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Abstract Planktonic protists, including both autotroph and
heterotroph, have been recognized as a major contributor to
primary production and consumers of bacteria, archaea and
picophytoplankton. However, the understanding of protistan
diversity is typically impeded by the large amount of meta-
zoans when employing universal primers to environmental
samples. In this study, we developed 3 blocking primers to
inhibit the amplification of metazoan DNA in PCR. First, we
optimized the design and concentration of blocking primers
by using 2 metazoans and 3 protists in quantitative PCR. No
significant difference (q > 0.05) was found in protistan com-
munity structure at phylum, family or OTU levels and genetic
diversity between samples amplified with and without adding
blocking primers, indicating that the blocking primer does not
alter the composition of protistan community. An application
to samples with a high abundance of metazoans showed that
the blocking primer can reduce 42.1–72.4% of metazoan se-
quences, resulting the retrieval of a higher protistan richness
and diversity. The use of the blocking primer helped to iden-
tify protistan community composition from a large size frac-
tion, which is usually dominated by metazoans. Protistan
community from the small (0.2–10 μm) and large (> 10 μm)
size fractions exhibited a low similarity of 36.6% and shared
14.7% OTUs. About 63.8% of the OTUs were unique to the
large fraction. Species from groups, such as Lepidodinium,
Warnowia, Kareniaceae, Torodiniales, Phaeocystis,
Chrysochromulina and Chrysophyceae, were enriched in the
large fraction, indicating that they could be largely

underestimated in studies that exclude the large-sized cells.
Blocking primers are a promising tool to increase the efficien-
cy for the characterization of protistan diversity in aquatic
planktonic ecosystems.
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Introduction

Protists are an array of microbial, unicellular eukaryotes. They
are ubiquitous and abundant throughout marine environments
and play fundamental ecological roles in marine ecosystems.
Photosynthetic protists have been recognized as a major con-
tributor to primary production in nearly all aquatic environ-
ments due to their high biomass (Jardillier et al. 2010;
Massana 2011). Together with picocyanobacteria, they are
responsible for roughly half of earth’s primary production
(Field et al. 1998). Heterotrophic protists are important con-
sumers of bacteria, archaea and picophytoplankton, channel-
ling carbon and nutrients to higher trophic levels and
remineralizing organic matter to inorganic nutrients
(Boenigk and Arndt 2002; Sherr and Sherr 1994).
Mixotrophs contribute to ~ 50% of bacterivory in ocean sys-
tems (Zubkov and Tarran 2008). In addition, there are also
some other universal and predominant inter-species relation-
ships, such as symbiosis, parasitism, mutualism and commen-
salism, existing between heterotrophic protists and other ma-
rine organisms (de Vargas et al. 2015; Gast et al. 2009). Thus,
protists carry out a broad range of functions in the biogeo-
chemical cycling in the ocean.

The growing awareness of the importance of protists is
paralleled by an increasing interest in studying the community
composition from diverse habitats. Over the last decades,
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molecular approaches, particularly those sequencing the 18S
rRNA gene, have provided a powerful complement to tradi-
tional microscope-based taxonomies, which are restricted to
the recognition of species with conspicuous morphological
features. These studies have highlighted the existence of a vast
hidden diversity of novel protists at all taxonomic ranks and
open new avenues for our understanding of the spatial and
temporal distribution of this diversity and ecosystem function-
ing (de Vargas et al. 2015; Moon-van der Staay et al. 2001;
Orsi et al. 2012; Pernice et al. 2016; Vaulot et al. 2008).
However, these investigations mostly focus on the
picoplanktonic size fraction (0.2–3 μm). The choice to target
this exceptionally small entity is partially due to the domi-
nance of metazoan sequences if larger size classes are includ-
ed (Caron et al. 2012). Up to 90% of all 18S rRNA sequences
could be accounted by metazoans (Sauvadet et al. 2010). This
could be because of the large amount of genomic DNA con-
tributed by body pieces, eggs or planktonic larvae (Stoeck
et al. 2009). Therefore, this undesirable amplification would
lead to the underestimate of diversity and cause biases, such as
false-positive and false-negative results. Metazoan signal
might be misinterpreted as target signal when using low-
resolution methods, such as T-RFLP (terminal restriction frag-
ment length polymorphism) and DGGE (denaturing gradient
gel electrophoresis) (Dolinšek et al. 2013; Ikenaga and Sakai
2014). Amplification of protistan DNAwould be masked by
metazoan DNA when present in extremely high quantity
(Boessenkool et al. 2012; Sauvadet et al. 2010; Vestheim
and Jarman 2008). Furthermore, this prefiltration manipula-
tion precludes us from understanding the diversity and func-
tion of protists from larger size fractions or even skews results
from the true community composition. For example, it has
been shown in several studies that protistan community com-
position from different size fractions are phylogenetically dif-
ferent (de Vargas et al. 2015; Díez et al. 2001b; Duret et al.
2015; Le Bescot et al. 2016; Logares et al. 2012; Parris et al.
2014). An unsuspectedly high abundance and richness of
symbionts and parasites have been reported in the
mesoplanktonic class (de Vargas et al. 2015; Le Bescot et al.
2016). The average cell size of MAST-1C is 4.9 μm and some
cells are > 8 μm in diameter (Lin et al. 2012).

