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Abstract

Metagenomics approaches have been developing rapidly in marine sciences.
However, the application of these approaches to marine eukaryotes, and in
particular to the smallest ones, is challenging because marine microbial commu-
nities are dominated by prokaryotes. One way to circumvent this problem is to
separate eukaryotic cells using techniques such as single-cell pipetting or flow
cytometry sorting. However, the number of cells that can be recovered by such
techniques remains low and genetic material needs to be amplified before
metagenomic sequencing can be undertaken. In this methodological study, we
tested the application of whole-genome amplification (WGA) to photosynthetic
eukaryotes. We performed various optimization steps both on a mixture of known
microalgal strains and on natural photosynthetic eukaryote populations sorted by
flow cytometry. rRNA genes were used as markers for assessing the efficiency of
different protocols. Our data indicate that WGA is suitable for the amplification of
photosynthetic eukaryote genomes, but that biases are induced, reducing the
diversity of the initial population. Nonetheless, this approach appears to be
suitable for obtaining metagenomics data on microbial eukaryotic communities.

Introduction

Eukaryotic microorganisms, especially phytoplankton that
is capable of carbon fixation, play important roles in oceanic
waters. Analysis of phytoplankton communities to deter-
mine their distribution, diversity and specific role is funda-
mental to develop an understanding of how aquatic
ecosystems function and evolve. Over the last 20 years, a
number of studies have highlighted the major role of small
eukaryotic phytoplankton (< 3 pm) (Vaulot et al., 2008) in
global carbon cycling in marine environments (Li, 1994; Liu
et al., 2009; Jardillier et al., 2010), even though they are
typically far less abundant than their prokaryotic counter-
parts (Prochlorococcus and Synechococcus). Despite their
ecological importance, small eukaryotes have remained
poorly described due to their size and to the lack of
distinguishing morphological characteristics. In the last
decade, the application of molecular approaches, especially
the amplification, cloning and sequencing of the 18S rRNA
genes in natural samples, has revealed the considerable
diversity of small eukaryotic plankton and the existence of
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novel groups of sequences unrelated to cultured organisms.
However, a major limitation of this type of approach is that
environmental clone libraries generated with universal pri-
mers are typically dominated by heterotrophic organisms
(Not et al., 2008). Thus, alternative approaches focusing on
photosynthetic cells have been developed recently. These
include studies targeting plastid genes (Fuller et al., 2006;
Lepeére et al., 2009), the use of specific primers for photo-
synthetic taxa (Viprey et al., 2008) and the construction of
clone libraries from flow cytometry-sorted populations (Shi
et al., 2009; Marie et al., 2010).

Genomics, i.e. the study of whole genomes, has been
developing rapidly in marine sciences. Attention initially
focused on marine prokaryotes such as Prochlorococcus
(Rocap et al., 2003) because of the small size of their genome.
More recently, the genomes of small microalgae such as the
prasinophytes Ostreococcus and Micromonas or the diatom
Thalassiosira have been deciphered (Armbrust et al., 2004;
Derelle et al., 2006; Worden et al., 2009). Metagenomics, i.e.
direct genomic sequencing of material sampled from the
environment, allows the retrieval of genetic information on
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populations without cultivation (Wooley et al., 2010). Meta-
genomic approaches have been used successfully to character-
ize prokaryotic communities in marine waters (Venter et al.,
2004). However, metagenomics is difficult to apply to eukar-
yotes because the filter-fractionated samples typically used are
almost completely dominated by prokaryotic sequences
(Massana et al., 2008). Therefore, metagenomic analysis of
eukaryotes requires the physical separation of eukaryotes
from prokaryotes. Single-cell pipetting and flow cytometry
sorting (e.g. Shi et al., 2009) are two possible strategies to
achieve this. However, these techniques provide very little
material and due to the requirement for micrograms of DNA
even for next-generation sequencing, preamplification is
necessary.

In recent years, whole-genome amplification (WGA) of
microbial populations based on multiple displacement
amplification (MDA) has been developing (Binga et al.,
2008). On soil and sediment samples, MDA allows the
generation of sufficient templates for 16S rRNA gene PCR
and library construction (Gonzalez et al., 2005; Abulencia
et al., 2006). Chen et al. (2008) showed that the combination
of DNA stable isotope probing, WGA and metagenomics
provided access to the genetic information of uncultivated
methanotrophs. WGA has been applied successfully to
amplify genetic material from a small number of cells or
even from single cells (Zhang et al., 2006; Rodrigue et al.,
2009), providing genetic data for uncultured organisms
(Stepanauskas & Sieracki, 2007; Woyke et al, 2009;
Heywood et al., 2010; Tripp et al., 2010). Recently, Cuvelier
et al. (2010) used flow cytometric sorting, followed by
WGA to obtain genomic data on uncultured eukaryotic
microorganisms.

