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Capturing diversity of marine heterotrophic protists:

one cell at a time

Jane L. Heywood'?, Michael E Sieracki', Wendy Bellows', Nicole ] Poulton' and

Ramunas Stepanauskas’

'Bigelow Laboratory for Ocean Sciences, W. Boothbay Harbor, ME, USA

Recent applications of culture-independent, molecular methods have revealed unexpectedly high
diversity in a variety of functional and phylogenetic groups of microorganisms in the ocean.
However, none of the existing research tools are free from significant limitations, such as PCR and
cloning biases, low phylogenetic resolution and others. Here, we employed novel, single-cell
sequencing techniques to assess the composition of small (<10pum diameter), heterotrophic
protists from the Gulf of Maine. Single cells were isolated by flow cytometry, their genomes
amplified, and 18S rRNA marker genes were amplified and sequenced. We compared the results to
traditional environmental PCR cloning of sorted cells. The diversity of heterotrophic protists was
significantly higher in the library of single amplified genomes (SAGs) than in environmental PCR
clone libraries of the 18S rRNA gene, obtained from the same coastal sample. Libraries of SAGs, but
not clones contained several recently discovered, uncultured groups, including picobiliphytes and
novel marine stramenopiles. Clone, but not SAG, libraries contained several large clusters of
identical and nearly identical sequences of Dinophyceae, Cercozoa and Stramenopiles. Similar
results were obtained using two alternative primer sets, suggesting that PCR biases may not be the
only explanation for the observed patterns. Instead, differences in the number of 18S rRNA gene
copies among the various protist taxa probably had a significant role in determining the PCR clone
composition. These results show that single-cell sequencing has the potential to more accurately
assess protistan community composition than previously established methods. In addition, the
creation of SAG libraries opens opportunities for the analysis of multiple genes or entire genomes of
the uncultured protist groups.
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Introduction

Protists, both phototrophic and heterotrophic, are
important constituents of marine ecosystems. Photo-
trophic protists contribute significantly to biomass,
primary production and respiration (Li, 1994;
Maranon et al., 2001; Jardillier et al., 2005; Tarran
et al., 2006). Heterotrophic protists also have an
important role in the microbial loop and the marine
carbon cycle through respiration, grazing on phyto-
plankton and heterotrophic microbes and by
being a food source to zooplankton (Azam et al.,
1983; Fuhrman and McManus, 1984; Yokokawa and
Nagata, 2005; Jeong et al., 2008). Many marine
protists function as mixotrophs (Zubkov and Tarran,
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2008; de Castro et al., 2009), harbor endosymbionts
(Buck and Bentham, 1998; Not et al.,, 2007b) or
parasitize other eukaryotes (Harada et al., 2007;
Brown et al., 2009), demonstrating their diverse and
complex ecological roles.

Although there is a wealth of knowledge about
marine protists from years of study by traditional
methods, the diversity and identity of many of these
organisms, such as most marine microbes, remains
unknown. Labor-intensive microscopy methods, cul-
turing or molecular techniques examining DNA
sequences can be used to identify species or phylo-
types. For nano- and picoplankton, very little
information on the identity of these cells can be
obtained by light microscopy because of the small size
and typically indistinct morphologies. Recent studies
using culture-independent 18S rRNA gene surveys
have revealed novel groups, highlighting the need for
further research in this area (Diez et al., 2001; Moon-
van der Staay et al, 2001; Massana et al., 2004a;
Stoeck et al., 2006; Worden, 2006; Countway et al.,
2007; Shalchian-Tabrizi et al., 2007; Amaral-Zettler
et al., 2009; Brown et al., 2009; Vigil et al., 2009).
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Currently used molecular methods for determin-
ing protist community composition and diversity
involve fluorescence in situ hybridization (Biegala
et al., 2003), metagenomics (Not et al., 2009),
environmental PCR-based fingerprinting (Vigil
et al., 2009), sequencing of cloned PCR products
(Massana et al., 2004b; Not et al., 2007a) and pyrotag
sequencing (Amaral-Zettler et al., 2009; Brown
et al., 2009). Quantitative real-time PCR (qPCR) has
also been used to study known groups of picoeu-
kayotes (Zhu et al., 2005). However, each of these
techniques has serious limitations, such as PCR
and/or cloning artifacts, biases caused by the
variable copy number of target genes per cell, low
phylogenetic resolution and so on.