Several approaches are possible to avoid detecting meta-
zoans. In addition to prefiltration, other methods include enzy-
matic digestion of non-target DNA (Blankenship and Yayanos
2005), designing group- or species-specific primer (Sauvadet
et al. 2010), and PCR clamping (Karkare and Bhatnagar 2006).
However, restriction enzymatic digestion requires that there is a
unique restriction site. Using group- or species-specific primers
can be problematic when it inhibits amplification of species of
interest and lead to bias (Sauvadet et al. 2010). PCR clamping,
such as locked nucleic acids (LNAs), peptide nucleic acids
(PNAs) and morpholinos, suppresses the amplification of dom-
inant DNA by specifically and stably binding target DNA but

not priming DNA polymerisation (O'Rorke et al. 2012).
Moreover, it takes several weeks and is quite expensive to
synthesize these probes. Recently new methods have been de-
veloped, such as catalytically active oligonucleotides contain-
ing LNAs (LNAzymes) (Dolinšek et al. 2013) and depletion of
abundant sequences by hybridization (DASH) (Gu et al. 2016).
Although they have been shown to be capable of deleting un-
wanted DNA, they typically require more experimental han-
dling, for example, in vitro transcription required for
LNAzymes (Dolinšek et al. 2013) and recombinant Cas9 pro-
teins for DASH (Gu et al. 2016).

A simple method is to use a metazoan-specific blocking
primer, which binds to metazoan DNA but has the 3′-end
labelled with dideoxynucleotides that inhibits enzymatic elon-
gation of the primer (Seyama et al. 1992). This primer can be
designed to overlap with or lie between the amplification
primers and, thus, compete annealing (called annealing
inhibiting blocking primers) or prevent elongation (called
elongation arrest blocking primers), respectively (Vestheim
et al. 2011). Blocking primers have been applied in environ-
mental microbiology studies (Gofton et al. 2015), ancient
DNA (Boessenkool et al. 2012), diet characterization
(Vestheim and Jarman 2008) and clinic diagnosis and progno-
sis (Dominguez and Kolodney 2005). In this study, we first
developed 3 blocking primers specific to metazoan 18S rRNA
genes and then tested the inhibition specificity and efficiency
by using pure cultures and environmental DNA. Secondly, we
applied this method to environmental samples with abundant
metazoan DNA to compare protistan community structures
generated with and without a blocking primer. Thirdly, protis-
tan community from the largely understudied fraction,
> 10 μm, was characterized and compared with that from
the small fraction, 0.2–10 μm.

Materials and methods

Design of blocking primers

In a pilot profiling study on protistan community in the west-
ern North Pacific Ocean, up to 91% of 454 quality sequences
in our datasets were metazoan. To inhibit amplification of
these overwhelming sequences during PCR, three blocking
primers were designed for the fragment targeted by the 18S
universal primers Euk82F (López-García et al. 2003) and
Euk516R (Díez et al. 2001a), which generate a product with
a predicted length of 435 bp. Because of a lack of regions
conservative in metazoans but variable in protistan 18S
rRNA gene, only the representative sequences of the 3 most
abundant OTUs (operational taxonomic units) were used for
alignment (Fig. 1). The OTUswere clustered using the sample
4_10 (Table 1) following the method stated in the part
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BSequence processing^. The top 3 abundant OTUs accounted
for 81.3% of the reads in the sample.

The 18S_blkMetaz1 and 18S_blkMetaz3 blocking primers
annealed to the template in the region lying between the 2
universal primers to prevent the read-through of the Taq po-
lymerase and this is determined as an elongation arrest. The
18S_blkMetaz2 is an annealing inhibiting primer, which over-
lapped with the 3′ end of the forward universal primer Euk82F
but extended into metazoan-specific sequences. All 3
blocking primers were modified with a C3 spacer (3 hydro-
carbons, 1-dimethoxytrityloxy-propanediol-3-succinoyl-long
chain alkylamino) at the 3′ end, which is stable in terms of
degradation and enzymatic removing. It is very difficult to
design annealing inhibiting primers next to the binding site
of the reverse universal primer Euk516R because of self-
complementarity and complementarity with the universal
primers.