In this methodological study, we optimized a WGA
protocol to amplify the DNA of photosynthetic eukaryotes
and successfully applied this protocol to samples obtained
by flow cytometry sorting from the South-East Pacific
Ocean.

Materials and methods

Cultures

Preliminary tests were performed on two cultures from the
National Institute for Environmental Studies (NIES, Tsukuba,
Japan) Microbial Culture Collection (http://mcc.nies.go.jp/):
NIES-252 (Nephroselmis astigmatica) and NIES-1411 (Micro-
monas pusilla). Aliquots of 1, 10, 100 and 1000 cells were
sorted by flow cytometry (EPICS Altra, Beckman Coulter)
and immediately frozen at — 80 °C.

A mix of 26 culture strains (cell size ranging from 2 to
100 pm) was prepared to simulate an environmental sample.
Strains belonging to 16 classes (Table 1) were selected from
the Roscoff Culture Collection (RCC, http://www.sb-roscoff.
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fr/Phyto/RCC/). The cell size and cell concentration of
400 mL cultures of each strain were quantified by flow
cytometry (Cell Lab Quanta SC, Beckman Coulter). Sub-
samples of known volumes from each culture were mixed
and the multistrain sample was diluted into sterile seawater
(10L final volume). The final concentrations of cells were
calculated such that 50mL of the culture mix would
correspond to concentrations typically found in 10-15L of
seawater (the typical volume filtered for metagenomic
analyses). For each culture, we computed the product of
the final cell concentration by cell volume, which should be
proportional to the number of rRNA gene copies per
milliliter because rRNA gene copy number has been shown
to be related to cell volume (Zhu et al., 2005). Fifty milliliters
of the mix was filtered onto 0.8 um polycarbonate filters
(47 mm diameter), flash frozen in liquid nitrogen and stored
at — 80 °C until extraction.

Environmental samples

Sampling (Table 2) was performed in the surface layer and at
the vicinity of the deep chlorophyll maximum at selected
stations between October 26 and December 11, 2004 along a
transect between the Marquesas Islands to Chile via Easter
Island through the South-East Pacific Ocean during the
BIOSOPE cruise (Claustre et al., 2008). The region covered
by this transect remains one the most sparsely sampled
regions of the global ocean and corresponds to the most
oligotrophic waters on Earth. This region is characterized by
microbial communities with very low cell concentrations,
particularly for photosynthetic picoeukaryotes, whose
abundance is on average 600 cellsmL ™" in the South Pacific
Gyre. WGA optimization and reproducibility tests were also
conducted on surface seawater samples collected at the
SOMLIT-Astan site (48.461°N, 3.561°W) off Roscoff (Brit-
tany, France). Seawater samples were collected using Niskin
bottles mounted on a CTD frame. Samples were concen-
trated between 5- and 100-fold by tangential flow filtration
using a 100000 MWCO (Regenerated Cellulose — RC, ref.
VF20C4) Vivaflow 200 cassette (Marie et al., 2010). Con-
centrated samples were analyzed on board using a FACSAria
flow cytometer (Becton Dickinson, San Jose, CA) equipped
with a laser emitting at 488nm and a 70-mm nozzle.
Emitted light was collected through the following set of
filters: 488/10 band pass (BP) for side scatter, 576/26 BP for
orange fluorescence and 655 long pass for red fluorescence
(Marie et al., 2010). The signal was triggered on the red
fluorescence from chlorophyll. Photosynthetic eukaryotes
were discriminated based on their side scatter and red
fluorescence (see Shi et al., 2009), and different populations
were sorted in the ‘purity’ mode (Table 2). Cells were
collected in Eppendorf tubes, and after centrifugation, the
volume of the sorted samples was adjusted to 250 uL by
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Table 1. Amplification of a mixture of different eukaryotic microalgal strains to test for WGA biases
Initial con- Final
18SrRNA  centration concen- Concen- 18SrRNA  18STRNA
Size gene (x 1000 tration tration x clones clones
Strains Class Species or clade (um) GC% cellsmL™") (cellsmL™")  cell volume pre-WGA  post-WGA
RCC782 Bacillariophyceae Cylindrotheca 60 x5 44.9 508.0 17780 26670000 1
closterium
RCC1717  Bacillariophyceae Chaetoceros diadema 10 44.9 258.0 9030 9030000 5 10
RCCI1 Dinophyceae Scrippsiella trochoidea 25 459 10.7 376 5878906.2
RCC1453  Prymnesiophyceae Hyalolithus neolepis 20 49.2 20.1 703 5628000
RCC504 Eustigmatophyceae  Nannochloropsis 2.2 46.6 3486.0 469269 4928950.1 2
gaditana
RCC775 Bacillariophyceae Ditylum brightwellii 100 x 20 47.4 3.3 117 4676000 4
Rsal Cryptophyceae Rhodomonas salina 5.7 46.0 409.5 14332 2724742.6 9 1
RCC656 Prymnesiophyceae Chrysochromulina sp. 3.5 49.0 1467.5 51362 2336957.4
RCC703 Bacillariophyceae Minutocellus sp. 3.7 45.8 1156.5 40477 2100584.5 3 3
RCC503 Pinguiophyceae Phaeomonas sp. 2.5 47.4 3736.0 130760 2018705.4 3
RCC1537  Pavlovophyceae Pavlova lutheri 33 48.4 1387.0 48545 1728750.1 1
RCC1563  Prasinophyceae Tetraselmis convolutae 5.5 46.7 191.5 6702 1145818.3 6 4
RCC1216  Prymnesiophyceae Emiliania huxleyi 3.5 51.2 673.0 23555 984173.2
RCC1491 Dinophyceae Pelagodinium beii 6.5 45.4 91.5 3202 879486.6
RCC475  Trebouxiophyceae Nannochloris sp. 1.7 49.8 4642.5 162487 855988.1 3 9
RCC287  Prasinophyceae Clade VI 1.7 46.0 4197.5 146912 760671.3 6
RCC2 Chlorophyceae Chlamydomonas 9.9 48.9 12.5 437 421938.2 1
reginae
RCC21 Chrysophyceae Ochromonas sp. 4.9 44.4 80.5 2817 323424.4 3
TW15 Prymnesiophyceae Scyphosphaera apsteinii 20 48.7 0.6 23 181160
RCC1512 Dinophyceae Thoracosphaera heimii 9.1 46.3 5.0 175 131007.3
RCC1082 Dictyochophyceae Pseudochattonella 6.4 489 12.0 420 108048.9
verruculosa
RCC239  Bolidophyceae Bolidomonas 1.7 44.6 296.0 10360 50898.7
mediterranea
RCC365 Cercozoa Partenskyella 2.3 49.8 110.0 3832 44239.2
glossopodia
Total number 34 40
of clones
Number of 9 9
strains
recovered