Sequencing the DNA of individual cells offers a
novel way to analyze microbial community compo-
sition and diversity (Raghunathan et al, 2005;
Zhang et al., 2006; Marcy et al., 2007; Stepanauskas
and Sieracki, 2007; Woyke et al., 2009). Recent
advances in single-cell analyses to examine micro-
bial function and identity are beginning to change
our knowledge of microbial systems. These methods
have the advantage of avoiding certain PCR and
cloning biases that distort results obtained from
community DNA. They also enable the linkage of
phylogeny and potential metabolism at the cellular
level (Stepanauskas and Sieracki, 2007). We report
here the comparison of environmental PCR clone
library to the single-cell sequencing approach. We
compare these methods to estimate the diversity of
the relatively understudied small heterotrophic
marine protists. We find that single-cell sequencing
reveals higher protist diversity than environmental
PCR-based clone libraries, and therefore, a more
robust estimate of community structure.

Methods

Sample collection and cell sorting

A 50ml coastal water sample was collected from 1 m
depth in Boothbay Harbor in the Gulf of Maine, USA
(43°50'39.87"N 69°3827.49”W). Sampling was con-
ducted at high tide (0815 hours) on 25 July 2007
using a Niskin bottle. The water temperature was
18 °C and chlorophyll was 2.65 ugl™" (96% passed a
20pum mesh). The abundances of heterotrophic
bacteria and heterotrophic and phototrophic protists
were 3.1 x 10°, 2200 and 30500 per ml, respectively,
all indicative of typical summer conditions there.
Samples were kept in the dark at in situ temperature
until processing (less than 6h). Subsamples (3 ml)
were incubated for 10min with Lysotracker Green
DND-26 (75nmoll™"; Invitrogen, Carlsbad, CA,
USA), a pH-sensitive green fluorescing probe that
stains food vacuoles in protists (Rose et al., 2004).
Target cells were identified and sorted using a
MoFlo (Beckman-Coulter, Brea, CA, USA) flow
cytometer equipped with a 488 nm laser for excita-
tion. Before sorting, the cytometer was cleaned
thoroughly with bleach. All tubes, plates and buffers
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were ultraviolet-treated before use, to remove any
DNA contamination. A 1% NaCl solution (0.2 pm
filtered and ultraviolet-treated) was used as sheath
fluid. Full details of the cleaning and preparation
techniques are described in Stepanauskas and
Sieracki (2007).

Heterotrophic protists were identified by the
presence of Lysotracker fluorescence and the absence
of chlorophyll fluorescence. Side scatter was used to
select only the smaller protists, approximately
<10 pum in diameter. Three types of cell sorting were
performed: community DNA, single-cell DNA and
microscopy sorts. Community sorts were used in
clone library construction. Target cells (ca. 4000)
were deposited per each, triplicate 1.5ml tube
containing 20 pl Lyse-n-Go (Thermo-Fisher Scientific,
Waltham, MA, USA). For single-cell sorts, individual
target cells were deposited into 96-well plates, in
which some wells were dedicated for positive
controls (10 cells per well) and negative controls (0
cells per well). All wells on the microplates con-
tained 5pl of either 1 x phosphate-buffered saline
(137 mM NacCl, 2.7 mMm KCI, 10 mM Na,PO, and 2 mM
K;PO, adjusted to pH 7.4) or Lyse-n-Go (Pierce).
Samples were centrifuged briefly and stored at
—80 °C. For microscopy sorts, 1000 target cells were
collected in 1 x phosphate-buffered saline, preserved
with 0.5% paraformaldehyde and then dual-stained
with proflavine (5 pgml™", Sigma-Aldrich, St Louis,
MO, USA) and DAPI (5pgml™", Sigma). Samples
were immediately imaged using epifluorescence
microscopy to confirm the sort targets.