Test of blocking primers

To evaluate the specificity and efficiency of the 3 different
blocking primers, pure cultures of a variety of protists,

including 2 copepods (Apocyclops royi and Tigriopus
japonicus), 1 diatom (Thalassiosira weissflogii), 1
nanoflagellate (Caecitellus sp.) and 1 dinoflagellate
(Lepidodinium sp.), were subjected to quantitative PCR
(qPCR). 1–5 ml cultures or 10 copepods were used to isolate
DNA following the method by Puchooa (2004). Briefly, cells
were suspended with an extraction buffer (100 mM Tris
pH 8.0, 20 mM EDTA pH 8.0, 2 M NaCl, 2% CTAB, 2%
PVP, 10 μg/ml RNase A, 5% β-mercaptoethanol and 0.1 mg/
ml proteinase K) and incubated at 65 °C overnight. DNAwas
extracted using equal volume of chloroform:isoamylalcohol
(24:1), precipitated using isopropanol and washed using
70% ethanol. DNAwas finally dissolved in 100 μl TE buffer
and stored at − 20 °C.

All DNA samples were diluted to 0.1 ng/μl, quantified by
using a Quant-iT PicoGreen dsDNA Assay Kit (Life
Technology, Eugene, Oregon, USA), and measured in dupli-
cates. All samples for qPCR were measured in triplicates.
Each qPCR reaction (10 μl) contained 0.5 μl DNA, 5 μl
2 × SYBR Green Master Mix (Takara, Otsu, Japan), 0.2 μl
ROX II, 0.5 μM each universal primer, and 2 μM blocking
primer (suggested as the optimal concentration by

Fig. 1 Alignment of the 3 blocking primers used in this study, the
amplification primers and the representative sequences of the top 3
abundant metazoan OTUs and the top 10 abundant non-metazoan protistan

OTUs. These representative sequences were retrieved from a samples in a
pilot profiling study on protistan community in the western North Pacific
Ocean. The positions of the bases are shown above the alignment

Table 1 Details of the samples
collected from the western North
Pacific Ocean and the efficiency
of the blocking primer in
inhibiting the amplification of
metazoan DNA

Sample Size fraction
(μm)

Longitude
(E)

Latitude
(N)

Percentage of metazoan reads Blocking efficiencyb

Without BPa With BP

4_0.2 0.2–10 123.00 23.50 4.9% 2.6% 45.6%

4_10 > 10 123.00 23.50 84.1% 59.2% 72.4%

6_0.2 0.2–10 125.00 23.50 13.5% 9.9% 29.6%

6_10 > 10 125.00 23.50 68.6% 55.8% 42.1%

8_0.2 0.2–10 128.00 23.50 20.5% 10.3% 55.5%

8_10 > 10 128.00 23.50 82.8% 68.9% 54.0%

aBP, blocking primer
b Blocking efficiency = (X-Y)/Y, where X is the ratio of the number of metazoan sequences to the number of
protistan sequences in the 18S rRNA gene library when the sample is amplified without the blocking primer; Y is
the ratio the number of metazoan sequences to the number of protistan sequences when the same sample is
amplified with the blocking primer
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Boessenkool et al. (2012)). Reactions were carried out on a
LightCycler 480 Instrument II (Roche, Basel, Switzerland)
with the following reaction profile: 94 °C for 5 min, 55 cycles
of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 60 s.

To test the efficiency of the blocking primer in blocking the
amplification of metazoan DNA, qPCR was performed on a
serial concentrations of T. japonicus DNA: 0.001, 0.01, 0.1
and 1 ng/μl. All dilutions were carried out from a serial dilu-
tion of a stock DNA solution of ~ 3.4 ng/μl.

To determine the minimal concentration required to suffi-
ciently supress the amplification of metazoan DNA, different
concentrations of the best blocking primer were added to
qPCR reactions with 0.1 ng/μl T. japonicus DNA: 0.5, 1.0,
1.5, 2.0., 2.5 and 3 μM, corresponding to 1, 2, 3, 4, 5 and 6
times of the universal primer concentration.

Application of the blocking primer to environmental
samples in pyrosequencing

Sample collection

Surface water samples (~ 4 L) were collected from the western
North Pacific Ocean during a cruise in July 2013 (Table 1).
Prefiltered (200-μm mesh) water samples were filtered se-
quentially through a 10- and 2-μm polycarbonate membrane
to get the 2 size fractions, > 10 μm and 0.2–10 μm, respec-
tively. Membranes were soaked in the RNAlater (Ambion,
Austin, Texas, USA) and stored at − 80 °C before DNA ex-
traction. First we applied the best blocking primer to the small
fraction (0.2–10 μm) that had relatively few metazoan DNA
to further validate the specificity. Then we investigated the
performance of the best blocking primer on the > 10 μm frac-
tion samples which had knowingly abundant metazoan DNA
(Table 1). The western North Pacific Ocean was selected be-
cause it is one of the least studied areas on earth and harbours
multiple environmental gradients.

