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Advances in sequencing technologies continue to provide unprecedented opportunities to characterizemicrobial
communities. For example, the Pacific Biosciences Single Molecule Real-Time (SMRT) platform has emerged as a
unique approach harnessing DNA polymerase activity to sequence template molecules, enabling long reads at
low costs. With the aim to simultaneously classify and enumerate in situ microbial populations, we developed
a quantitative SMRT (qSMRT) approach that involves the addition of exogenous standards to quantify ribosomal
amplicons derived fromenvironmental samples. The V7–9 regions of 18S SSU rDNAwere targeted and quantified
from protistan community samples collected in the Ross Sea during the Austral summer of 2011. We used three
standards of different length and optimized conditions to obtain accurate quantitative retrieval across the range
of expected amplicon sizes, a necessary criterion for analyzing taxonomically diverse 18S rDNA molecules from
natural environments. The ability to concurrently identify and quantify microorganisms in their natural environ-
ment makes qSMRT a powerful, rapid and cost-effective approach for defining ecosystem diversity and function.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The enumeration and classification of organisms in the environment
is crucial for our understanding of ecosystem structure and function.
Over the past two decades, advances in genomic technologies have rev-
olutionized our abilities to characterize microbial communities. Previ-
ously, 16S and 18S ribosomal gene cloning and Sanger sequencing
(Sanger et al., 1977) were used to discover representatives of many un-
cultured clades from environmental libraries, revealing extensive bacte-
rial and eukaryotic diversity (e.g. Giovannoni et al., 1990; Pace, 1997;
Lopez-Garcia et al., 2001; Moon-van der Staay et al., 2001; Rappé and
Giovannoni, 2003). Second-generation sequencing techniques, such as
454 pyrosequencing (Margulies et al., 2005), Illumina sequencing
(Bentley et al., 2008) and Ion Torrent (Rothberg et al., 2011) have
since yielded sequence data from environmental microbial communi-
ties on an unprecedented scale (e.g. Sogin et al., 2006; Gilbert and
Dupont, 2011). It is now possible to generate millions of sequences
fromhundreds of samples (e.g. de Vargas et al., 2015), giving us insights
into the cosmopolitan nature of microbial communities and their di-
verse functions (Worden et al., 2015).

Despite our newfound ability to rapidly characterizemicrobial com-
munities, it is still surprisingly difficult to obtain highly resolved abun-
dance information for many groups of organisms in the marine

environment. For example, HPLC data on photosynthetic pigments can
only provide broad phylogenetic resolution. Additionally, chlorophyll-
based enumeration techniques are often inappropriate because chloro-
phyll content does not always reflect biomass concentration (Geider,
1987; Halsey and Jones, 2015). Culture-based methods are often not
suitable because most microbes are not amendable to laboratory
cultivation (Staley and Konopka, 1985). Flow cytometry has been used
to address fundamental questions regarding the abundance and distri-
bution of microbial communities (Legendre et al., 2001), but autofluo-
rescence and side scatter cannot finely resolve taxa. Microscopic
enumeration is time-consuming and challenging, considering most
prokaryotes and many protists can only be discriminated by cellular
characteristics that often are non-distinct with standard bright-field
microscopy (Simon et al., 1995; Massana, 2011). Likewise, automated
imaging systems (e.g. Flow Cytobot, Olson et al., 2003; Imaging Flow
Cytobot, Olson and Sosik, 2007) provide excellent opportunities for in
situ imaging and enumeration but many phytoplankton species,
particularly picoeukaryotes, are cryptic and difficult to solely identify
using image-based analyses. Fluorescent probes (Amann et al., 1995)
and q-PCR based techniques (e.g. Howard et al., 2012) have been used
to revealfine-scalemicrobial population dynamics but are not amenable
to high-throughput studies and require a priori knowledge of nucleotide
sequences.

Understanding species abundance is fundamental to constrain rate-
based measurements, assisting interpretations of carbon sequestration
and the flow of energy through ecosystems. Quantification of microbial
communities using high-throughput sequencing techniques would pro-
vide a rapid and powerful approach for enumeration, coupling abundance
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and composition metrics. However, sequence proportions derived from
second-generation sequencing platforms do not always correlate with
the actual proportional abundance of species in the environment
(Amend et al., 2010; Deagle et al., 2013). Second-generation techniques
are amplification-based, so quantitative inaccuracies may be a result of
amplicon bias during sequencing (Quail et al., 2012). Additionally, quan-
tification artifacts may result if amplicon-generating or sequencing reac-
tions are stopped during the quasi-linear or plateau stage of amplification.

