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Abstract A phylogenetic analysis of new Ostreococcus
virus (OV) sequences from the Patagonian Coast, Argen-
tina, and homologous sequences from public databases was
performed. This analysis showed that the Patagonian
sequences represented a divergent viral clade and that the
rest of OV sequences analyzed here were clustered into six
additional phylogenetic groups. Analyses of 18S gene
libraries supported a close relationship of the Patagonian
Ostreococcus host with clade A sequences described
elsewhere, corroborating previous studies indicating that
clade A strains are ubiquitous. Besides the Patagonian OV
sequences, several phylogenetic groupings were linked to
particular geographic locations, suggesting a role for allo-
patric cladogenesis in viral diversification. However, and in
agreement with previous observations, other viral lineages
included sequences with diverse geographic origins. These
findings, together with analyses of ancestral trait trajecto-
ries performed here, are consistent with an evolutionary
dynamics in which geographical isolation has a role in OV
diversification but can be followed by rapid dispersion to
remote places.
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Introduction

Until relatively recent times, environmental viruses were
not given the attention they deserve. Now it is known that
these microorganisms are extremely abundant and diverse,
and that they are responsible for important ecological
functions [1-4]. The study of biogeographic patterns of
aquatic viruses has been recently boosted by the use of
culture-independent molecular techniques [5-11]. Under-
standing the speciation mechanisms of microorganisms can
be relevant not only for basic research but also for con-
trolling emerging pathogens, forensic analysis, bioremedi-
ation and designing conservation strategies for endemic
microorganisms [12]. The abundance of free-living forms
suggests that most microorganisms can readily experience
a global dispersal and exert rampant invasions. This line of
thinking has lead to the idea that “everything is every-
where, but, the environment selects,” which postulates that
all microbial forms have a worldwide distribution, but most
of these forms are present at negligible frequencies in
particular environmental settings [13, 14]. The available
data are controversial regarding whether this paradigm is
correct, because the enormous diversity exhibited by
viruses and other microorganisms suggests that allopatric
speciation has a significant role in microbial diversification
[10, 11].

The family Phycodnaviridae comprises six virus genera
(Chlorovirus, Prasinovirus, Prymnesiovirus, Phaeovirus,
Coccolithovirus and Raphidovirus) of icosahedral, dsDNA
viruses that infect marine and fresh water eukaryotic algae
[15-19]. The members of the genus Prasinovirus [17, 20]
infect members of the Mamiellophyceae algal Class,
which includes the smallest known photosynthetic
eukaryotes [21, 22]. Photosynthetic picoplankton (<3 pm)
is responsible for the majority of primary production in the
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oceans [23]. In oligotrophic oceanic ecosystems, this
group is dominated by cyanobacteria of the genera
Synechococcus and Prochlorococcus. However, photo-
synthetic picoeukaryotes of the genera Bathycoccus,
Micromonas and Ostreococcus are prevalent primary
producers in estuarine waters [24, 25]. As virus-mediated
cellular lysis is a major cause of cell mortality, the study
of viruses that infect picoeukaryotic phytoplankton is
relevant for understanding the dynamics of these important
primary producers [1, 26].

Viruses infecting Ostreococcus sp. (OVs) can be present
in coastal and open sea waters. OV sequences have been
described from different Ostreococcus strains and rela-
tively remote geographic locations [17, 20, 27-32]. Herein,
we describe a phylogenetic analysis of new prasinovirus
sequences amplified from sea waters from the Patagonian
coast and homologous sequences from around the World.
The information derived from these studies was combined
with geographical and host information to shed light on the
evolution of virus—host associations and phylogeography of
OVs.

Materials and methods
Sampling

Three surface water samples (10 L) were taken on January
6, 12 and 17 of 2010, in the proximities of the mouth of the
Chubut River (43.34657°S, 65.01662°W; 43.33982°S,
65.01260°W and 43.34003°S, 65.02472°W, respectively).
Sampling was performed from a pneumatic boat using an
acid-cleaned opaque carboy-tank, during the high tide
(seawater condition). All samples were immediately
transported to the laboratory and processed as described
below.