The table shows the measured cell size, GC% (18S rRNA gene, average for genus), initial mean cell concentration, final concentration per milliliter in the
10 L mixture, concentration multiplied by cell volume providing a proxy of rRNA copy number in the final mixture, 18S rRNA gene sequence numbers
obtained in clone libraries constructed from DNA before (pre-WGA) and after WGA (post-WGA).

Table 2. BIOSOPE sample locations, photosynthetic picoeukaryote (PPE) abundances, size range of the sorted population (pico for picoplankton, micro
for microplankton) and number of sorted cells

Sample code Station Longitude ("W) Latitude (°S) Trophic status Depth (m) Sorted PPE populations Number of sorted cells
T19 STB1 134.10 11.74 Meso 25 Pico 103074
T41 STB7 120.38 22.05 Oligo 40 Pico 125000
T39 STB7 120.38 22.05 Oligo 175 Pico 106 000
T52 GYR2 114.00. 25.58 Oligo 5 Micro 540
T60 STB11 107.29 27.77 Oligo 0 Pico 171440
T65 STB12 104.31 28.54 Oligo 40 Pico 123000
T105 EGY2 91.45 31.84 Oligo 5 Micro 9100
T142 UPW1 73.37 34.00 Eutro 5 Pico 104000
T149 UPWS3 73.28 33.84 Eutro 30 Pico 233000
T173 UPX2 72.47 34.63 Eutro 5 Pico 370000

Meso, oligo and eutro are related to mesotrophic, oligotrophic and eutrophic regions of the BIOSOPE transect.
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adding filtered seawater. Samples were frozen in liquid
nitrogen.

DNA extraction and WGA

For preliminary tests, NIES cultures were used directly for
WGA without prior DNA extraction. For the RCC mix, filters
were crushed (6 knocks s for 1 min; FreezerMill 6700, Fisher
Scientific, France). Approximately 1g of material was ob-
tained per filter. DNA was extracted using the Nucleospin
RNAII kit (Macherey-Nagel, Hoerdt, France) and quantified
using a Nanodrop ND-1000 Spectrophotometer (Labtech
International, France). Extract quality was checked on an
agarose gel (1.5%). DNA from the sorted environmental
populations was extracted using a DNeasy blood and tissue
kit (Qiagen, Courtaboeuf, France), as recommended by the
manufacturer (see Shi et al., 2009 for details).