DNA extraction, PCR and 454 pyrosequencing

DNA was extracted using the TRIzol reagent (Invitrogen,
Austin, Texas, USA) in combination with the Genomic
DNA Mini Kit (Invitrogen, Grand Island, Nebraska, USA),
and stored at − 20 °C. Then DNA was amplified with and
without the blocking primer, 18S_blkMetaz2, using barcoded
universal primers. All samples were carried out in duplicate
PCRs with a 20-μl reaction containing 0.75 U Platinum Taq
DNA polymerase (Invitrogen, Austin, Texas, USA), 1 × PCR
buffer, 1.75 mM MgCl2, 0.25 mM dNTPs, 0.5 μM each
barcoded universal primer, 2 μM blocking primer and 1–
50 ng DNA. The thermal profile consisted of 95 °C for
5 min, 30 cycles of 95 °C for 30 s, 55 °C for 60 s and 72 °C
for 60 s, followed with a final extension at 72 °C for 7 min.
Duplicate PCR reactions were combined and purified from gel

using a Universal DNA Purification Kit (TIANGEN, Beijing,
China) and followed with a further purification using a
Agencourt AMPure XP kit (Beckman Coulter, Brea,
California, USA). An equimolar mix of each sample was cre-
ated and subjected to 454 GS Junior pyrosequencing (Roche,
Bradford, Pennsylvania, USA).

Sequence processing

Sequences were quality-controlled following the protocol
from the Mothur package (Schloss et al. 2011). Primer and
tag sequences were removed. Ambiguous base calls were not
allowed. Sequences remained only if the average quality score
was > 20 and read length was > 250 bp. Reads were then de-
replicated and aligned against the SILVA eukaryote reference
database. Sequences that are outside the desired range of the
alignment were removed. The alignment was filtered out to
remove any columns that had only gaps or had gaps at the
terminals. Chimeras were checked using the UCHIME meth-
od (Edgar et al. 2011) and removed. To account for PCR and
sequencing errors, sequences represented only once in the
total dataset were discarded. Sequences were assigned with a
taxonomic identity using the PR2 database (Guillou et al.
2013) at a cutoff of 60% and clustered into OTUs using the
default setting. A subsample to the number of sequences in the
smallest sample was taken from all samples. Sobs richness
and Shannon evenness and diversity of protists were calculat-
ed at 97% similarity.

Phylogenetic analyses

In order to compare the distribution of phylogenetic groups in
the 2 fractions, phylogenetic trees were built using represen-
tative sequences of the top 50 abundant OTUs of all samples.
Highly divergent sequences were removed after preliminary
phylogenetic analyses by neighbour-joining to avoid long-
branch attraction effects. These sequences were aligned with
reference sequences from the GenBank using the MAFFT v.7
software (Katoh and Standley 2013) under the G-INS-i meth-
od and then manually curated. For maximum likelihood (ML)
analyses, the best fit model was obtained from jModelTest
v2.1.7 (Darriba et al. 2012) among 88 models. A total of
100 bootstrapped trees were constructed using the PhyML
v3.0 software (Guindon et al. 2010).

All sequences used in this study are deposited in the NCBI
short reads archive database under the BioProject
PRJNA384701.

Statistical analyses

Comparisons across samples were conducted using analysis
of variance (ANOVA) if normality and equal variance are met.
If not, they were based on the generalized linear model
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conducted using the R packages, robust and multcomp
(Hothorn et al. 2008). The Shapiro-Wilk test was used to test
normality. The Bartlett’s test was used to test if samples are
with equal variance. All analyses were conducted using the R
software (Team RC 2014). P values were corrected using the
Storey’s false discovery rate method. Weighted UniFrac and
analysis of molecular variance (AMOVA) embedded in the
Mothur were used to assess community structure and genetic
diversity, respectively, between the samples amplified with
and without using the blocking primer. Thetayc distance was
used to calculate the similarity in community structure.

Results

Selection of blocking primers

Of the 3 blocking primers tested, 18S_blkMetaz2 was the
most effective in blocking the amplification of metazoans
(A. royi and T. japonicus) (Fig. 2a). The addition of
18S_blkMetaz2 increased the Ct values of A. royi and
T. japonicus from 23.1 to 29.6 and from 19.7 to 33.8, respec-
tively. 18S_blkMetaz3 increased the Ct values slightly, but not

as much as 18S_blkMetaz2. 18S_blkMetaz1 did not show any
inhibition on both copepods. In addition, 18S_blkMetaz2
showed a negligible inhibition on the amplification of all
non-metazoan species (Fig. 2a).

Performance of blocking primer

We then tested the minimal concentration of the blocking
primer 18S_blkMetaz2 that can perform an effective inhibi-
tion of metazoan DNA amplification in PCR. The inhibition
exhibited a dose-dependent response (Fig. 2b). The Ct value
increased wi th the increas ing concen t ra t ion of
18S_blkMetaz2. There was no significant difference
(P > 0.05) in Ct values when the blocking primer concentra-
tion increased from 2 to 2.5 μM. The inhibiting effect even
decreased when the concentration went to 3 μM though not
significantly (P > 0.05) compared to when the concentration
of 2.5 μM was used. Therefore 2 μM was the minimal con-
centration of 18S_blkMetaz2 for effective inhibition and used
in sections thereafter.

