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Unveiling of the Diversity of Prasinoviruses (Phycodnaviridae) in
Marine Samples by Using High-Throughput Sequencing Analyses of
PCR-Amplified DNA Polymerase and Major Capsid Protein Genes

Camille Clerissi,a,b Nigel Grimsley,a,b Hiroyuki Ogata,c,d Pascal Hingamp,d Julie Poulain,e Yves Desdevisesa,b

Sorbonne Universités, UPMC Université Paris 06, Observatoire Océanologique, Banyuls-sur-Mer, Francea; CNRS, UMR 7232, Observatoire Océanologique, Integrative Biology of
Marine Organisms, Banyuls-sur-Mer, Franceb; Education Academy of Computational Life Sciences, Tokyo Institute of Technology, Tokyo, Japanc; CNRS, Université Aix-Marseille, IGS
UMR7256, Mediterranean Institute of Microbiology (FR 3479), Marseille, Franced; CEA, Institut de Génomique, Génoscope, Evry, Francee

Viruses strongly influence the ecology and evolution of their eukaryotic hosts in the marine environment, but little is known about
their diversity and distribution. Prasinoviruses infect an abundant and widespread class of phytoplankton, the Mamiellophyceae, and
thereby exert a specific and important role in microbial ecosystems. However, molecular tools to specifically identify this viral genus in
environmental samples are still lacking. We developed two primer sets, designed for use with polymerase chain reactions and 454 pyro-
sequencing technologies, to target two conserved genes, encoding the DNA polymerase (PolB gene) and the major capsid protein (MCP
gene). While only one copy of the PolB gene is present in Prasinovirus genomes, there are at least seven paralogs for MCP, the copy we
named number 6 being shared with other eukaryotic alga-infecting viruses. Primer sets for PolB and MCP6 were thus designed and
tested on 6 samples from the Tara Oceans project. The results suggest that the MCP6 amplicons show greater richness but that PolB
gave a wider coverage of Prasinovirus diversity. As a consequence, we recommend use of the PolB primer set, which will certainly reveal
exciting new insights about the diversity and distribution of prasinoviruses at the community scale.

Members of the Phycodnaviridae family are classified in five
genera according to the species of eukaryotic algae that they

are known to infect. Indeed, Chlorovirus, Raphidovirus, Phaeovi-
rus, Coccolithovirus, and Prasinovirus, respectively, infect Chlo-
rella, raphidophytes, phaeophytes, coccolithophores, and prasi-
nophytes (known hosts of prasinoviruses now belong to the new
class Mamiellophyceae [1], which remains in the subphylum Pra-
sinophytina [2]) (see also references 3 to 6 for further information
about these viral groups). They are part of the nucleocytoplasmic
large DNA viruses (NCLDV) and share nine conserved core genes
with other NCLDV (7). Among them, the DNA polymerase gene
and the major capsid protein gene (herein called the PolB and
MCP genes, respectively) have been to date the molecular markers
most commonly used to investigate the diversity of phycodnavi-
ruses (e.g., see references 8 to 13).

Prasinovirus was the first described phycodnaviral genus (14),
and a metagenomic survey recently proposed that these viruses are
the most abundant members of the Phycodnaviridae in marine
ecosystems (15). Ostreococcus virus (OV), Micromonas virus
(MpV), and Bathycoccus virus (BpV) represent three major
groups of prasinoviruses and are known to infect the three most
widespread and abundant genera of the Mamiellophyceae (1, 16–
18). The PolB gene is the only gene used so far to examine Prasi-
novirus diversity, and previous analyses suggested that Ostreococ-
cus lucimarinus viruses show no biogeographic pattern, i.e.,
genetic and geographic distances are not correlated (19), that
there is a link between genetic distances and host range (9), and
that trophic conditions influence Prasinovirus abundances (20).

However, all PolB analyses performed so far were culture de-
pendent, and no studies took advantage of deep-sequencing am-
plicons using high-throughput sequencing, such as 454 technol-
ogy. Current primers to amplify PolB and MCP genes of
phycodnaviruses (11, 21) are not well suited to study of Prasino-
virus diversity using 454 pyrosequencing. Indeed, even though the

present technology allows up to 700 bp to be sequenced, in prac-
tice the sequencing of multiplexed amplicons is limited to 350 to
400 bp. This limitation is particularly important in the case of the
PolB sequence, since �900-bp selfish genetic elements called in-
teins were found within this gene for the Phycodnaviridae, as in
other eukaryotic viruses (3, 10, 11, 22–25). These elements are
inserted at the conserved amino acid motif YGDTDS between the
AVS primers commonly used to study the Phycodnaviridae family
(8, 9, 12, 21, 26, 27). Moreover, current MCP primers do not seem
optimal to investigate Prasinovirus diversity, as observed by Larsen
et al. (11), who failed to amplify MpV, while complete genome
sequencing revealed the existence of MCP paralogs in Chlorovirus
and Prasinovirus (28–32).