Whole-genome amplification
Cells deposited into Lyse-n-Go (both community
and single-cell sorts) were lysed using a thermal
cycle protocol provided by the manufacturer. The
single cells that were deposited into phosphate-
buffered saline were lysed using cold KOH
(Raghunathan et al., 2005). Genomic DNA from the
lysed cells was amplified using multiple displace-
ment amplification (MDA) (Dean et al., 2002;
Raghunathan et al., 2005). For single-cell lysates,
MDA reagents were added directly to the microplate
wells. Single-cell MDA reaction volumes were 50 pl
for Lyse-n-Go lysates and 83 pl for KOH lysates. All
MDA reactions contained 2U pl~" Repliphi polymer-
ase, 1 x reaction buffer, 0.4 mM dNTPs, 2mM DTT
(Epicentre, Madison, WI, USA), 1um SYTO-9
(Invitrogen) and 50nM random hexamer primer
(IDT, Coralville, IA, USA). Samples were incubated
at 30 °C for 6 h using a real time thermal cycler with
fluorescence measured at 6min intervals. The
Repliphi polymerase was inactivated by incubation
for 3min at 65 °C, and the amplified DNA was stored
at —80°C until further processing. We refer to the
MDA products originating from individual cells as
single amplified genomes (SAGs).

Lysed cells from the triplicate community sort
tubes were combined and 1pl aliquots of the
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Table 1 PCR primers used in SAG screens and clone library construction

Forward primer Reverse primer

Region [bp]*  References

Euk1A 5-CTGGTTGATCCTGCCAG-3'

528f 5'-CCGCGGTATTCCAGCTC-3’
Euk1A 5-CTGGTTGATCCTGCCAG-3'
515f 5'-GTGCCAAGCAGCCGCGGTAA-3’

345f 5'-AAGGAAGGCAGCAGGCG-3’

516r 5'-ACCAGACTTGCCCTCC-3'

EukB 5-TGATCCTTCTGCAGGTTCACCTAC-3'
EukB 5'-TGATCCTTCTGCAGGTTCACCTAC-3’
1209r 5'-GGGCATCACAGACCTG-3'

499r 5'-CACCAGACTTGCCCTCYAAT-3’

4-563 Amann et al., 1990;
Sogin and Gunderson,
1987
572-1795 Elwood et al., 1985;
Medlin et al., 1988
4-1795 Amann et al., 1990;
Medlin et al., 1988
515—-1209 Giovannoni et al., 1988;
Reysenbach et al., 1992
345-499 Zhu et al., 2005

*Region targeted by PCR on Saccharomyces cerevisiae (accession number AY251629.1) 18S rRNA gene.

combined lysate were used as templates in eight,
replicate MDA reactions with final reaction volumes
of 10pl. Products from the eight replicate MDA
reactions, each containing gDNA of approximately
170 cells, were pooled before their use as a template
in PCR. This community MDA replication was
employed to reduce potential biases due to uneven
MDA amplification (Pinard et al., 2006).

PCR and cloning

Products of MDA reactions were diluted 100-fold
with ultraviolet-treated elution buffer (Qiagen,
Germantown, MD, USA) and used as templates in
real-time PCR targeting the 18S rRNA gene, using the
primers shown in Table 1. The 22 ul PCR reactions
contained 1 x pre-made mastermix (either Epicentre
Failsafe Buffer L. or SYBRmaster (Roche, Basel,
Switzerland)), 0.3uM each primer and 2pl of the
diluted MDA product. The templates were first
denatured at 95°C (1min for the Failsafe buffer,
5min for the SYBRmaster buffer), then amplified
using 40 cycles of denaturing for 20s at 94°C,
annealing for 20s at 55 °C and extension for 60s per
1 kbp at 72°C. A final extension for 10min at 72°C
and a melt curve analysis were performed on each
reaction. Electrophoresis on a tris-acetate-EDTA
agarose gel containing 0.02% ethidium bromide
was used to isolate and verify the size of the PCR
products. Amplicons of the correct size were cut out
and extracted using the QIAquick DNA extraction kit
(Qiagen) according to the manufacturer’s instruc-
tions. Gel-purified community PCR products were
cloned using TOPO TA cloning kits (Invitrogen)
according to the manufacturer’s instructions using
PCR products from the Euk1A /516r primer set (clone
names start with CS618) and the 528F/EukB primer
set (clone names start with QS664 and TS698).