In order to test the ability of the blocking primer
18S_blkMetaz2 of inhibiting the amplification of metazoan
DNA, we made 10-fold serial dilutions of T. japonicus

Fig. 2 Test of the specificity and efficiency of the blocking primers based
on Ct values generated from qPCR. Performance of the 3 blocking
primers on 2 metazoans (Apocyclops royi and Tigriopus japonicus), 1
diatom (Thalassiosira weissflogii), 1 nanoflagellate (Caecitellus sp.)
and 1 dinoflagellate (Lepidodinium sp.) (a). Inhibition of different
concentrations of the blocking primer 18S_blkMetaz2 on the

amplification of metazoan (Tigriopus japonicus) DNA (b). Ability of
the blocking primer 18S_blkMetaz2 (2 μM) of inhibiting different
concentrations of metazoan (Tigriopus japonicus) DNA (c). BP
represents that blocking primers were added. BP represents no blocking
primer added. ** indicates a statistical significance (P < 0.01) compared
to the non-BP
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DNA, ranging from 0.001 to 1 ng/μl. Significant blockingwas
possible until the concentration reached 1 ng/μl (Fig. 2c).

Test of specificity on environmental samples

To further examine the specificity, three seawater samples
from the western North Pacific Ocean from the small size
fraction (0.2–10 μm), where the fraction of metazoans is
knowingly low, comprising 4.9–20.5% of total 18S rRNA
sequences (Table 1), were selected and subjected to pyrose-
quencing with the use of the blocking primer 18S_blkMetaz2.
This fraction is chosen because amplification may be biased
by a high abundance of metazoan DNA, which would lead to
a false evaluation of the specificity. Specificity was tested by
comparing the relative abundance of different protistan groups
between samples amplified with the blocking primer and the
samples amplified without it. Overall, there was not a signif-
icant difference (q > 0.05 on the means with false discovery

rate correction) in the relative abundance of individual phylum
(or super group) (Fig. 3a), family (Fig. 3b) and OTU (Fig. 3c).
At the OTU level, when top 100 abundant OTUs were con-
sidered, community composition of the 3 samples amplified
with and without the blocking primer shared a mean similarity
of 88.6%, which, empirically, is a typical similarity among
experimental replicates. Weighted UniFrac and AMOVA fur-
ther indicated respectively that the community structure and
genetic diversity between the samples amplified with and
without the blocking primer showed no significant differences
(P > 0.05).

Application to environmental samples

To test the utility of this method, we applied the blocking
primer 18S_blkMetaz2 to 3 samples collected in the western
North Pacific Ocean from the large size fraction (> 10 μm).
Metazoan reads accounted for 68.6 to 84.1% of all reads in the

Fig. 3 Comparison of protistan
community composition at
phylum (or super group) (a),
family (b) and OTU levels (c)
when the samples were amplified
without (non-BP) and with
blocking primer 18S_blkMetaz2
(BP)
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18S rRNA gene library (Table 1). As a result, the sequencing
effort should be increased markedly in order to get a full spec-
trum of the protistan diversity. Therefore removal of unwanted
metazoan sequences in PCR would largely save both finance
and time on analysis. In order to rate the performance of the
blocking primer, we define Bblocking efficiency^ as (X-Y)/Y,
where X is the ratio of the number of metazoan sequences to
the number of protistan sequences in the 18S rRNA gene
library when the sample is amplified without the blocking
primer; Y is the ratio the number of metazoan sequences to
the number of protistan sequences when the same sample is
amplified with the blocking primer. This calculation is based
on the assumption that the blocking primer is specific to meta-
zoan DNA and amplification of non-metazoan DNAwill not
be inhibited. The result showed that the efficiency of the
blocking primer 18S_blkMetaz2 varied across the samples,
ranging from 42.1 to 72.4% (Table 1).

A total of 119,229 18S rRNA reads were generated,
resulting in an average of 6624 sequences for each sample.
Community indexes, such as Sobs richness, Shannon even-
ness and Shannon diversity, were applied to evaluate the re-
sults of the blocking primer on protistan community structure.
As expected, more phylotypes (a higher richness) and a higher
diversity were recovered when samples were amplified with
the blocking primer than amplified without it under the same
sequencing effort. On average, the use of the blocking primer
helped to get an increase by 65.6% in richness and 2.9% in
diversity (Fig. 4). A slight decrease was found with evenness
by an average of 5.9%. This result indicates that more infor-
mation about the community, particularly about those less
abundant species, can be obtained with the using of the
blocking primer.