As a consequence, we decided to design specific primers for
prasinoviruses to solve these issues and to target suitably sized
parts of their PolB or MCP genes. This study aimed at the follow-
ing: (i) to analyze the phylogenetic diversity of MCP paralogs,
toward identifying orthologous copies shared between Prasinovi-
rus and other Phycodnaviridae, in order to design a specific primer
set for prasinoviruses and (ii) to compare the diversity revealed by
the Prasinovirus-specific PolB and MCP primers. Our results sug-
gest that the capsid-like gene copy 6 (here named MCP6 because it
encodes the 6th gene copy along the linear Ostreococcus tauri virus
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OtV5 genome, showing similarity to the MCP gene [28]) is shared
with other eukaryotic alga-infecting viruses, including Parame-
cium bursaria chlorella virus (PBCV), where it is has been shown
experimentally to function as the major capsid protein (33). While
the MCP6 primers revealed a higher richness, the use of PolB gave
a wider coverage of the actual Prasinovirus diversity.

MATERIALS AND METHODS
Sampling and DNA extraction. Seawater samples were collected at 2
depths from 3 stations in the Indian Ocean: at the surface (about 5 meters
deep) and at the deep chlorophyll maximum (DCM) (from 30 to 72 me-
ters deep, depending on the station). Samples were collected by pumping
seawater up a tube immersed to the appropriate depth at the sampling
location, using a large peristaltic pump (A40; Tech-Pompes, Sens,
France). Twenty liters of seawater was first passed through 200-�m and
20-�m mesh filters to remove larger plankton and then in series through
1.6-, 0.22-, and 0.1-�m filters (142-mm GF/A glass microfiber prefilter,
no. 1825-142 [Whatman]; 142-mm, 0.22-�m-pore-size Express Plus
membrane, no. GPWP14250 [Millipore]; 142-mm, 0.1-�m-pore-size MF
membrane, no. VCWP14250 [Millipore] [respectively]) using a peristal-
tic pump (Masterflex; EW-77410-10). The filters were kept for 1 month at
�20°C on board and at �80°C in the laboratory until the DNA extraction.
DNA extractions were done only on the 0.1-�m filters (0.1- to 0.2-�m
fraction), following a modified CTAB protocol (34): (i) the filters were
crushed in liquid nitrogen and then (ii) incubated at 60°C for 1 h in a
CTAB buffer (2% CTAB [hexadecyltrimethylammonium bromide], 100
mM Tris-HCl [pH � 8], 20 mM EDTA, 1.4 M NaCl, 0.2% �-mercapto-
ethanol, 0.1 mg/ml proteinase K, and 10 mM dithiothreitol [DTT]), (iii)
DNAs were purified using an equal volume of chloroform-isoamylalcohol
(24:1) and a 1-h-long RNase digestion step, and (iv) DNAs were precipitated
with a 2/3 volume of isopropanol and washed with 1 ml of a solution contain-
ing 76% (vol/vol) ethyl alcohol (EtOH) and 10 mM ammonium acetate so-
lution. Finally, the extracted DNA samples were dissolved in 100 �l of labo-
ratory-grade deionized water and stored at �20°C until the sequencing steps.
An approximate yield of 65 ng/�l was obtained on average for each sample.

Primer design, PCR, sequencing, and data processing. Based on the
amino acid sequences of the PolB and MCP6 genes of OtV1 (35), OtV5
(28), Ostreococcus lucimarinus virus 1 (OlV1), MpV1, BpV1, BpV2 (32),
PBCV1, PBCV_NY2A, PBCV_AR158 (29, 33, 36), Acanthocystis turfacea
chlorella virus 1 (ATCV1) (30), PBCV_MT325, and PBCV_FR483 (31),
Prasinovirus-specific primer sets consisting of VpolAS4 (5=-GAR GGI GCI
ACI GTI YTN GA-3=)-VpolAAS1 (5=-CCI GTR AAI CCR TAI ACI SWR
TTC AT-3=) and VmcpAS3 (5=-GGI GGI CAR MGI RTI GAY AA-3=)-
VmcpAAS1 (5=-TGI ACY TGY TCD ATI ARR TAY TCR TG-3=) were
inferred and designed to amplify and sequence �320- and �350-bp-long
fragments of the genes, respectively. The reverse primer of the PolB gene is
located to the 5= side of the YGDTDS intein insertion site to avoid any bias
(see Fig. S1 in the supplemental material) (10, 25), and the MCP6 primer
corresponds to the conserved region amplified by Larsen et al. (see Fig. S2
in the supplemental material) (11). In order to multiplex different sam-
ples for sequencing (454 pyrosequencing), the adapter A (5=-CCA TCT
CAT CCC TGC GTG TCT CCG AC-3=), a key of four letters (5=-TCAG-
3=), and a “MID” tag were added before the PCR step at the 5= end of the
forward primer, and the adapter B plus the four-letter key (5=-CCT ATC
CCC TGT GTG CCT TGG CAG TC TCAG-3=) was added at the 5= end of
the reverse primer. Different MIDs were used for each sample and were
selected from the Roche list. PCRs for the PolB and MCP6 fragments were
done in duplicate and set up as follows: 2 �l of environmental DNA (100
ng) was added to a 48-�l reaction mixture which contained 0.2 mM
(each) deoxyribonucleoside triphosphates, 30 pmol of each primer, 1/10
of Advantage 2 PCR buffer, and 1 U of Advantage 2 polymerase mix
(catalog no. 639201; Clontech). The PCR was carried out in a Mastercycler
instrument (Eppendorf) with an initial step at 95°C (3 min) followed by
38 rounds at 95°C (30 s), 50°C (60 s) for PolB or 48°C (60 s) for MCP6, and
72°C (90 s) and a final extension at 72°C (4 min). PCR products were