DNA sequencing and phylogenetic analyses

The 18S rRNA gene PCR products of SAGs and
clones were sequenced from both ends by Agencourt
Bioscience Corporation using Sanger technology.
Sequences were assembled and manually curated
with Sequencher 4.8 (Gene Codes, Ann Arbor, MI,
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USA), then checked for similarity with published
sequences using BLASTn against GenBank
(Altschul et al., 1990). Some SAG sequences were
identified as contaminants and were removed from
further analyses. Sequences were designated as
contaminants if they were >99% identical to
non-marine taxa. These contaminants constituted
between 0 and 10% of the SAGs analyzed for each
primer set and included matches to terrestrial
basidiomycetes, angiosperms and insecta. Negative
blanks showed no significant amplification.
Maximum likelihood techniques with 100 boot-
straps were used to construct phylogenetic trees
with PhyML (Dereeper et al., 2008). The phylo-
genetic diversity, obtained from the SAGs and the
clone libraries, was compared using UniFrac
significance tests (Lozupone and Knight, 2005;
Lozupone et al., 2006). Simpson and Shannon
diversity indices, along with rarefaction curves
and abundance-based coverage estimator richness
estimations were calculated using DOTUR (Chao
and Lee, 1992; Chao et al, 1993; Schloss and
Handelsman, 2005) with distance matrices
produced by MEGA4 (Tamura et al., 2007). In the
latter computations, clone libraries were randomly
sub-sampled to equalize their size to SAG libraries.

Results

Microscopy showed that sorting of Lysotracker-
stained cells successfully isolated target hetero-
trophic protists from the complex planktonic
microbial community (Figure 1). We obtained partial
18S rRNA sequences of marine protists from 87
SAGs and 191 clones. Of the latter, 90 clones were
generated using Euk1A/516r and 101 clones were
generated using 528f/EukB primer sets. The number
of SAGs successfully amplifying with 18S rRNA
PCR primers was dependent on the choice of
‘universal’ primers, as many SAGs amplified only
with one or two of the tested primer pairs (Figure 2).
Neither SAGs nor the community gDNA amplified
with the Euk1A/EukB primer pair. The 515f/1209r
primer pair was not found to be specific for
eukaryote 18S rDNA and instead amplified many
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Figure 1 (a) Flow cytometric sort region for heterotrophic protists.
Target cells were inside the sort region, with high green fluorescence
(Lysotracker-stained vacuoles) and low red fluorescence (chloro-
phyll). Phototrophic protists have high chlorophyll and Lysotracker
fluorescence. Cells between the sort region and the phototrophs
are likely heterotrophs with ingested chlorophyll or mixotrophs.
Prokaryotes (for example, Synechococcus sp.) do not stain with
Lysotracker. The large population in the lower left is noise and/or
heterotrophic bacteria. Side scatter (not shown) was also used to limit
the sort to smaller cells. (b) Epifluorescence photomicrographs of
sorted heterotrophic protists. Cells were stained with proflavine (left,
blue excitation) and DAPI (right, ultraviolet excitation) after sorting.
Images of each cell were contrast-stretched. Scale bar is 10 pm.
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Figure 2 Comparison of the yields of SAGs for the three 18S PCR
primer sets used. Number of SAGs from which marine 18S rDNA
gene sequences were amplified are shown.