WGA was carried out using the REPLI-g Mini kit (Qia-
gen) following the manufacturer’s protocol. Lysis and neu-
tralization buffers were, however, modified according to
Gonzalez et al. (2005). All samples were treated with the
same protocol, although DNA templates did not require a
lysis step. Briefly, 1 uL of cells (corresponding to 500 cells) or
1 uL of DNA (corresponding to 3—5 ng of DNA) in 2.5 pL of
phosphate-buffered saline was chemically lysed with the
addition of 3.5 uL of an alkaline solution (400 mM KOH,
100mM DTT, 10mM EDTA) and incubated on ice for
10 min. Lysed samples were neutralized with 3.5uL of
neutralization buffer (2mL 1M HCIL, 3mL 1M Tris-HCI).
The product was used as the template in the WGA reaction.
Reactions were carried out in 50 uL volumes. Reaction
buffer (29 puL), water (9.5uL) and 1puL of Phi29 DNA
polymerase were added to 10.5puL of template and incu-
bated at 30 °C for 16 h. A final incubation at 65 °C for 5 min
inactivated the Phi29 DNA polymerase. Some samples were
also subjected to a second round of amplification in order to
obtain more DNA. Two microliters of the initial amplifica-
tion reaction was used for the second round using the same
protocol. Five microliters of the amplified product was run
on an agarose gel (1%) in order to estimate the amplifica-
tion efficiency. WGA is highly susceptible to contamination.
Purity of the reagents is crucial and the level of care is similar
to that needed for PCR reactions with low template quan-
tities. We systematically used dedicated pipettes and applied
standard methods to create work areas and instruments free
of DNA contamination (in particular, the use of an UV
hood). Appropriate blank controls (sterile water) were
included for each experiment. In some cases, 10-15 reac-
tions were performed and then pooled together. One
microliter was used as a template for PCR/cloning. Ampli-
cons were purified and concentrated using a Microcon YM-
100 column (Millipore, Molsheim, France) or by ethanol
precipitation.
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Quantification of genomic DNA after WGA

After WGA, amplified products were visualized by agarose
gel (1%) electrophoresis to assess whether the reaction was
successful. In some cases, products obtained after WGA were
analyzed by pulsed-field gel electrophoresis (PFGE) using
the LEADER DR-II (Bio-Rad) system. The electrophoresis
was conducted with a 1% agarose gel in TBE 0.5 X , at 200 V
for 20 h, with initial and final pulse parameters of 0.5 and
1.5s, respectively. The use of a High Range DNA Ladder
(Fermentas Life Sciences) allowed the evaluation of frag-
ment sizes. DNA was stained with ethidium bromide (final
concentration 0.5 pg mL™") for 10 min.

DNA was also quantified in the final reaction volume with
Quanti-iT™ PicoGreen dsDNA (Invitrogen, Carlsbad, CA),
a sensitive fluorescent stain suitable for quantifying double-
stranded DNA that excludes nucleotides and single-stranded
nucleic acids from the signal. The stain was used according
to the manufacturer’s instructions and DNA was quantified
with a Tecan microplate reader (Tecan, Mdnnedorf, Switzer-
land) using the MAGELLAN 5 software. Amplification levels
were estimated by the ratio of DNA concentrations after and
before WGA for each sample.

PCR reactions, cloning and sequencing

The full (or nearly full)-length 18S rRNA gene was PCR
amplified using the eukaryotic primers Euk 328f and Euk
329r (Moon-van der Staay et al., 2001) or 63f (5'-ACG-
CTT-GTC-TCA-AAG-ATT-A-3’) and 1818r (5'-ACG-GAA-
ACC-TTG-TTA-CGA-3’) (designed by M.K.). The PCR
mixture (30 pL final volume) contained 1 puL of the ampli-
con with 0.5uM final concentration of each primer and
15 uL HotStar Taq@; Plus Master Mix (Qiagen). PCR reac-
tions were performed as described previously (Viprey et al.,
2008) with an initial incubation step at 95 °C for 5 min for
activation of the HotStar Taq™ Plus DNA Polymerase. For
samples T142 and T149, the general bacterial primers 8f
(Martinez-Murcia et al., 1995) and 1492r (Lane, 1991) were
also used to amplify the 16S rRNA gene. PCR reactions were
performed using the following program: initial denaturation
at 95°C for 5min, 30 standard cycles of denaturation at
95 °C for 1 min, annealing at 55 °C for 1 min, extension at
72 °C for 1 min and a final extension at 72 °C for 5 min.
PCR products were cloned into pCR®2.1-TOPO™
vectors and transformed into Escherichia coli competent
cells following the manufacturer’s instructions (Invitrogen).
Sequencing reactions were performed with purified PCR
products using Big Dye Terminator V3.1 (Applied Bio-
systems, Foster city, CA) and the primer Euk528f (Romari
& Vaulot, 2004) for the 18S rRNA gene and the primer 8f for
the 16S rRNA gene and run on an ABI prism 3100 sequencer
(Applied Biosystems). Partial sequences were compared
with those available in public databases with the NCBI BLAST