electrophoresed in 0.5% Tris-acetate-EDTA (TAE) buffer in a 0.8% aga-
rose gel, and the expected band was excised by UV visualization after
ethidium bromide staining. PCR bands were purified directly using a gel
extraction kit (QIAquick, catalog no. 28704; Qiagen). The DNA concen-
trations were estimated using a Nanodrop spectrophotometer (Nanodrop
2000; Thermo Scientific), and amplicons were pooled stoichiometrically
before being sequenced on a GS-FLX Titanium plate. Because 454 pyro-
sequencing produces error-containing sequences, we used the software
suite AmpliconNoise v.1.25 (37) to reduce the number of erroneous se-
quences (errors introduced in PCR and pyrosequencing steps, as well as
chimeric sequences), and we added a step to remove stop codon-contain-
ing sequences. The AmpliconNoise analysis was performed using the pro-
gram Qiime v.1.3.0 (38). Reads lacking a correct primer, having less than
360 successful pyrosequencing flows, or both were removed. Then, after
the removal of primer sequences, the following steps and default param-
eters were used: PyroDist, PyroNoise (-s 60.0 -i 0.01), SeqDist; Seq-
Noise (-s 25.0 -i 0.08), and Perseus. Denoised sequences of the PolB and
MCP6 genes were trimmed to �300 bp after the protein motifs
GKQLAYK and RRRFAQKG, respectively. Finally, blastp searches (39)
(using the PolB and MCP6 genes of OtV5 as a query with 35.4 and 48.48%
identity thresholds, respectively) and phylogenetic analyses were per-
formed to retain only potential Prasinovirus sequences, i.e., those posi-
tioned phylogenetically within known prasinoviruses or between Chloro-
virus and Prasinovirus.

Alignment and phylogenetic reconstruction. All alignments were
performed according to codons or amino acids, using the software pro-
gram Muscle v3.8.31 (40) implemented in Seaview (41, 42). Phylogenetic
reconstructions were carried out first with protein alignments for the
capsid-like genes, the complete MCP6 and complete PolB genes belonging
to available reference prasinoviruses and chloroviruses: OtV1 and OtV2
(43), OtV5 and OtV6 (J. Kegel, R. Thomas, E. Derelle, and H. Moreau,
unpublished data), OlV1, MpV1, BpV1, BpV2, PBCV1, PBCV_NY2A,
ATCV1, PBCV_AR158, and PBCV_CVK2 (44), and PBCV_CVG-1 (45).
Poorly aligned and very variable regions of the alignments were automat-
ically removed using the software program GBlocks 0.91b (46) (http:
//molevol.cmima.csic.es/castresana/Gblocks_server.html). Different
models of protein evolution and associated parameters were investigated
using the program ProtTest 2.4 (47), and the best parameters were iden-
tified based on the Akaike information criterion (AIC). In addition,
Bayesian inference (BI) was used with a mixed amino acid model (48).
Phylogenetic trees based on nucleotide sequences were obtained via BI
and maximum-likelihood analysis (ML). In ML, different models of DNA
evolution and associated parameters were estimated using the program
jModeltest 2 (49), and the best parameters were identified based on the
AIC. In BI, coding DNA sequences were considered using an evolutionary
model that takes into account the genetic code (“codon model” [50, 51];
see also reference 52). The ML estimate for the nucleotide and protein
alignments was performed using the program PhyML 3.0 (53) using the
appropriate model and validated via a bootstrap procedure with 100 rep-
licates. Bayesian analyses were performed using MrBayes 3.2 software
(48), with 4 chains of 7 � 106 generations, trees sampled every 700 gen-
erations, and burn-in value set to 20% of the sampled trees (4 chains of
2 � 106 generations and trees sampled every 200 generations were used for
the MCP-like tree). We checked that standard deviation of the split fre-
quencies fell below 0.01 to ensure convergence in tree search.

Prasinovirus annotation. In order to describe the environmental Pra-
sinovirus diversity, 23 PolB gene reference sequences, representing 475
Prasinovirus and Chlorovirus sequences, were selected for a nucleotide
distance of 10% (see below; GenBank accession numbers are indicated in
parentheses or at the end of this section). These are 1 Bathycoccus virus,
BpV87 (FJ267515); 14 Micromonas viruses (viral names indicate which
host strain or host clade was used for isolation; for example, Mi1109V14 is
virus number 14 isolated using the RCC1109 strain, and MicCV32 is virus
number 32 isolated with a clade C Micromonas strain), Mi1109V14,
MicCV32, Mi497V14, MicAV11, Mi829V1, MicAV17, MicAV8,
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MicBV10, MicAV16, MicAV29, MicBV39, MicBV30, MicBV26, and
MpV1 (HM004429); 6 Ostreococcus viruses, O356V303, OlV537
(GQ412097), OtV63 (FJ267501), OtV09_559, OlV464 (GQ412092), and
OtV6 (JN225873); and 2 chloroviruses, PBCV_CVK2 (AB011500) and

PBCV_NY2A (DQ491002). In addition, 12 MCP6 reference sequences
were selected from genomic data sets (except for PBCV_CVK2) of 2
Bathycoccus viruses, BpV1 (NC_014765) and BpV2 (HM004430); 1 Mi-
cromonas virus, MpV1 (HM004429); 5 Ostreococcus viruses, OlV1

