskin 2012).

Interestingly, all crustacean families with occurrence

lower than 1% by pyrosequencing were not detected

in surveys conducted between 1984 and 2007 using

traditional morphological taxonomy (see Appendix S5,

Supporting information, for species list). This disparity

might be due to spatial and temporal variation in sam-

ple collection, or higher sensitivity of pyrosequencing

for detection of rare taxa compared to traditional field

collection surveys and identification by microscopy.

Our results, as well as others (e.g. Pochon et al. 2013),

indicate that high-throughput sequencing is a sensitive

and effective method for rare taxon detection in

mixed-species communities. Indeed, the high sensitiv-

ity of 454 pyrosequencing was documented by Zhan

et al. (2013) who spiked known indicator species into

complex plankton communities, and determined a

detection limit as low as 2.3 9 10�5% of sample bio-

mass. Reliable detection of such rare species in nature

holds important implications for the conservation of

species at risk and for rapid-response programmes

targeting the eradication of invading nonindigenous

species.
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