Comparison of protistan community structure
between the small and large size fractions

Protistan community has been found with size partitioning (de
Vargas et al. 2015; Díez et al. 2001b; Duret et al. 2015; Le
Bescot et al. 2016; Logares et al. 2012; Parris et al. 2014).

With using the blocking primer, we are able to identify the
shared and unique phylogenetic groups between the small and
large fractions although there was a high abundance of meta-
zoans from the large fraction (Table 1). The result showed that
the 2 fractions from the 3 stations harboured a strikingly dif-
ferent protistan community, showing a mean similarity of
36.6% when top 100 OTUs were considered.

Then we compared the community indexes between the 2
fractions. Although lower, richness from the large fractionwas
as much as half of that from the small fraction. Evenness and
diversity were approaching to those from the small fraction,
reaching 89.2 and 75.9%, respectively (Fig. 5). This result
indicates that there is a high diversity of protists from the large
fraction, which can be potentially underestimated or even
missed in studies focused on picoplanktonic protists.

On average, about 14.7% of the OTUs were shared be-
tween the small and large fractions with a respective propor-
tion of 50.6% and 74.2% of reads in each fraction, indicating
that these common OTUs are the abundant ones. A mean of
49.4 and 25.8% of the reads were unique to the small and large
fractions, respectively. This result suggests that these unique
OTUswere numerically abundant in the small fraction but less
abundant in the large fraction (Table 2).

Certain OTUs were differentially detected in the 2 frac-
tions. Therefore phylogenetic trees using the representative
sequences of the top 50 OTUs were constructed to assign
these major OTUs to the phylogenetic affiliations (Figs. 6
and 7). Alveolata was the most abundant group in both frac-
tions (40/47 OTUs). No alveolate groups contained OTUs that
were only abundant in the small or large fraction. Sequences
from groups, such as Lepidodinium,Warnowia, Kareniaceae,
and Torodiniales, mostly had a higher relative abundance in
the large fraction. Syndiniales groups retained species that
were mostly more abundant in the small fraction with excep-
tions such as OTUs 38 and 45 (Fig. 6). Stramenopile groups,
including diatoms (Bacillariophyta), were mostly retained in
the small fraction except species from Chrysophyceae
(Fig. 7b). Haptophytes, namely species close to Phaeocystis
and Chrysochromulina, were more represented in the large

Fig. 4 Sobs richness and Shannon evenness and diversity of the protistan community in samples with a large proportion of metazoans (> 10 μm) when
amplified without (non-BP) and with (BP) the blocking primer 18S_blkMetaz2
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fraction. Only one ciliate OTU, closest to Stenosemella, was
retrieved and was only observed in the small fraction (Fig. 7a).

Discussion

The major advantages of using blocking primers to inhibit un-
wanted DNA are the simplicity and efficiency. This method is
as simple as a standard PCR and allows for simultaneous am-
plification of target DNA and inhibition of non-target DNA. It
is efficient enough to detect minor DNA with the presence of
103~104-fold excess of non-target template (Craig et al. 2014;
Seyama et al. 1992; Vestheim and Jarman 2008).

Evaluation of blocking primers

Because the annealing inhibiting primers targeting the reverse
universal primer Euk516R form intra- and inter-primer dimers
we designed one annealing inhibiting primer targeting the
forward universal primer and 2 elongation arrest primers.
Compared to the annealing inhibiting primer, the elongation
arrest primer was more effective with a high specificity since it
resulted in more increase in the Ct values of amplifying meta-
zoan DNA but not much changes in the Ct values of non-
metazoan DNA (Fig. 2a). Similar results have been found in

other studies (Chow et al. 2011; Vestheim and Jarman 2008;
von Wintzingerode et al. 2000). Elongation arrest once was
not taken as a reliable way of inhibiting the amplification of
non-target DNA (O'Rorke et al. 2012). This was suggested
because of the complex interactions among the primer, DNA
and Taq polymerase (von Wintzingerode et al. 2000).
However, elongation arrest primers worked in some cases
(Peano et al. 2005; von Wintzingerode et al. 2000; Yu et al.
1997). It was found that PCR parameters could be optimized
to make elongation arrest work, such as designing a blocker
with a higher Tm than the primer Tm (O'Rorke et al. 2012).
However, the Tm of the 2 elongation arrest primers in this
study were slightly lower than the Tm of the amplification
primers, which may be the reason for their failure.