FEMS Microbiol Ecol 76 (2011) 513-523



Whole-genome amplification of photosynthetic eukaryotes

web application (http://www.ncbi.nih.gov/BLAST/). Partial
18S rRNA gene sequences obtained from sorted BIOSOPE
samples before and after WGA were clustered into distinct
operation taxonomic units (OTUs) with the cp-HiT software
(http://www.bioinformatics.org/cd-hit/) based on a 98%
similarity threshold consistent with previous work (Romari
& Vaulot, 2004; Shi et al., 2009). No chimeras were detected
among 18S rRNA gene sequences when using the Ribosomal
Database project II program cHeck_cHIMERA (http://rdp.
cme.msu.edu/). Partial 185 rRNA gene sequences were
aligned with related sequences from public databases using
the global alignment with free end gaps from Genelous 4.8
software (http://www.geneious.com/, Biomatters Ltd, NZ).
Alignments were analyzed by neighbor joining using GEN-
EIOUS. Bootstrap values were estimated from 1000 replicates.
The new sequences reported in this paper have been
submitted to GenBank under the following accession num-
bers: HM474420-HM474786.

Results
Optimization of the WGA protocol

Amplification conditions

The commercial kit tested, REPLI-g Mini from Qiagen, is
MDA based. Two denaturation protocols were tested in
order to evaluate their influence on the size and yield of
amplified DNA based on gel analysis. Chemical lysis pro-
duced, after amplification, high-molecular-weight frag-
ments between 20 and 50kbp (Fig. 1), whereas thermal
denaturation generated lower fragment sizes. In addition,
chemical lysis generated larger amounts of DNA. Typical
yields were 800-1200 ng for each reaction and the success
rate was on average 85% for approximately 120 reactions.

Starting material

The quantity of initial material is an important parameter.
In some cases, it may be necessary to start from a very small
number of cells, or even a single cell, in particular to obtain
metagenomes from organisms not yet available in culture
(Rodrigue et al., 2009; Woyke et al., 2009). In other cases, it
may be relevant to start from a larger pool of cells, in order
to assess the genetic diversity within an environmental
population for example. We quantified the minimal quan-
tity of small photosynthetic eukaryote cells required for
efficient amplification. Tests were conducted on flow cyto-
metry-sorted cells (1000, 100, 10 and 1) from Micromonas
and Nephroselmis. The 18S rRNA gene was amplified after
WGA by PCR using universal primers. The presence of a
product was verified on an agarose gel and the product was
sequenced. With one cell as the starting material, either 18S

FEMS Microbiol Ecol 76 (2011) 513-523

517

T149
cells cells

48 000 bp

10 000 bp

Fig. 1. PFGE analysis of 20 uL of the WGA product from two sorted
South-East Pacific Ocean samples (T149 and T173).

rRNA gene amplification was unsuccessful or the sequence
obtained did not correspond to the original culture, but to a
contaminant, in general a fungus. From 10, 100 and 1000
cells, however, 18S rRNA gene amplification was successful
and the sequences obtained matched that of the initial
culture. In subsequent experiments, all WGA reactions were
undertaken from 400 to 500 cells or 3 to 5 ng of DNA.

Reproducibility

In order to test reproducibility, 10 WGA reactions were
performed simultaneously on the same sample using the same
amplification conditions. Amplification appeared to occur
somewhat randomly (Fig. 2). Out of the 10 reactions, three
did not yield any positive amplification, four reactions yielded a
weak signal, while three reactions showed strong amplification.

Estimation of biases in amplification induced by
WGA

Amplification of a mix of cultures

In order to obtain a reliable representation of an environ-
mental sample, WGA must evenly amplify all of the gen-
omes present. To determine the extent of biases induced by
WGA, a laboratory mix of 26 eukaryotic culture strains was
prepared. We compared the composition of 18S rRNA gene
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MW 1

23 456738 910 MW

<—— 12000 bp

bl <—— 500 bp

Fig. 2. Agarose gel electrophoresis of 5pulL of 10 replicate WGA pro-
ducts. WGA reactions were performed under the same conditions on
photosynthetic picoeukaryote cells sorted by flow cytometry from an
English Channel sample (SOMLIT-Astan site). MW, molecular weight
marker.