16S rDNA partial gene sequences. The rate of
recovery of high-quality, non-contaminant 18S
rRNA gene sequences from SAGs was 15%, 17%
and 25% for the individual primer sets Euk1A/516r,
528f/EukB and 345f/499r, respectively. Although the
345f/499r primer set amplified the greatest number
of SAGs, the obtained amplicons were too short for
robust phylogenetic analysis. The combined results
of all three primer pairs produced partial 18S rRNA
genes from 36% of the analyzed protist SAGs.
Compared with the clone libraries, SAGs repre-
sented a greater number of protist phyla (7 versus 5),
even though the total number of 18S rRNA
sequences obtained from SAGs was less than one
third the total number of clones (Figure 3). Clone
libraries were dominated by Cercozoa, Dinophyceae
and Stramenopiles, with a small number of Telone-
mida and Choanoflagellida. In addition to those
groups, the SAG library also contained six repre-
sentatives of Picobiliphyta and one member of
Katablepharidaceae, which were absent in clone
libraries. Dinophyceae and Cercozoa constituted a
consistently larger fraction of clones compared with
SAGs. Both clone libraries contained large numbers
(33 and 26) of identical and nearly identi-
cal sequences closely related to the dinophyte
Duboscquella (Figure 4). In contrast, only one of the
SAGs represented this cluster. Likewise, several other
phylogenetic clusters contained significantly larger
numbers of near-identical clones compared with
SAGs, in particular, those among Dinophyceae and
Cercozoa (Figure 4, Supplementary Figures A—C).
The composition of SAGs detected with the
Euk1A/516r and 528f/EukB primer sets was very
similar. Moreover, there was no obvious difference
in the phylogenetic composition of SAGs obtained
using Lyse-N-Go or KOH lysis protocols (Figure 4,
Supplementary Figures A—C). In contrast, there were
distinct differences between clone libraries con-
structed with the two primer sets. Most notably,
Stramenopiles constituted a larger fraction of clones
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Figure 3 Comparison of community composition of hetero-
trophic protists determined by clone libraries and SAG libraries.
Results are shown from 18S rRNA gene primer pairs: (a) 528f/
EukB and (b) Euk1A/516r. Phyla abbreviations are (clockwise,
from 12 o’clock): Cercozoa, Dinophyceae, Telonemida, Choano-
flagellida, Picobiliphyte, Stramenopile and Katablepharidaceae.
In both cases SAG libraries revealed more diversity than clone
libraries.

obtained with Euk1A/516r (29% versus 8%),
whereas Cercozoa were more prevalent among the
clones constructed using 528f/EukB primer set (44%
versus 23%).

The phylogenetic diversity differed significantly
between the SAG and clone libraries from both the
Euk1A/516r (P=0.4) and the 528f/EukB (P<0.001)
primer sets as determined by UniFrac significance
tests. We found greater diversity among SAGs than
clones using Shannon and Simpson diversity
indices (H and D) when sequence identity thresh-
olds delineating operational taxonomic units were
set above 90% (Figures 5a and b). Likewise, the
abundance-based coverage estimator indicated
significantly higher species richness for SAGs
compared with clones with sequence identity
thresholds >92% and >80% for the Euk1A/516r
and 528f/EukB primer sets, respectively (Figure 5c).
In the case of all three indices, no significant
differences between SAG and clone libraries were
detected when wusing lower sequence identity
thresholds for operational taxonomic unit delinea-
tion. Rarefaction analysis calculated using sequence
similarity of 99% (Supplementary Figure D)
indicated that neither SAG nor clone libraries were
sufficiently large to represent the majority of protist
taxa in the analyzed sample.
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Discussion

The diversity and community composition of mar-
ine heterotrophic protists remains poorly under-
stood. Protists are critical links in microbial food
webs, and these trophic interactions control the
biological carbon pump in the ocean. They may
drive the structure of marine macrobial assemblages,
and high diversity may add ecological resiliency to
these key functions (Caron and Countway, 2009).

Two aspects distinguish our study from previous
research: (1) we focused specifically on small
(<10pm), heterotrophic eukaryotes, rather than
the entire microbial community and (2) we em-
ployed a novel, single-cell sequencing methodology
and compared the results with the traditional
PCR-based cloning.

At the phylum level, the composition of SAGs and
clones obtained in this study corroborates previous
reports from coastal waters, such as the abundance
of Cercozoa, Stramenopiles and Alveolates (Romari
and Vaulot, 2004). The absence of ciliates in this
study confirms successful fluorescence-activated
cell sorting (FACS) separation of pico- and nano-
plankton from larger cells. Even though we sorted
cells without detectable chlorophyll fluorescence,
several of the obtained SAGs and clones are closely
related to well-known phototrophs, for example,
Scrippsiella sp. It is possible that some of these
organisms represent phylogenetic lineages that
recently lost phototrophy. Alternatively, these cells
may be phototrophs (or mixotrophs) with pigment
fluorescence below FACS detection limit due to
photobleaching (Zvezdanovic et al., 2009) or other
physiological suppression of fluorescence. The
rarefaction analysis demonstrates that neither SAG
nor clone libraries were sufficiently large to assess
the complete diversity of the analyzed protist
sample at an operationally defined ‘species’ phylo-
genic resolution of 99% sequence similarity
(Supplementary Figure D). This has been found in
previous studies (Romari and Vaulot, 2004; Behnke
et al., 2006; Countway et al., 2007) and highlights
the high microbial diversity still to be uncovered
even in waters, such as the Gulf of Maine, with a
long history of traditional plankton research
(Bigelow, 1924). The organisms captured by our
SAG and clone libraries should, therefore, be
considered as representatives of the most abundant
taxa in the studied sample.