FIG 1 Phylogenetic tree of MCP-like sequences belonging to Prasinovirus and Chlorovirus. The phylogenetic tree was built using Bayesian inference (BI) and
maximum likelihood (ML). Numbers are posterior probabilities (BI) and bootstrap proportions (ML) reflecting clade support. The tree was rooted using an
unshared Chlorovirus MCP-like copy.
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(NC_014766), OtV1 (NC_013288), OtV2 (NC_014789), OtV5
(NC_010191), and OtV6 (JN225873); and 4 chloroviruses, PBCV1
(JF411744), PBCV_AR158 (DQ491003), PBCV_NY2A (DQ491002), and
PBCV_CVK2 (AB011506). All reference sequences were aligned with the
corresponding environmental sequences and clustered at different nucle-
otide distances (from 30% to 10%). The environmental PolB gene se-
quences were annotated for a distance of 26%, i.e., when all the reference
sequences of OV, MpV, and BpV clustered into three different groups.
The annotation was done using a representative sequence from each op-
erational taxonomic unit (OTU), as a query for the Basic Local Alignment
Search Tool (BLAST) (39) search against the NCBI nucleotide collection
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Because this database contains
fewer reference sequences for the MCP6 gene than for the PolB gene,
MCP6 was also annotated for a distance of 26%. As a consequence, a
cutoff of 26% was used for both markers to describe the major groups of
Prasinovirus, such as OV, BpV, and MpV. Twenty-six percent is a conser-
vative regrouping based on known host genera, but each genus regroups
more than one host algal species and may also contain species that are not
yet represented in cultures. We retained this conservative estimation in
order to be certain that the new groups of prasinoviruses that we predict
must really represent novel groups of viruses.

Sequence analysis. The nucleotide diversity � (54) of the reference
alignment sequences was obtained using the software program DnaSP
version 5 (55). All other sequence analyses were performed using the
program mothur (56). Because both the PolB and MCP6 genes were am-
plified with degenerate primers, we did not consider abundances of iden-
tical sequences since PCR and sequencing steps generate bias on sequence
proportions. The representatives of identical sequences are henceforth
named genotypes. Sequences were aligned and clustered at different nu-
cleotide distances from 30% to 0%. Rarefaction curves were produced at
different thresholds and allowed us to define the OTU when the curves
began to level off, i.e., at 10% for both the PolB and MCP6 genes. Richness
estimation was assessed using the bootstrap calculator for an OTU defi-
nition of 10%. The environmental samples were clustered according to
their composition in Prasinovirus and the Bray-Curtis index using the
function tree.shared. Finally, an OTU definition of 26% was used to ana-
lyze the major groups of Prasinovirus and particularly to compare the
genetic backgrounds of groups obtained with PolB and MCP6 primers.
Indeed, the distances between the environmental OTU and 12 reference
sequences (partial PolB and MCP6 from genome sequences of BpV1,
BpV2, OlV1, OtV5, OtV1, OtV2, OtV6, MpV1, PBCV1, PBCV_AR158,
PBCV_CVK2, and PBCV_NY2A) were assessed for both markers with an

FIG 2 Phylogenetic analysis of the complete PolB (A) and MCP6 (B) genes of Prasinovirus and Chlorovirus. The phylogenetic trees were built using Bayesian
inference (BI) and maximum likelihood (ML). Numbers are posterior probabilities (BI) and bootstrap proportions (ML) reflecting clade support. Trees were
rooted using Chlorovirus sequences.
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OTU definition of 26%, using the mothur dist.seq function. A hierarchical
clustering analysis (Euclidean metric; unweighted-pair group method us-
ing average linkages [UPGMA]) of these distances was then computed
with the R “stats” software package using the hclust function in order to
visualize the genetic proximities of the major groups sampled by both
primer sets.

Statistical analysis. All statistical analyses were performed using R
v2.15.0 (R: a language and environment for statistical computing, 2008; R
Development Core Team, R Foundation for Statistical Computing, Vi-
enna, Austria [http://www.R-project.org]). The congruence of both the
PolB and MCP6 trees was assessed from patristic distances and Mantel
tests using the R “vegan” software package and the mantel function. In
order to estimate the link between sequencing effort and OTU richness,
we used the rank-based Spearman 	 correlation coefficient (instead of
Pearson, since there were only 6 samples) within the R “stats” package and
the cor.test function. A richness comparison was done for a distance of
10% between the PolB and MCP6 genes with the Wilcoxon test, using the
R “stats” package and the wilcox.test function. Finally, the shapes of rank-
abundance plots that illustrate the major groups of Prasinovirus were de-
scribed using the equitability indices of the PolB and MCP6 genes for a
distance of 26 to 25% and 26 to 24% (respectively) and were computed
using the R “pgirmess” package and the “shannon” function.

Nucleotide sequence accession numbers. The 454 sequence data sets
were submitted to the Sequence Read Archive of the European Nucleotide
Archive (accession number PRJEB4356). Sequences for the following Pra-
sinovirus isolates were submitted to GenBank (accession numbers are in-
dicated in parentheses): Mi1109V14 (KF378564), MicCV32 (KF378579),
Mi497V14 (KF378565), MicAV11 (KF378568), Mi829V1 (KF378567),
MicAV17 (KF378570), MicAV8 (KF378574), MicBV10 (KF378575), Mi-
cAV16 (KF378569), MicAV29 (KF378572), MicBV39 (KF378578),
MicBV30 (KF378577), MicBV26 (KF378576), O356V303 (KF378581),
and OtV09_559 (KF378582).