clone libraries built from DNA obtained before (34 clones)
and after (40 clones) WGA of the culture mix (Table 1). Of
the nine taxa recovered in the 18S rRNA gene library
constructed before WGA, only five were retrieved after
WGA. However, four additional taxa were recovered after
WGA, such that the total number of taxa obtained before
and after WGA was equivalent. Only strains with high rRNA
gene copies in the mix (as estimated from the product of cell
volume and cell concentration; see Table 1 and Materials
and methods) were represented in the 18S rRNA gene
libraries. Strains with very low copy number (Scyphosphaera,
Thoracosphaera, Pseudochattonella, Bolidomonas, Parten-
skyella) were absent both before and after WGA. This was
the case for representatives of the Dinophyceae and the
Prymnesiophyceae even when cells were abundant in the
mix (e.g. Scrippsiella trochoidea). Four strains (two diatoms
and two green algae) had comparable 18S rRNA gene
representation before and after WGA. The cryptophyte
Rhodomonas, the pinguiophyte Phaeomonas, the pavlovo-
phyte Pavlova, the chlorophyte Chlamydomonas and the
chrysophyte Ochromonas were evidently not well amplified
because either fewer or no clones were recovered after WGA.
In contrast, Nannochloropsis (Eustigmatophyceae), the dia-
toms Cylindrotheca and Ditylum, and especially the clade VII
prasinophyte strain showed the opposite trend as they were
present after WGA, but not recovered before.

Amplification from extracted DNA or directly from
cells

One sorted sample from the South-East Pacific Ocean
(T149, Table 2) was amplified by WGA either directly from
cells or from extracted DNA. In the 18S rRNA gene clone
library constructed from DNA before WGA, photosynthetic
eukaryotes were represented by Prasinophyceae (Bathycoc-
cus, Ostreococcus and Micromonas) and Chrysophyceae.
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Table 3. 185 rRNA gene clone library composition (total number of
sequences) constructed pre- and post-WGA from cells and DNA of the
South-East Pacific Ocean sorted sample T149

T149 (DNA) T149 (cells)
Class Genus or order  Pre-WGA Post-WGA  Post-WGA
Prasinophyceae Bathycoccus 11 29 7
Prasinophyceae Micromonas 9 1
Prasinophyceae Ostreococcus 1
Chrysophyceae 4 24
Acantharea 1

Dinophyceae Syndiniales 6

Syndiniales, which are likely to be heterotrophic parasites
(Chambouvet et al., 2008), were also present (Table 3). After
WGA from DNA, the 18S rRNA gene clone library was
dominated by Bathycoccus (29 sequences out of 30), while
after WGA from cells, the clone library was more diversified,
containing Prasinophyceae (seven sequences of Bathycoccus
and one sequence of Micromonas) and Chrysophyceae (24
sequences). In both cases, however, Syndiniales were not
recovered after WGA (Table 3).

Second round of WGA

In some cases, for example when starting from a single cell,
the quantity of DNA generated by a single round of WGA
may not be sufficient for metagenomic sequencing (Rodri-
gue et al., 2009). The effect of a second round of amplifica-
tion was tested on two sorted environmental samples (T149
and T173, Table 4). The quantity of DNA obtained after the
second round was similar to that obtained for the first round
of WGA. For sample T149, no clear difference was observed
in the composition of the 18S rRNA gene clone libraries
between the two rounds, Bathycoccus and Chrysophyceae
being present in both cases. For sample T173, Nannochloris
disappeared after the first round of WGA, whereas se-
quences of Chrysophyceae, which could not be detected
before WGA or after the first round, were present after the
second round.

Application of an optimized WGA protocol to
natural populations from the South-East Pacific
Ocean

Nine different DNA samples from sorted photosynthetic
eukaryotes from the South-East Pacific Ocean were used to
test the finalized protocol (Table 5). Most of the sequences in
clone libraries constructed after WGA using bacterial pri-
mers for samples T142 and T149 were affiliated to Proteo-
bacteria (data not shown). 18S rRNA gene clone libraries
were constructed in order to compare diversity before and
after WGA (at least for the dominant sequence types,
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Table 4. 18S rRNA gene clone library composition (total number of sequences) constructed from two South-East Pacific Ocean sorted samples (T149

and T173) after the first and second round of WGA

T149 (cells) T173 (DNA)

First round Second round before First round Second round
Class Genus of WGA of WGA WGA of WGA of WGA
Prasinophyceae Bathycoccus 7 6 3 1
Prasinophyceae Micromonas 1 6
Prasinophyceae Ostreococcus 1
Trebouxiophyceae Nannochloris 6
Chrysophyceae 24 7

because the diversity in the clone libraries was not satu-
rated). Partial 18S rRNA gene sequences were clustered into
distinct OTUs based on a 98% similarity threshold (Table 5
and Fig. 3). Libraries from two samples corresponding to
microplankton populations (T52 and T105) were domi-
nated by Dinophyceae sequences and a large fraction of
OTUs were similar before and after WGA (Table 5). For
samples corresponding to smaller size plankton, WGA
induced a change in diversity in some cases (Table 5). The
phylogenetic tree of sequences obtained before and after
WGA from samples T142 and T149 shows a clear decrease of
diversity, with only Bathycoccus sequences recovered after
WGA (Fig. 3). In samples T19 and T41, Prasinophyceae
from clades VII and/or IX were present before and after
WGA. In these two samples, the number of OTUs was lower
in the post-WGA libraries and few OTUs were common
between the two conditions. Clone library dominance
changed before and after WGA in T39 from Syndiniales to
Chrysophyceae (present before WGA, but not dominant), in
T60 from Chrysophyceae to Bolidophyceae and in T65 from
Prasinophyceae clade IX/Chrysophyceae to Prymnesiophy-
ceae (Phaeocystis). In T39 and T65, the diversity was reduced
after WGA and in T60 and T65 samples, the dominant
group after WGA was not observed before WGA. Interest-
ingly, WGA seems not to amplify (or only weakly) the
heterotrophic Syndiniales initially present in samples T41,
T39 and T65.