The recently discovered and yet uncultured
Picobiliphytes (Not et al., 2007b) comprised 17%
of the SAGs but were absent from the clone libraries
(Figure 3). This raises the possibility that traditional,
environmental PCR-based methods may have under-
represented this group of protists in previous
studies as well. They may have fewer ribosomal
gene copies, leading them to be underestimated in
clone libraries relative to eukaryotes with high
copy numbers. Picobiliphytes have so far been
identified by fluorescence in situ hybridization in
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Figure 4 Dinophyceae phylogenetic tree of 18S rDNA sequences obtained from clones (squares), SAGs (stars and bold) and their closest
relatives in GenBank (closed circles) using (a) 528f/EukB and (b) Euk1A/516r primer pairs. Stars at nodes indicate bootstrap values
>70%. Asterisks (*) indicate single cells lysed by KOH, all others were lysed using Lyse-N-Go.

low abundance (less than 1%) from the Arctic
Ocean, the Norwegian Sea and coastal European
waters (Not et al.,, 2007b). The size of these
organisms has been the subject of recent discussion,
with related sequences obtained from cells in the
nanoplankton size range (2-20um). These larger
‘biliphytes’ were found in greater abundance (28%
of all protist clones) in tropical eddy-influenced
surface waters (Cuvelier et al., 2008). Our single-cell
sequencing-based analysis indicates that biliphytes

comprised a significant fraction of small protists in
the studied sample from the Gulf of Maine. Optical
properties of these cells suggest absence of photo-
synthetic pigments, which would contradict the
original observations of picobiliphyte pigmentation
(Not et al., 2007b). It is possible, however, that the
cells had reduced chlorophyll fluorescence due to
photobleaching, or some other photophysiological
state of the cells. We are currently conducting
further molecular studies of these SAGs to verify
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Figure 5 Shannon (a) and Simpson (b) diversity indices and
abundance-based coverage estimator (ACE) richness estimator (c)
for clone and SAG libraries as a function of the sequence
similarity threshold to define an operational taxonomic unit
(OTU). Error bars in a and ¢ represent 95% confidence intervals
(only shown at 82% and 97% similarity, for clarity).

the intriguing possibility that some picobiliphytes
are true heterotrophs.

Several SAGs and clones clustered with the recently
identified Stramenopile group MAST-3 (Massana
et al., 2004a,b). One clone was also related to the
MAST-2 group (Supplementary Figure B). Both
groups, especially MAST-3, appear widespread in
oceanic and coastal waters. However, not a single
representative of these groups has yet been cultured.
One SAG was closely related to the heterotrophic
flagellate Leucocryptos marina (Clay and Kugrens,
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1999), representing Katablepharidaceae (Supplemen-
tary Figure C). We obtained no clones representing
this phylum. Choanoflagellida were represented by
two SAGs and one clone (Supplementary Figure C).
This group of exclusively heterotrophic protists was
found in low abundance in surface waters of the
Sargasso Sea (Countway et al., 2007), coastal waters of
the English Channel (Romari and Vaulot, 2004) and
the NW Mediterranean (Massana et al., 2004b).
Several SAGs and clones clustered with Telonemida,
another recently described group of protists with
poorly understood biology (Supplementary Figure C;
Shalchian-Tabrizi et al., 2006) global Ocean Sampling.