Co-immobilization of virus—host assemblages

To enrich the samples in the fraction of the virome cor-
responding to Ostreococcus viruses, 2 L from each of the
three water samples was successively filtered through a
series of filters of decreasing pore size (20, 10, 5, 1.2 and
0.22 pum). The filters were stored at —80 °C until used for
nucleic acids extraction as described in the next section.
The approach of amplifying viral sequences present in
host cells is novel, as most previous studies of viruses in
this group rather focus on free virions. One of the
advantages of our approach is that most of the viral
sequences obtained are likely to be replicating, though we
cannot exclude the possibility that some sequences could
correspond to free virions that were adhering to cell
surfaces.

Nucleic acids extraction and PCR amplification

Total DNA retained in the filters was extracted using the
following modification of Doyle & Doyle’s protocol [33]:
The filters were incubated at 60 °C for 30 min with 720 pL
of pre-heated CTAB buffer (2 % [w/v] CTAB Sigma,
1.4-M NaCl, 0.2% [v/v] p-mercaptoethanol, 20-mM
EDTA, 100-mM Tris—HCI pH 8.0). After treatment with
chloroform/isoamyl alcohol, the suspension was treated
with RNase A (Sigma-Aldrich) at a final concentration of
10 pg/mL for 1 h at 37 °C. The RNase was removed with
chloroform, and nucleic acids were precipitated with iso-
propanol. The sample was centrifuged at 20,000xg for
30 min at 4 °C, and the pellet was washed with 70 %
ethanol. The DNA pellet was dried and resuspended in
ultrapure, DNase-free water (Invitrogen). The obtained
amount of DNA was estimated by densitometric analysis
against a standard curve (High DNA Mass Ladder, Invit-
rogen) using the Imagel software [34].

The DNAs obtained as described earlier were used,
separately, as templates for amplifying 18S sequences and
a portion of the viral polymerase gene. The 18S gene
analyses were performed by amplifying a region of the
gene of ~ 1,517 bp. The universal primers used to this aim
were UNI_17F and UNI_1534R [35]. The amplification of
the viral polymerase gene was performed using the algal-
virus-specific AVS primer set [17, 36]. To verify that the
correct target was amplified, a second-round nested PCR
was performed with AVS-1 and POL primers [36, 37].

All the reactions were performed using 50-pL reaction
mixtures, 1 U of AccuPrime™ TagDNA Polymerase High
Fidelity (Invitrogen), 5 pL of 10x AccuPrime™ Buffer II
(Invitrogen) and a primer concentration of 1 pM for
UNI_17F/UNI_1534R or 1.2 pM for the AVS-1/AVS-2
and AVS-1/POL. An amount of 50-100 ng of template
DNA was used for UNI_17F/UNI_1534R and AVS-1/
AVS-2 amplifications, whereas 1 pL from the gel-purified
band was used for AVS-1/POL amplification. For all the
primer pairs used in this study, the optimal annealing
temperature was fine-tuned by gradient PCR. The optimal
annealing conditions were 62.2, 45.3 and 51.3 °C for the
18S, AVS and the AVS-1/POL primers sets, respectively.
The thermal cycling was performed with an initial dena-
turation step (94 °C for 60 s) followed by 35 amplification
cycles (94 °C for 30 s, optimized annealing temperature
for 30 s, and 1 min/kb extension at 68 °C). All the reac-
tions were carried out in a BioRad My Cycler thermal
cycler (Bio-Rad Laboratory, Inc.). Both the 18S and the
polymerase PCRs from each filter were performed in
triplicate and the obtained products were pooled to avoid
PCR biases. These products were purified by the QIAquick
PCR Purification Kit (QIAGEN), and then quantitated with
a Nanovue Plus spectrofotometer (GE Health care).
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Molecular cloning and sequencing