RESULTS
General features of the MCP and PolB genes. Because BI and ML
trees were very similar, we show only BI trees with posterior prob-
abilities and bootstrap support values from ML analyses. The cap-
sid-like-protein tree was rooted using distantly related Chlorovirus
MCP-like sequences as an outgroup (Fig. 1). All of the analyzed
Prasinovirus genomes contain eight copies of the MCP gene (Fig.
1), except for two BpVs lacking copy number 1. This tree suggests
that all the MCP copies in prasinoviruses were acquired from their
common ancestor, since their phylogenetic relationships were similar

FIG 3 Phylogenetic analysis of the partial PolB (A) and MCP6 (B) genes of Prasinovirus and Chlorovirus. The phylogenetic trees were built using Bayesian
inference (BI) and maximum likelihood (ML). Numbers are posterior probabilities (BI) and bootstrap proportions (ML) reflecting clade support. Trees were
rooted using Chlorovirus sequences.

Clerissi et al.

3154 aem.asm.org Applied and Environmental Microbiology

 on M
ay 1, 2014 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://www.R-project.org
http://www.ncbi.nlm.nih.gov/sra/?term=PRJEB4356
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378564
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378579
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378565
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378568
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378567
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378570
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378574
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378575
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378569
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378572
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378578
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378577
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378576
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378581
http://www.ncbi.nlm.nih.gov/nuccore?term=KF378582
http://aem.asm.org
http://aem.asm.org/


across the different copies. The lack of copy number 1 in BpV is thus
likely due to gene loss in this lineage. Notably, OtV6 displays different
histories for the MCP copies 3 and 8. This analysis also revealed that
copy number 6 has close homologs in Chlorovirus (Fig. 1). Phyloge-
netic trees of complete PolB and complete MCP6 genes were congru-
ent (Fig. 2) (P � 0.001), but the partial MCP6 gene sequence ampli-
fied by PCR gave a phylogeny slightly different from the complete
alignment, since OtV6 clustered with MpV (Fig. 3). This is probably
due to reduced phylogenetic signals; however, both trees built with
the region amplified for PolB and MCP6 are generally congruent with
each other and with the respective complete gene alignment (P �
0.001). Finally, the nucleotide diversity � of the partial MCP6 align-
ment is comparable to that for partial PolB: 0.31303 
 0.000763 and
0.30475 
 0.000527, respectively.

Comparison of environmental diversity. Six samples were
collected between 29 June and 15 July 2010 from the subsurface
and DCM at three stations located in the southwestern region of
the Indian Ocean (Fig. 4). Rarefaction curves were produced for
the whole sample at different thresholds and led us to define OTU
using a threshold of 10% where the curve levels off (data not
shown). Thus, we assumed that each sample was representative of
the populations at this OTU cutoff. Moreover, since the abun-

dance of environmental sequences may be biased by PCR, we an-
alyzed richness by focusing on genotypes. An average of 81.5 and
122.3 genotypes per sample, corresponding to an average OTU
richness of 35.1 and 60.5 (nucleotide distance of 10%), was found
for PolB and MCP6, respectively (Table 1). These values were not
normalized, since we did not find a link between sequencing effi-
ciency and OTU richness (Spearman’s rank correlation rho �
0.0420; P � 0.9037). Finally, the OTU richness for MCP6 was
significantly higher than that for PolB (Wilcoxon test, P � 0.001).

OTU comparisons. The six samples were analyzed regarding
their community compositions, based on genotypes and on an
OTU cutoff of 10% (Bray-Curtis dissimilarities; UPGMA). Both
PolB and MCP6 displayed the same pattern, where samples from
the same station clustered together (Fig. 5).

In order to describe the major groups of Prasinovirus, an OTU
cutoff of 26% was chosen, since all PolB reference sequences of
OV, MpV, and BpV clustered into three distinct OTU at this
threshold (Fig. 6; Table 2). In the case of both PolB and MCP6,
OTU containing MpV (OTU7_PolB and OTU4_MCP6) and BpV
(OTU2_PolB and OTU3_MCP6) sequences represented the rich-
est clusters, and a cluster containing all or most of known OV
sequences (OTU1_PolB and OUT9_MCP6) was ranked at the
fifth position. There were two environmental OTU (OTU3/

FIG 4 Locations of sampling sites. Numbers in station names are in chrono-
logical order. SUR, surface; DCM, deep chlorophyll maximum. (Adapted from
a map on Wikipedia [http://en.wikipedia.org/wiki/File:Africa_%28orthograp
hic_projection%29.svg#file], published under a Creative Commons license.)

TABLE 1 Total numbers of sequences and diversity of Prasinovirusa

Sample
No. of PolB gene
sequences

No. of PolB
genotypes

PolB gene OTU
richness (10%)

No. of MCP6 gene
sequences

No. of MCP6
genotypes

MCP6 gene OTU
richness (10%)

58DCM 22,967 64 31.4 45,692 115 56.4
58SUR 26,114 100 31.9 7,314 87 51.6
65DCM 150,216 103 28.3 4,553 99 50.8
65SUR 32,484 55 22.9 32,176 113 55.6
66DCM 15,568 86 48.9 32,424 158 71.8
66SUR 33,741 81 47.1 46,802 162 77.1

Mean 46,848 81.5 35.1 34,989 122.3 60.5
a The estimation of richness was assessed using the bootstrap calculator for an OTU definition of 10%.