Although primers have been developed to amplify 18S
rRNA genes of metazoan species (Machida and Knowlton
2012), it is very difficult, if not impossible, to design a good
universal blocking primer that can block the amplification of
all metazoans. The high diversity of metazoan and the short
length of genes amplified by the universal primers impeded
the selection of a single blocking primer. Thus, in this study,
the blocking primers were designed using the dominant meta-
zoans as the template. A plausible approach of achieving a
higher efficiency is to design multiple blocking primers
targeting the dominant metazoans in order to achieve a higher

Fig. 5 Sobs richness and Shannon evenness and diversity of the protistan community from the small (0.2–10 μm) and large (> 10 μm) size fractions
among 3 stations. The blocking primer 18S_blkMetaz2 was applied to both fractions

Table 2 The number of OTUs and proportion of reads that are unique or shared between the protistan communities from the small (0.2–10 μm) and
large size fractions (> 10 μm)

Unique in 0.2–10 Unique in > 10 Shared OTUs

Number of
OTUs

Percentage of
reads (%)

Number of
OTUs

Percentage of
reads (%)

Number of
OTUs

Percentage of
OTUs (%)

Percentage of reads in
0.2–10 (%)

Percentage of reads
in > 10 (%)

Station
4

198 39.0 130 32.4 60 15.5 61.0 67.6

Station
6

187 59.0 85 30.6 38 12.3 41.0 69.4

Station
8

184 50.2 55 14.3 47 16.4 49.8 85.7
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blocking efficiency. Generally there are more sites available
for the design of elongation arrest primers than for annealing
inhibiting primers. The efficiency of elongation arrest primers
can be improved by adding an extra modification on the 5′-
end (Vestheim et al. 2011).

To minimize unspecific inhibition of the amplification
of target DNA, minimal blocking primer concentration
should be used. We showed that the optimal concentration
for 18S_blkMetaz2 was 2 μM (Fig. 2b), a ratio of 4:1
compared to the concentration of the amplification
primers, which is similar to the ratio (5:1) used in the study
by Boessenkool et al. (2012), where they used singular
human DNA at the same concentration (0.1 ng/μl) as we
did. However, this ratio varies from 1:1 to 25:1 in different
studies (Deagle et al. 2009, 2010; Gigli et al. 2009; Gofton
et al. 2015; Vestheim and Jarman 2008; Yi et al. 2014; Yu

et al. 1997). The blocking efficiency depends on not only
the concentration of the non-target DNA, as shown in this
study that the blocking primer can suppress the amplifica-
tion of metazoan DNA up to the concentration of 1 ng/μl
(Fig. 2c), but also the ratio of target/non-target DNA (Craig
et al. 2014; Vestheim and Jarman 2008). Therefore it is not
appropriate, if not impossible, to compare the ratios from
different studies. In this case, it is necessary to determine
the optimal blocker concentration (Vestheim et al. 2011).

It is important to examine the specificity of the blocking
primers since biases could be caused by unintended inhi-
bition on the amplification of target DNA, particularly for
studies about species diversity. This is insufficiently inves-
tigated in previous studies (Vestheim and Jarman 2008).
Thus, we validated the specificity of the blocking primer
18S_blkMetaz2 using environmental samples with

Fig. 6 Maximum-likelihood phylogenetic tree of dinoflagellates. A
heatmap shows the relative abundance of the OTUs between the small
(0.2–10μm) and large (> 10μm) size fractions among 3 stations. The tree

was constructed under the JC method. Bootstrap values based on 100
iterations are shown at the nodes. The colour gradient denotes the
relative abundance of the OTUs in each sample
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knowingly few metazoan DNA. An overall non-significant
inhibition was observed on the amplification of protistan
DNA with the using of the blocking primer (Fig. 3), indi-
cating a high specificity to metazoans. This is further con-
firmed by using analyses of community structure and ge-
netic diversity. Only one group of protists, alveolates at
station 6, the relative abundance of which significantly
(q < 0.05) decreased by 3.2% after using the blocking
primer, resulting in a minor underestimate. Nevertheless,
when looking at finer levels, groups belonging to alveo-
lates did not show significant changes in the relative
abundance.

Blocking primer allows insights into the protistan
diversity from the large size fraction

Large size fractions, such as nanoplankton andmicroplankton,
have been reported with a high relative richness of dinoflagel-
lates (Le Bescot et al. 2016) and a high abundance of protists
(de Vargas et al. 2015). Therefore a focus on the
picoplanktonic protists would lead to an underestimate of pro-
tistan diversity. In our study, the application of the blocking
primer helped the characterization of protists from the long-
neglected fraction. We showed that there was a high diversity
of protists from the large fraction (> 10 μm), close to that from
the small fraction (0.2–10 μm) (Fig. 5), confirming the

missing protistan diversity. This result is further validated by
the small number of shared OTUs (14.7%) between the 2
fractions (Table 2). These results confirm the finding that there
is size partitioning in protistan community (de Vargas et al.
2015; Díez et al. 2001b; Duret et al. 2015; Le Bescot et al.
2016; Logares et al. 2012; Parris et al. 2014). Thus, the use of
blocking primers in surveys to other ecosystems would help to
bridge this knowledge gap.