The amplicons obtained as described earlier were cloned
into a pGem vector (\GEM®-T Easy vectorSystem II kit,
Promega), using Escherichia coli strain TOP 10 (Invitro-
gen) to obtain three 18S and three polymerase gene librar-
ies. Recombinant plasmids were partially purified as
described elsewhere [38] and used as template for insert
PCR amplification. The plasmid inserts were amplified
using pGEM®-T-specific primers T7 and SP6. The corre-
sponding PCR mixtures were set up with 1 pL of the
plasmid preparation as template, 1 U of AccuPrime™
TagDNA Polymerase High Fidelity (Invitrogen), 5 pL of
10x AccuPrime™ Buffer I (Invitrogen), 1 puL of dNTPs
(10 mM each), 2.5 pL of each primer (20 pM) and ultra-
pure, DNase-free water (Invitrogen) to a final volume of
50 pL. The amplification conditions consisted of an initial
denaturation (94 °C for 60 s) followed by 30 cycles of
amplification (94 °C for 30 s, 53 °C for 30 s and 68 °C for
1 min/kb extension). The amplified inserts were quantitated
and sequenced in both directions using specific primers. The
presence of chimeras was checked using the de novo mode
of the program UCHIME [39]. Both the 18S and the poly-
merase haplotypes were randomly distributed among the
libraries (Pearson’s chi-square test), indicating that no
biases in the haplotypes’ frequencies were introduced by the
experimental procedures. The 118 sequences described here
have GenBank accession numbers JQ691949-JQ692067.

Datasets

To construct a comprehensive dataset, the Patagonian
sequences were combined with previously published OV
sequences (Table 1). Sequences from Bathycoccus and
Micromonas viruses were used as outgroup. For the hosts’
dataset, sequences from several members of the five pre-
viously described Ostreococcus clades [21, 40] (accession
numbers AY425307, AY425308, AY425310, AY425311,
AY425313, AB058376, NC_014437, GQ426331, GQ4263
35, GQ426336-GQ426338, GQ426340-GQ426347, AY329
635, Y15814 and AY329636) and outgroup sequences from
Bathycoccus (accession numbers FN562453, AY425315
and AY425314) and Micromonas (accession numbers HM
191693, DQO025753, FN562452, AY954993-AY955012,
AB183589 and AJ010408) species were included. Both
datasets were aligned using the program MAFFT, with
default op and ep and the weighted sum-of-pairs score and
consistency score obtained from local alignments [41].
Sequence alignments were visually inspected using
Genetic Data Environment [42, 43] for MacOS X (Mac-
GDE 2.4). After that, a codon-wise alignment was obtained
using the Los Alamos Codon Alignment tool, which is
available at http://www.hiv.lanl.gov/content/sequence/Codon
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Align/codonalign.html. The numbers of synonymous and
non-synonymous substitutions [44, 45] were obtained with
the program SNAP [46].

Haplotype network analyses

Statistical parsimony network analyses [47] were per-
formed with the program TCS [48], using a connection
probability of 95 % [49, 50].

Similarity analyses

Sequence similarities were obtained as described elsewhere
[51, 52]. Shortly, for a given sequence pair a and b, the
number of nucleotide or amino acid substitutions (D) was
obtained as follows:

P
Dy =Y _flai by),
P

where P is the number of aligned positions and f{a;b;) is
obtained by the following equation:

0, if a; = b,‘
flai,bi) = .

1, if a; 7& b,‘
The inter-cluster comparisons were averaged by the number
of sequence comparisons performed in each case [51, 52].

Phylogenetic analyses

Phylogenies were inferred using parsimony, maximum
likelihood and Bayesian techniques. The parsimony anal-
yses were performed with the program TNT [53], using the
approaches described in refs. [54] and [55]. The maximum
likelihood trees were obtained by PhyML 3.0 [56], under
evolutionary models inferred with MrAIC.pl [57]. PhyML
was set to estimate model parameters during the searches.
The Bayesian phylogenetic analyses were performed with
MrBayes 3.2.1 [58, 59]. Twelve Monte Carlo chains
(MCMC) were run for 10E7 generations, sampling every
1,000 generations. Posterior probabilities were calculated
and reported on a 50 % majority rule consensus tree of the
post-burnin sample. Genetic differentiation indices were
obtained as described elsewhere [60]. Here, we also
implemented an equivalent index //L, where [; is the length
of a test split i in the ML tree and L is the median of all the
branch lengths in the ML tree. The median is used for
scaling because the branch length distributions from trees
with divergent lineages are asymmetrical. Being scaled in
this way, these indices’ units are proportional to the
amount of diversity contributed by the tested branch.
Phylogenetic trees were visualized and drawn using the
program Dendroscope [61].
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Table 1 Viral sequences analyzed in this work