FIG 5 Clustering of the 6 samples based on Prasinovirus assemblages. (A)
PolB; (B) MCP6. Bray-Curtis dissimilarities and UPGMA were used. Numbers
in station names are in chronological order. SUR, surface; DCM, deep chloro-
phyll maximum. OTU are defined for a nucleotide distance of 10%.
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4_PolB and OTU1/5_MCP6) composed solely of environmental
sequences (Table 2) between the OV and BpV clusters. Notably, as
highlighted by the phylogenetic analysis of the partial MCP6 se-
quence (Fig. 3), OtV6 clustered with MpV1 and not with the other
OV, whatever the threshold used (from 30 to 20%; data not shown).

Finally, to compare the genetic backgrounds of the major en-
vironmental groups obtained for partial PolB and MCP6 (partic-
ularly the unknown OTU3/4_PolB and OTU1/5_MCP6), we as-
sessed their proximities using a clustering analysis (Fig. 7).
Because partial PolB and MCP6 trees were congruent, we expected
to find a single Prasinovirus group at the same position in both
trees, i.e., genetic distances between one special group and the
other taxa should be similar or proportionally similar when com-
paring both partial genes. Using this assumption, we assessed the
nucleotide distances between environmental OTU and 12 refer-
ence sequences of viral cultures and then performed a clustering
analysis (Euclidean metric; UPGMA), which suggests that these
two partial genes do not give the same picture of Prasinovirus
diversity (Fig. 7). Indeed, while the OTU containing OV, BpV, and
MpV clustered as expected for the two markers (OTU1_PolB and
OTU9_MCP6, indicated by solid-line black boxes; OTU2_PolB
and OTU3_MCP6, indicated by dashed black boxes; and
OTU7_PolB and OTU4_MCP6, indicated by gray boxes, respec-
tively), the four most diverse OTU (indicated by an asterisk) did
not (OTU3/4_PolB were not similar to OTU1/5_MCP6), suggest-
ing different genetic backgrounds for the origin of these PolB and
MCP sequences.

Equitability indices and diversity distributions. The shapes
of the rank-abundance plots computed using genotypes and an
OTU cutoff of 26% (Fig. 6) showed that PolB mostly sampled
genotypes of three major groups of Prasinovirus, while MCP6 tar-
geted only two of them. This difference in shapes was also high-
lighted by their equitability indices (Table 3), based on the analysis
done for a distance of 26% or for the same number of OTU (nu-
cleotide distances of 25 and 24% for PolB and MCP6, respec-

tively). Indeed, the lower the equitability index is, the less different
OTU are represented by equal numbers of genotypes. Further-
more, the division of the clustering analysis (Fig. 7) into four
groups with a similar number of sequences (group 1, from
OTU11_PolB to OTU3_PolB; group 2, from OTU10_MCP6 to
OTU12_MCP6; group 3, from OTU4_MCP6 to OTU9_MCP6;
group 4, from OTU15_PolB to OTU11_MCP6) produced a reg-
ular distribution of the PolB OTU (mean greater than variance)
compared to a clumped distribution of the MCP6 OTU (mean less
than variance) within the dendrogram (Table 3).

DISCUSSION

In order to describe Prasinovirus communities using high-
throughput sequencing technology (Titanium 454 pyrosequenc-
ing), we developed two primer sets targeting the genes most fre-
quently chosen for studying diversity in aquatic eukaryote-infecting
viruses, the PolB and MCP genes. They produce �350-bp-long frag-
ments and are thus well adapted to current sequencing technologies.
Our analysis suggests that prasinoviruses have at least seven capsid-
like genes and that copy 6 shows the most similarity to other Phycod-
naviridae MCP genes. The MCP6 primers designed in this study re-
vealed a richer set of environmental Prasinovirus sequences than
those designed for PolB, but overall the MCP6 primers used target a
smaller taxonomic diversity.

General features of MCP and PolB. MCP and PolB were
proposed to be good candidates for studying evolution and diver-
sity in NCLDV, either because they contain conserved domains
surrounding divergent regions (13, 21) or because a correlation
between genetic distances of partial fragments and hybridization
of total genomic DNA was found (8). However, no primer sets
were specifically tailored to describe Prasinovirus diversity in the
environment using amplicon sequencing with high-throughput
technologies, even though this approach allows diversity at the
community level to be described and avoids the biases of culture-
dependent methods. The 454 pyrosequencing technology is lim-

FIG 6 Rank-abundance of Prasinovirus genotypes in the 6 samples. (A) PolB; (B) MCP6. OTU are defined for a nucleotide distance of 26%, i.e., when all the
reference sequences of OV, MpV, and BpV clustered into three different groups for PolB.
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ited to 400 to 500 bp, both by the size of sequences that can be
produced and by the size of amplicons that can be sequenced in
multiplex. In any case, since an �900-bp-long selfish genetic ele-
ment called an intein is sometimes inserted in the DNA region

amplified by the currently used PolB primer set (10, 24, 25), we
needed specific primers for Prasinovirus that cover the well-stud-
ied partial PolB marker (9, 12, 19, 57) and that excluded the intein
insertions, thus producing �350-bp-long fragments. Although

TABLE 2 Annotation of Prasinovirus OTU for a nucleotide distance of 26%a

OTU
No. of
genotypes OTU representative Best BLAST hit Accession no.