Dinoflagellates tend to be large and conspicuous organ-
isms. The high representation of dinoflagellates in the small
fraction (59.0%) as compared to that in the large fraction
(71.4%) (Fig. 6) may be explained by filtration artefacts and
amplification of dissolved DNA. Another possible reason is
the existence of this-size dinoflagellates as their known min-
imal size is 5–10 μm. Species might be underrated if they are
from groups such as Lepidodinium, Warnowia, Kareniaceae,
and Torodiniales when prefiltration is processed because
OTUs from these groups showed a higher relative abundance
in the large fraction. This result is generally coherent with
morphological information. For example, Lepidodinium in-
clude species with sizes ranging from 22 to 53 μm
(Watanabe et al. 1990). Members from Warnowia have cell
sizes between 26 and 67 μm (Reñé et al. 2015). Genera iden-
tified in our study belonging to family Kareniaceae include
Karenia, Takayama and Karlodinium all contain species of
> 10 μm in size (Reñé et al. 2015). The commonly reported

Fig. 7 Maximum-likelihood phylogenetic trees of ciliates (a) and
haptophytes and stramenopiles (b). A heatmap shows the relative
abundance of the OTUs between the small (0.2–10 μm) and large
(> 10 μm) size fractions among 3 stations. The tree of ciliates was

constructed under the TrNef method. The tree of haptophytes and
stramenopiles was constructed under the TPM1 + G method. Bootstrap
values based on 100 iterations are shown at the nodes. The colour
gradient denotes the relative abundance of the OTUs in each sample
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dimension of Torodinium is 100–130 μm in length (Gómez
2009). Syndiniales is an order composed of a variety of para-
sites. Most of the Syndiniales OTUs were found in the small
fraction, indicating that a majority of these parasites are pres-
ent in the free-living form. The 2 Syndiniales OTUs detected
with a higher abundance in the large fraction is an indication
that they are likely in their infectious stage within large-size
hosts, such as mesoplanktonic protists and metazoans. Thus,
the application of blocking primer to protists in large fractions
makes it possible to dissect parasitic interactions.

Other OTUs enriched in the large fraction belong to
Chrysophyceae (Chromulinales) and Haptophyta
(Phaeocystis and Chrysochromulina) (Fig. 7). Spumella and
Paraphysomonas typically have a size in length smaller than
10 μm (Vaulot et al. 2008). Therefore this chrysophyte se-
quence is likely to represent a new species belonging to
Chromulinales, particularly when considering that it has a
similarity of 95% with its closest relative Spumella
(AY651091). Phaeocystis exhibit phase alteration between
free-living cells of a picoplanktonic size and colonies reaching
several millimetre (Vaulot et al. 2008). The higher relative
abundance of Phaeocystis in the larger fraction, particularly
at station 6 (11.0% in the large fraction compared to 0.2% in
the small fraction), suggests that Phaeocystis may bloom and
form colonies.Chrysochromulina is composed of species with
a size mostly < 10 μm. However, taxa such as C. strobilus
(Leadbeater and Manton 1969b) and C. camella (Leadbeater
and Manton 1969a) can be larger than this size.

Protists from > 10 μm are relatively well known because
10 μm in size represents the lower limit of morphological
identification by light microscopy. However, this
morphology-based approach has difficulties in taxonomizing,
e.g., unarmoured dinoflagellates, which tend to be easily dam-
aged by sampling and distorted by fixation. Some studies
using DNA sequencing have demonstrated the presence of
cryptic species within morphospecies (Caron 2013).
Additionally, molecular approaches have the advantage of
analysing a large number of samples at the community level,
allowing to examine the response of the whole protistan com-
munity to environmental forces (Caron 2013). Moreover,
nanoplanktonic dinoflagellates have been shown with the
highest relative richness of the dinoflagellates from the whole
size spectrum (Le Bescot et al. 2016), highlighting the poten-
tial of applying molecular approaches to protists of a size
larger than the picosize.

This work constitutes a proof-of-concept study that
blocking primers can be used to inhibit the amplification of
predominant metazoan DNA, allowing the detection of less
abundant protistan DNA. The advantage of this technique lies
with the capability of detecting novel protists with universal
primers and saving efforts through constructing the library
within one PCR for one sample. Although this study is based
on 454 pyrosequencing, this method can be readily applied to

other high-throughput sequencing platforms involving library
preparation based on PCR, such as Illumina and PacBio.
Adding blocking primers can reduce the representation of
42.1–72.4% of metazoan sequences in the library. The appli-
cation of blocking primers helps the study of protistan diver-
sity in the large size fraction (> 10 μm), which has not been
well studied using molecular approaches. In this study we
found 63.8% of the OTUs were unique to the large fraction.
Species from groups, such as Lepidodinium, Warnowia,
Kareniaceae, Torodiniales, Phaeocystis, Chrysochromulina
and Chrysophyceae, were enriched in the large fraction, lend-
ing them to be largely underestimated in studies filtering out
large-size cells.
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