There is no amplification step during Single Molecule Real Time
(SMRT) sequencing. Instead, sequencing data is directly obtained as
nucleotides are incorporated into single template molecules (Eid et al.,
2009). The Pacific Biosciences SMRT platform has a single pass read
error rate of ~15% due to misincorporation of incorrect nucleotides
(Eid et al., 2009; Koren et al., 2012), but this is overcome by ligating
DNA molecules into hairpin structures to form circularized fragments
(SMRT bells), enabling multiple pass coverage. Because the error is
random, this process, termed Circular Consensus Sequencing (CCS),
improves empirical quality scores (Travers et al., 2010). A handful of
studies have already applied SMRT cell ribosomal phylotyping to
characterize bacterial communities (e.g. Marshall et al., 2012; Mosher
et al., 2013, 2014; Singer et al., 2016).

We applied the SMRT CCSmethod to characterize and quantify pro-
tistan sequences from environmental samples collected in the Ross Sea
between January–February 2011. Following DNA extraction, environ-
mentally-derived 18S rDNA molecules were quantified via qPCR.
Three exogenous standards were subsequently added to the unampli-
fied environmental DNA. PCR amplicons of the hypervariable V7–9
region of 18S rDNA (454–615 bp) were generated from the resulting
DNA mixture (85% environmental DNA: 15% standards). Amplification
was stopped before PCR reactions entered a non-linear stage and
amplicons were sequenced using the Pacific Biosciences RS II platform.
Standards were quantitatively recovered using bioinformatic
techniques, thus allowing the back-calculation of OTU-specific copy
numbers of 18S rDNA per milliliter of seawater. This new quantitative
SMRT sequencing approach (termed “qSMRT”) provides a reproducible
and low-cost method for the concurrent identification and quantifica-
tion of rDNA derived from microbial communities.

2. Materials and methods

2.1. Sample collection

Sampleswere collected at various locations in the Ross Sea in January–
February 2011 during research conducted onboard the R/V Nathaniel B.
Palmer (Fig. 1). This was part of the larger, multidisciplinary Slocam
EnhancedAdaptive FeAlgal Research in theRoss Sea (SEAFAReRS)project

(cruise NBP 11–01). Known volumes of seawater (1−2 L) were taken
directly from 12 L Go-Flo bottles attached to a trace metal clean rosette
(Measures et al., 2008), gently filtered onto 47 mm Supor 200 polyether-
sulfone filters (Pall Life Sciences, Ann Arbor, MI) and stored at −80 °C
prior to DNA extraction. Ancillary data for all samples collected can be
found in Kustka et al. (2015).

2.2. Primers

We targeted a continuous section of the 18S SSU rRNA gene
that encompasses the hypervariable V7–9 region of the molecule.
Primer design followed recommended guidelines for highly efficient
and reproducible amplification (Bustin, 2000). Full-length 18S rRNA
gene sequences (2383) that aligned to the reverse primer sequences
(V7–9R) of Medlin et al. (1988) and Amaral-Zettler et al. (2009) were
compiled from v108 of the eukaryotic ARB-SILVA database (Quast et
al., 2013). Following alignment using the ClustalX algorithm (Larkin et
al., 2007), the forward primer (V7–9F) was designed by locating con-
served regions (N99% similarity of all sequences) on the 5′ end of the
V7 region. Sequences from the ARB-SILVA database targeted by our
primers were 447–553 bp in length.

To enable duplexed SMRT cell sequencing, 4 bp barcodes were
placed on the 5′- end of primer V7–9R (V7–9R1 and V7–9R2; Table 1)
for the first 16 samples sequenced. For the remaining samples, 8 bp
barcodes were placed on the 5′ – end of primer V7–9F (V7–9F1 and
V7–9F2; Table 1). During this initial phase (2012), the SMRT compatible
barcodes designed by Pacific Biosciences were not available. Approxi-
mately 90% of sequences were recovered after processing, irrespective
of barcode sequence.
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Fig. 1. Bathymetric map of the Ross showing location of the stations sampled for qSMRT cell sequencing. Samples were collected at Pennell Bank (station 7), north Pennell Bank (station
48), Joides Basin (station 24; referred to inKustka et al. [2015] as Joides Trough), the shelf break (station 14) andMawson Bank (station 70).Map plotted usingmarmap (Pante and Simon-
Bouhet, 2013).

Table 1
Sequences of primers developed and used to amplify the genomic hypervariable V7–9
regions of 18S SSU rDNA.

Sequence Reference

Forward primer (V7–9F) 5′-ATG GCC GTT CTT AGT
TGG TGG-3′

This study

Reverse primer (V7–9R) 5′-CCT TCY GCA GGT TCA
CCT AC-3′

Medlin et al. (1988),
Amaral-Zettler et al. (2009)

Forward primer barcode 1
(V7–9F1)

5′-TGTAGTCT-ATG GCC
GTT CTT AGT TGG TGG-3′

This study

Forward primer barcode 2
(V7–9F2)

5′-GTTCTCTT-ATG GCC GTT
CTT AGT TGG TGG-3′

This study

Reverse primer barcode 1
(V7–9R1)

5′-ATGC-CCT TCY GCA GGT
TCA CCT AC-3′

This study

Reverse primer barcode 2
(V7–9R2)

5′-TTTT-CCT TCY GCA GGT
TCA CCT AC-3′

This study
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