Max
identity (%)

Query
coverage (%)

OTU7_PolB 159 PC.27_18416 Clone SO98-2 AF405573 83 100
OTU2_PolB 122 PC.23_8374 Clone KBvp-12 EU889365 85 99
OTU3_PolB 107 PC.21_11386 BpV178 FJ267518 76 100
OTU4_PolB 22 PC.25_79887 Clone KBvp-7 EU889360 90 99
OTU1_PolB 21 PC.31_17112 OlV360 GQ412085 84 100
OTU5_PolB 20 PC.23_6189 Clone CL1a-44 EU336476 75 97
OTU6_PolB 8 PC.21_11235 Clone Lake227_ September2a_2004 EU408237 76 98
OTU11_PolB 8 PC.27_19315 BpV178 FJ267518 79 99
OTU12_PolB 5 PC.23_8155 Clone KBvp-18 EU889371 78 99
OTU13_PolB 5 PC.25_88578 Clone LO.16Jul08.8 HM750210 77 100
OTU14_PolB 5 PC.31_14701 Clone KBvp-14 EU889367 79 98
OTU16_PolB 2 PC.31_15216 Clone LO1b-17 EU336662 74 100
OTU8_PolB 1 PC.21_11300 BpV2 HM004430 72 99
OTU9_PolB 1 PC.21_11437 Unknown Unknown Unknown Unknown
OTU10_PolB 1 PC.23_6198 Clone SOLa09 HQ424379 86 100
OTU15_PolB 1 PC.29_8062 Clone PSC99-1 AF405597 82 100
OTU17_PolB 1 PC.31_17203 Clone KBvp-12 EU889365 83 99
OTU4_MCP6 332 PC.26_22014 Clone OTU/P06-04 EU006619 86 99
OTU3_MCP6 255 PC.28_13239 BpV2 HM004430 80 100
OTU1_MCP6 55 PC.22_12013 OtV1 FN386611 79 100
OTU5_MCP6 35 PC.30_2339 Clone P3 FJ791177 76 99
OTU9_MCP6 22 PC.30_8703 ORtV6 JN225873 82 100
OTU2_MCP6 11 PC.24_1066 OtV2 FN600414 84 100
OTU13_MCP6 9 PC.32_23329 ORtV6 JN225873 94 100
OTU8_MCP6 5 PC.30_13495 OtV1 FN386611 72 99
OTU6_MCP6 3 PC.32_23331 Clone OTU/P06-04 EU006619 73 94
OTU10_MCP6 3 PC.22_18937 MpV1 HM004429 88 99
OTU7_MCP6 1 PC.22_18719 OlV1 HM004431 73 99
OTU11_MCP6 1 PC.22_19267 Unknown Unknown Unknown Unknown
OTU12_MCP6 1 PC.24_1212 MpV1 HM004429 80 97
OTU14_MCP6 1 PC.30_13516 Unknown Unknown Unknown Unknown
a OTU were sorted according to their total numbers of sequences. Representative sequences from each of the OTU of the PolB and MCP6 genes were BLASTed against the
nucleotide collection of the NCBI database.

FIG 7 Clustering of the PolB and MCP6 OTU according to their genetic proximity with 12 reference sequences. Euclidean metric and UPGMA were used. OTU
are defined for a nucleotide distance of 26%. The reference sequences are BpV1, BpV2, OlV1, OtV5, OtV1, OtV2, OtV6, MpV1, PBCV1, PBCV_AR158,
PBCV_CVK2, and PBCV_NY2A. OTU containing OV, MpV, and BpV are outlined in boxes with black, gray, and dashed black lines, respectively. The
environmental OTU showing large diversities of sequences for PolB and MCP6 are indicated by an asterisk. OTU were divided into four groups (from group 1
to group 4) to estimate the nature of their distribution, according to the gene markers.
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the proportion of intein-containing PolB is not known, this strat-
egy allows both intein-free and intein-containing PolB prasinovi-
ruses to be analyzed, and as a consequence it can be used to de-
scribe their diversity more accurately. Furthermore, because
NCLDV genomes contain various MCP gene copy numbers, anal-
yses using this gene must be interpreted with caution because of
possible paralogs. Although the MCP copies of Prasinovirus clearly
clustered according to their positions in genomes (from 1 to 8), re-
sulting from the colinearity of common Prasinovirus genes (32),
Chlorovirus copies are not as divergent as those found in prasinovi-
ruses. Indeed, different copies clustered with the other Phycodnaviri-
dae, such as B585L and B617L of PBCV_NY2A (Fig. 1), indicating
that MCP is not a suitable target for all Phycodnaviridae, particularly
since paralogs could be amplified. However, our analysis revealed
that MCP6 is the orthologous copy shared between prasinoviruses
and other Phycodnaviridae and that primers could be designed to
specifically amplify and study Prasinovirus MCP.