Single-cell sequencing revealed higher diversity
of marine heterotrophic protists compared with
environmental PCR clone libraries in the same
sample from the Gulf of Maine. This is evidenced
by the higher number of protist phyla, higher
Shannon and abundance-based coverage estimator
indices and lower Simpson index obtained from the
SAG library compared with the clone libraries
(Figures 3 and 5). Relative to SAGs, clone libraries
were overrepresented by Dinophyceae, Cercozoa
and certain groups of Stramenopiles (Figure 3,
Supplementary Figure B). The same cell sorting
and lysis methods were used generating SAGs and
clones and the same PCR primers were used to
generate clones and to screen SAGs. No other steps
were involved in SAG analysis that could generate
phylogenetic biases. Therefore, the discrepancy in
SAG versus clone composition most likely indicates
biases in clone libraries. A similar bias towards
dinoflagellates in clone libraries has been reported
previously in a study of an artificial microbial
assemblage (Potvin and Lovejoy, 2009). As dis-
cussed above, environmental PCR clone libraries
are susceptible to multiple sources of biases, such as
variable target gene copy number per cell, prefer-
ential PCR amplification and variable cloning
efficiency. The number of 18S rDNA gene copies
in protists can vary by at least four orders of
magnitude, with some correlation to genome size
(Prokopowich et al., 2003) and cell size (Zhu et al.,
2005). Unfortunately, information on the 18S gene
copy number for most of the protists closely related
to those detected in this study is not known. The
likely role of variable gene copy number per cell is
supported by the presence of several clusters of
identical or nearly-identical sequences among
clones, but not SAGs, which are insensitive to
per-cell gene copy number bias. For example, the
cluster of close relatives to Duboscquella contains
many clones from both Euk1A/516r and 528f/EukB
clone libraries, but has only one SAG (Figure 4). The
consistency of the two clone libraries suggests that
multiple copies of 18S rRNA genes in Duboscquella
likely contributed to the cluster formation. Thus,
previous findings of large fractions of clones and
pyrotags being related to Duboscquella and other
parasitic dinophytes (Harada et al., 2007; Brown
et al., 2009) may overestimate the contribution of
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Table 2 Potential susceptibility of current methods to biases and other limitations for assessing protist community composition in

environmental samples

PCR clones/454 tags Metagenomics qPCR FISH SAGs

Sources of potential biases

Cell permeability + + + + +

Gene copy number ++ ++ ++ - —

Primers and probes ++ - ++ ++ +

Cloning efficiency +/— + - — -

Ribosome number - — - + _

Inadequate controls (false positives) - - T+ ++ _
Other limitations

Low phylogenetic resolution +/++ + - + _

High cost per sample - + + ++ +

Specialized equipment needed —/+ + + — ++

Abbreviations: FISH, fluorescence in situ hybridization; gPCR, quantitative real-time; SAG, single amplified genome.

The susceptibility is designated as high (++), moderate (+) or absent (—).

these groups to the composition of marine protist
communities. Alternatively, differences in Dubosc-
quella frequency in clone versus SAG libraries may
have been caused by multiple parasitic cells resid-
ing inside individual, sorted protists. In the latter
case, a larger number of parasites per host cell
would increase parasite sequence frequency in
clone, but not SAG libraries. However, this explana-
tion is less likely, as the sorted cells may be too
small to host Duboscquella-like parasites, known to
infect ciliates (Harada et al., 2007; Brown et al.,
2009). Some other phylogenetic groups exhibited
substantial compositional differences between the
two clone libraries, suggesting that PCR and/or
cloning biases also had a function (Figures 3 and
4, Supplementary Figure A-C). This corroborates
with the recent comparison of multiple clone
libraries constructed using artificial and natural
protist assemblages, demonstrating primer-specific
biases in the 18S rRNA gene clone library composi-
tion (Potvin and Lovejoy, 2009). The comparative
analysis of SAG and clone libraries provided here
improves our understanding of microbial commu-
nity composition and pinpoints specific limitations
of current methodology that need to be considered
in future studies.

To our knowledge, this is the first reported use of
single-cell sequencing to examine protistan commu-
nity composition. Although a large number of
culture-independent, molecular techniques have
been developed for this purpose during the last
two decades, all of them are prone to significant
limitations (Table 2). For example, the now tradi-
tional clone libraries and the more recent pyrotag
sequencing rely on environmental PCR, which is
known to cause biased representation of the various
phylogenetic groups (Suzuki and Giovannoni, 1996;
Potvin and Lovejoy, 2009). In addition, microbial
community composition studies that are based on
either environmental PCR (including qPCR) or on
PCR-independent metagenomics may be signifi-
cantly biased because of the highly variable per-cell