Discussion

In order to characterize natural communities of micro-
organisms by molecular approaches, it is often necessary to
physically separate and concentrate specific groups of cells.
This is especially true for eukaryotic microorganisms that
constitute a minor part, at least in terms of abundance, of
the community. Because separation techniques often result
in small yields, WGA is a potentially promising approach for
amplifying the genetic signal. The Phi29 polymerase used
for WGA has exceptional strand displacement and the high-
est processivity reported for any DNA polymerase in the
absence of cellular multisubunit complexes. This enzyme
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also exhibits an exonuclease activity that enables proof-
reading and has been shown to amplify DNA of up to 70 kb
(Blanco et al., 1989). The latter property is particularly
interesting for metagenomics (e.g. fosmid library construc-
tion, Chen et al., 2008). To date, WGA has been mostly
applied to prokaryotes (Stepanauskas & Sieracki, 2007;
Binga et al., 2008). In the present study, we used the
commercial REPLI-g Mini kit after the modification of the
denaturation buffer (Gonzalez et al., 2005). Amplification
was successful in all tested samples containing photosyn-
thetic eukaryotes. We were able to amplify either directly
from cells sorted by flow cytometry (from as little as 10 cells)
or from DNA extracted either from sorted cells or from
cultures. DNA fragments obtained were of a high molecular
weight (up to 50kb). The yield of amplified DNA, quanti-
fied by PicoGreen, was lower than the manufacturer’s claim
(10 pg per reaction), ranging from 0.8 to 1.2 g in a 50 uL
final volume corresponding to a 115-170-fold amplification.
This is coherent with the 50-160-fold amplification ob-
tained for bacteria with the REPLI-g Mini kit (Bouzid et al.,
2009; Woyke et al., 2009).

WGA has been shown to induce biases during amplifica-
tion of the original DNA template. These biases are poten-
tially due to several factors, such as the number of cells used
in the reaction (Arakaki et al., 2010), GC%, chromosome
length and the presence of repeat regions (Pinard et al.,
2006). These biases may be more or less critical depending
on the aim of the study. For the study of community
structure starting from a large number of cells, for example
sorted by flow cytometry, any bias in amplification of the
gene of interest will make the data obtained after WGA
difficult to interpret. In contrast, for obtaining metagenomic
data, biases may be much less critical. For example,
Rodrigue et al. (2009) were able to reconstruct the genome
of individual Prochlorococcus cells, despite very large
random variations in genome coverage following WGA. In
the present study, we investigated the effect of certain
parameters on amplification biases for samples containing
a range of genotypes using the 18S rRNA gene as a marker.
Such a marker can indicate whether genotypes are over- or
under-amplified, but it cannot reveal uneven amplification
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Table 5. 18S rRNA gene clone library composition constructed on pre- and post-WGA of nine environmental sorted samples from the South-East Pacific Ocean

Sample T19 T39 T41 T60 T65 T142 T149 T52 T105
Sorted population Pico Pico Pico Pico Pico Pico Pico Micro Micro
Pre-  Post-  Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre-  Post-
Class Genus or order WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA WGA
Prasinophyceae Bathycoccus 2 31 1 29
Prasinophyceae Micromonas 9 9 1 1
Prasinophyceae Ostreococcus 10 1
Prasinophyceae Clade VI 17 25 1 4
Prasinophyceae Clade IX 2 6 3 18 30 2 13
Trebouxiophyceae Nannochloris 5
Chrysophyceae 4 23 1 14 4 9 5
Prymnesiophyceae Chrysochromulina 2 1 4 2
Prymnesiophyceae Phaeocystis 26
Acantharea 1
Bolidophyceae Bolidomonas 22
Bacillariophyceae 1
Pelagophyceae Pelagomonas 1 4
Cryptophyceae 1
Bicosoecida 2
Dictyochophyceae 1
Dinophyceae 5 20 9 9
Dinophyceae Syndiniales 26 1 3 3 1 6
Number of OTUs (98%) 8 4 28 22 10 7 12 13 17 3 5 5 19 2 3 4 7 6
Common OTUs 2 7 1 5 1 1 2
Unique OTUs 6 2 21 15 9 6 7 8 16 2 5 5 18 1 1 2 1