In addition, we found that PolB and MCP genes are useful for
studying Prasinovirus diversity, since their phylogenies are con-
gruent. There may be others genes suitable for such studies. For
instance, the ribonucleotide reductase is well conserved and pres-
ent in three of the four NCLDV families (7). However, horizontal
transfers were suspected for this gene, particularly for iridoviruses
that could have acquired it from bacteria during a double infec-
tion of aquatic vertebrate hosts (58), suggesting that this potential
marker should be avoided for studying the diversity within the
NCLDV family.

Finally, OtV6 is a virus that is able to infect a strain of Ostreo-
coccus tauri resistant to OtV5 (28, 59). Atypical grouping of OtV6
sequences with MpV in our phylogenetic analysis could be the
result of recombination events (60), which are often suggested to be
causative agents of changes in host range and virulence in viruses
(61–64). Future studies should investigate whether the genome of
OtV6 and its ability to infect OtV5-resistant cells are linked to a mo-
saic structure of its genes and genome, resulting from genetic ex-
changes between distinct prasinoviruses (see reference 10).

Comparison of the two markers. Both the PolB and MCP6
primer sets were designed from amino acid sequences encoded in
available Prasinovirus and Chlorovirus genomes, except for one
amino acid per primer set that differed between the two genera
and made these primers more specific to Prasinovirus (see Fig. S1
and S2 in the supplemental material). Because Chlorovirus is a
sister genus of Prasinovirus (65), this strategy was expected to un-
cover environmental genotypes lacking cultured representatives.
In addition, designing primers based on amino acid sequences
within conserved domains already led to efficient amplifications
(for example, the AVS primers of reference 21) and allowed the
description of environmental clades for podoviruses (66). How-
ever, this method requires high primer degeneracies, which means
that each unique primer sequence is diluted hundreds or thousands
of times. In order to decrease this dilution defect, inosines were added

for positions representing the four possible nucleotides. Because in-
osine-containing primers were shown to amplify rare DNA (67), to
amplify a variety of alleles (68), and to be efficient when their number
does not exceed four or five substitutions (69), we designed primers
that do not contain more than four inosines.

The analysis of the six samples indicated that the two primer
sets clustered them in a concurrent manner according to geogra-
phy but not to depth. For a nucleotide distance of 10%, MCP6
gave the same community picture, albeit with higher richness val-
ues than PolB. This is the result not of sequencing efficiencies but
certainly of the slight difference found between the nucleotide
diversity � of both partial fragments. Furthermore, the degenerate
primers allowed us to find two environmental OTU, which con-
tain a larger number of distinct novel genotypes independent
from the known OV, for both the PolB and MCP6 genes (nucle-
otide distance of 26%). One of them is close to the environmental
clone KBvp-7, which clustered within a robust clade in the study
of Culley et al. (22).

Nevertheless, our clustering analysis highlighted that domi-
nant unknown Prasinovirus groups did not show the same genetic
backgrounds for the two markers (Fig. 7). As a consequence, while
MCP6 primers seemed biased toward MpV and OV sequences,
PolB amplified more BpV sequences. These biases certainly come
from the PCR step, particularly from various affinities between
primers and the targeted sequences (70).

Equitability indices and diversity distribution. One advan-
tage of using PolB as a genetic marker is the number of available
sequences from cultured representatives (9, 10, 19, 20, 26, 28, 32,
35, 43, 59) and environmental clones (22, 71, 72), since such prim-
ers were proposed before the use of MCP as a marker (11, 21).
Indeed, while 475 sequences from cultured representatives were
used to annotate PolB sequences in this study, only 12 could be
used for MCP6 (28, 29, 32, 33, 35, 43, 44; Kegel et al., unpub-
lished). Because of this lack of reference sequences for MCP6, we
decided to consider the same nucleotide distance of 26% to define
OTU that was used for PolB. Our analysis of the nucleotide diver-
sity � suggested that this strategy could have overestimated the equi-
tability and the distribution parameters, since the partial MCP6 se-
quence is slightly more variable than that of PolB. Hence, the
difference between the equitability indices of PolB and MCP6 and the
distribution in the clustering analysis (Fig. 7 and Table 3; regular
versus clumped, respectively) are minimal estimations and show that
PolB sequences better cover the Prasinovirus diversity.

To conclude, the two Prasinovirus-specific primer sets de-
signed and tested here provided new tools to better understand the
diversity and distribution of the most abundant Phycodnaviridae
genus in marine ecosystems. However, we recommend that the
PolB primers are more suitable for general comparisons; since
there is only one copy of this gene per genome, they give a wider
coverage of Prasinovirus diversity, and at the moment, the large

TABLE 3 Diversity of the PolB and MCP6 genes belonging to environmental Prasinovirusa

Gene
Equitability
(26%)

Equitability
(20 OTU)

Mean no. of OTU
per cluster (26%)

Variance of OTU
per cluster (26%)

Distribution
(26%)

PolB gene 0.63 0.62 4.3 0.9 Regular
MCP6 gene 0.53 0.55 3.3 6.9 Clumped
a Equitability was assessed for a nucleotide distance of 26% (17 and 14 OTU for the PolB and MCP6 genes, respectively) and for an identical number of 20 OTU (nucleotide
distances of 25 and 24% for the PolB and MCP6 genes, respectively).
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number of reference sequences from cultured viruses provides a
broader representation of landmarks.
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