copy number of phylogenetic marker genes, as
discussed above. Fluorescence in situ hybridization
is not susceptible to the variable gene copy number
bias. However, fluorescence in situ hybridization
has other serious limitations, such as bias against
cells with few ribosomes and fragile cells, chal-
lenges in designing appropriate negative controls,
typically low phylogenetic resolution and low
throughput (the application of each probe requires
a significant effort). Other limitations faced by
the available methods include biases caused by the
variable propensity of cells to lyse/permeabilize, the
reliance of primer/probe design on limited data-
bases, cloning biases and the need for specialized,
costly equipment. Put in this context, SAG analysis
offers a significant step forward in the quantitative
analysis of protist community composition. It is not
susceptible to the variable gene or ribosome copy
number, does not rely on cloning and can easily
incorporate suitable controls. The method is amen-
able to high throughput and automation, as demon-
strated by the establishment of the Bigelow Single
Cell Genomics Center (www.bigelow.org/scgc).
When FACS is used for cell separation, light scatter
or fluorescence can be employed to narrow the
selection of target microorganisms, based on logical
combinations of cell size, autofluorescence (for
example, chlorophyll) and fluorescent probes (for
example. Lysotracker and nucleic acid stains). A
unique advantage of SAG analysis is the unlimited
phylogenetic resolution, that is, multiple genes or
entire genomes can be sequenced from a single cell
to obtain sufficient hereditary information, indepen-
dent of cultivability or community complexity. This
opens unique opportunities for ecology, evolution
and bioprospecting research, as demonstrated for
prokaryotes in previous studies (Raghunathan et al.,
2005; Zhang et al., 2006; Marcy et al., 2007;
Stepanauskas and Sieracki, 2007; Woyke et al.,
2009). After their generation by FACS-MDA, and
after the initial screen by PCR or other methods,
SAG libraries represent a long-term resource. The
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genomic DNA, amplified from individual cells, can
be stored, re-amplified and used in an unlimited
number of PCR reactions, shotgun sequencing,
hybridizations, cloning-expression and other mole-
cular biology studies in the same way as DNA
extracted from pure cultures.

The current implementation of SAG analysis is
not entirely free from possible biases. Only 25% of
the analyzed SAGs produced 18S rRNA gene
sequences, and at the moment we have no proof
whether these 25% are a representative subsample
of the sorted cells. As PCR was used to amplify the
18S rRNA gene from SAGs, this approach is still
susceptible to some PCR limitations, such as the
reliance on existing databases in primer design. The
similarity of SAG composition determined using
either Euk1A/516r or 528f/EukB primer sets for
major phyla is encouraging (Figure 3). However, we
cannot exclude the possibility that some specific
groups did not amplify with either of the primer sets
because of sequence mismatches or inhibitory DNA
secondary or tertiary structures (Potvin and Lovejoy,
2009). Incomplete cell lysis of specific taxonomic
groups may be another factor leading to biases in
SAG composition. However, the absence of phylo-
genetic differences between SAGs obtained using
KOH and Lyse-N-Go protocols in this study indi-
cates low likelihood for such biases among the
studied organisms (Figure 4, Supplementary Figures
A—C). Other potential reasons behind the <100%
recovery rate of 18S rRNA genes from SAGs include
(1) sorting of non-target cells or non-living particles,
(2) unsuccessful droplet deposition by FACS and (3)
sequence-unspecific failures of individual MDA and
PCR reactions. None of the latter processes would
bias SAG composition, as they are agnostic to the
cell type. The work reported here was conducted in
96-well plates, but we now routinely sort into
384-well plates with the MoFlo sorter. We use a
fluorescent bead microscope method to confirm
droplet deposition by the sorter into these wells,
which are about half the diameter of those in 96-well
plates. This method routinely shows that the rate of
unsuccessful droplet deposition into 384-well plates
is well below 5%. It is unlikely that cell sorting
misses account for many of the well failures. Further
work is clearly needed to improve the success rate in
SAG production and identification. In this context,
a significant advantage of single-cell sequencing,
compared with other methods, is the robust,
quantitative information on what fraction of the
total microbial community is represented by a SAG
library.

Single-cell sequencing eliminates many biases
associated with environmental PCR clone libraries
and pyrotagging, such as preferential amplification
of certain taxa and the over-representation of taxa
with high target gene copy number. In difference to
other cultivation-independent methods, a SAG
library can be screened by multiple primer/probe
sets or subject to whole genome shotgun sequencing,
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allowing for multi-locus sequence analysis and
metabolic pathway reconstruction of the uncultured
taxa.
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