Numbers of OTUs (98% of similarity) for each sample pre- and post-WGA, numbers of common OTUs obtained in both conditions, and number of unique OTUs for each condition. Pico and micro
correspond to the size range of the sorted population.
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Fig. 3. Phylogenetic tree of 185 rRNA genes from South-East Pacific Ocean environmental samples T142 and T149. OTUs (98% similarity) and the
number of clones associated (in parentheses) obtained from nonamplified DNA material are highlighted in blue. OTUs obtained from WGA-amplified
DNA appear in red. Bootstrap values correspond to the neighbor-joining method (1000 replicates, values > 60% shown).

across the genome of a given genotype (as in Rodrigue et al.,
2009). Most of our tests of amplification biases were
performed on DNA extracted from photosynthetic eukar-
yotes, either from a culture mix or from natural samples
sorted by flow cytometry. In most cases, we observed
significant differences in the composition of clone libraries
before and after WGA.

The culture mix offers the advantage over natural samples
of knowing precisely the community composition and
hence being able to estimate initial gene copy numbers.
Although the number of taxa recovered from the culture
mix was identical before and after WGA, the composition
was quite different (Table 1), as observed previously for soil
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bacteria (Abulencia et al., 2006). It should be noted that
even before WGA, clone library composition in fact poorly
reflected the initial mixture composition in terms of relative
rRNA gene abundance. In particular, some taxa that were
abundant in the mix were never recovered in clone libraries,
either before or after WGA. This was the case in particular
for the Prymnesiophyceae, whose rRNA gene is known to be
poorly amplified by universal primers when mixed with
other groups (Potvin & Lovejoy, 2009; Marie et al., 2010).
This bias could be due to the slightly higher GC% of the
Prymnesiophyceae 18S rRNA gene (Table 1), which may also
be unfavorable for WGA (Pinard et al., 2006). However, this
explanation does not hold for the 18S rRNA gene of
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dinoflagellates, the GC% of which falls in the same range as
for other strains recovered in clone libraries. It is noteworthy
that taxa that appeared in clone libraries after WGA (Cylin-
drotheca, Nannochloropsis, Ditylum) were more abundant in
the initial mixture (at least in terms of estimated copies of
the rRNA gene) than those present in clone libraries
constructed before WGA.

In contrast to the culture mix, the initial community
composition of sorted samples from the South-East Pacific
Ocean was not known. For these samples, clone libraries on
microplankton populations had almost the same composi-
tion before and after WGA according to the clustering
analysis (T52 and T105, Table 5). In picoplankton samples,
however, either some taxa not present before WGA domi-
nated clone libraries after WGA (Bolidomonas in T60,
Phaeocystis in T65, Bathycoccus in T142, Table 5 and Fig. 3)
or, when the same group was retrieved, OTUs were different
before and after WGA (T19 and T41). Syndiniales (Dino-
phyceae), which are heterotrophic parasites of autotrophic
plankton species, in particular dinoflagellates (Chambouvet
et al., 2008), were probably a minor component of the sorted
populations because only photosynthetic organisms were
selected based on chlorophyll fluorescence. In some cases,
however, they were very prominent in clone libraries before
WGA, but, interestingly, they were eliminated after WGA.

It is difficult to assess why some samples exhibit biases in
contrast to others. For example, Phaeocystis, being a Prym-
nesiophyceae with a relatively high GC% of the 18S rRNA
gene (50.1%), should not have been favored by WGA in
sample T65. Although some random factors may be im-
plicated (Rodrigue et al., 2009), in the case of the natural
samples, we started from DNA extracted from a population
of several hundred (microplankton) to several hundred
thousand (picoplankton) cells and several (at least 10
reactions when possible) independent WGA reactions were
pooled together in order to minimize random effects. On
the positive side, it should be noted that we did not detect
any chimeras in our clone libraries.

Our study helps to make some basic recommendations
for WGA amplification of photosynthetic eukaryotes. Great
care should be used to avoid contamination: in our experi-
ence, working under a UV-equipped PCR hood resolved
most problems. Also, it may be preferable when possible to
start from cells rather than from extracted DNA, because
this may decrease biases. Other amplification kits may be
less prone to biases (F. Humily, pers. commun.). In any case,
biases can easily be checked by constructing clone libraries
from one or several genes before and after WGA as shown in
this study, or by other more rapid fingerprinting techniques
such as terminal restriction fragment length polymorphism
(E. Humily, pers. commun.). Despite these biases, WGA of
uncultured microorganisms may be the only way to obtain
valuable metagenomic data on these organisms, as demon-
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strated recently by Cuvelier et al. (2010), who successfully
used WGA to obtain genomic data on small uncultured
prymnesiophytes sorted by flow cytometry from subtropical
North Atlantic waters.
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