DBA® Strain Network” Genotype® Origin® Clade®
NC_014765 BpVl1 - - MS -
HMO004430 BpV2 - - MS -
NC_014767 MpV1 - - MS -
MPU32975 SP1 - - NAO -
MPU32976 SP2 - - NAO -
MPU32982 PL1 - - NPO -
MPU32981 SGl1 - - NPO -
MPU32980 PB8 - - NAO -
MPU32979 PB7 - - NAO -
MPU32978 PB6 - - NAO

MPU32977 GM1 - - NPO -
NC_014766 OlV1 1 2 MS A
GQ412099 OlV158 1 2 MS A
GQ412100 OlVl164 1 2 MS A
GQ412091 01V462 2 2 NAO A
GQ412095 OlV467 2 2 NAO A
GQ412092 Ol1V464 2 2 NAO A
GQ412093 0O1V465 2 2 NAO A
GQ412094 0O1V466 2 2 NAO A
GQ412098 01V458 2 2 NAO A
JQ691969 OsVPU' 3 1 SAO A
JQ691949 OsVPU 3 1 SAO A
JQ691960 OsVPU 3 1 SAO A
JQ691951 OsVPU 3 1 SAO A
JQ692032 OsVPU 3 1 SAO A
JQ691952 OsVPU 3 1 SAO A
JQ691996 OsVPU 3 1 SAO A
GQ412082 01V349 4 5 EC A
GQ412083 01V350 4 5 EC A
GQ412090 01v470 4 5 EC A
GQ412089 0O1V468 4 5 EC A
GQ412088 01v402 4 5 EC A
GQ412084 0O1V359 4 5 SPO A
NC_014789 Otv-2 4 5 EC B
JCVI_READ_1092963530480 - 4 5 NAO -
GQ412085 O1V360 5 5 SPO A
GQ412096 0OlV536 5 5 MS A
GQ412097 OlV537 5 5 MS A
GQ412101 OlV155 5 5 MS A
GQ412086 O1V364 6 5 SPO A
GQ412087 O1V368 6 5 SPO A
FJ267509 OTV102 7 7 MS C
FJ267510 OTV113 7 7 MS C
FJ267504 OTV3 7 7 MS C
FJ267498 0TV23 7 7 MS C
FJ267512 OTV126 7 7 MS C
FJ267496 OTV21 7 7 MS C
FJ267505 OTV29 7 7 MS C
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Table 1 continued

DBA*® Strain Network” Genotype® Origin® Clade®
FJ267508 OTV78 7 7 MS C
FJ267506 OTV52 7 7 MS C
FJ267507 OTV72 7 7 MS C
NC_010191 OotV5s 7 7 MS C
NC_013288 OTV-1 7 7 EC C
FI267511 OTVI121 7 7 MS C
F1267497 OTV22 7 7 MS C
FJ267502 OTVo64 8 6 MS D
FJ267499 OTV66 8 6 MS D
FJ267500 OTV67 8 6 MS D
FJ267501 OTV63 9 4 MS D
FJ267503 OTV65 9 4 MS D
AF405581 BSA99_5 - 3 NPO -
EU889370 KBvp_17 - 3 NPO -
JCVI_READ_1092955067637 - - 6 NAO -
JCVI_READ_1091140189807 - - - NAO -
JCVI_READ_1092246500722 - - 3 NAO -

? Database accession number
® Genetic groupings identified by statistical parsimony analysis

¢ Phylogenetic groupings identified by phylogenetic species recognition analyses

d Geographic origin of the viral strain or sequence. MS Mediterranean Sea; SAO South Atlantic Ocean; NAO North Atlantic Ocean; NPO North
Pacific Ocean; GOM Gulf of Mexico; EC English Channel; SPO South Pacific Ocean

€ Ostreococcus sp. clade

f OsVPU: Ostreococcus Virus Playa Unién. Only one sequence from each haplotype was included in phylogenetic analyses. For the full list of

GenBank accession numbers see “Materials and Methods” section

Statistical analyses

All statistical tests were performed with the R statistical
package [62]. Non-phylogenetic tests were made using
Fisher’s exact tests, with p values obtained by Monte Carlo
simulation.

Analyses of ancestral trait trajectories

Ancestral character state estimations and analyses of the
branch scaling kappa (k) parameter [63, 64] were done
with the program BayesTraits, which is available for
download at www.evolution.rdg.ac.uk. To cope with phy-
logenetic uncertainty, a sample of 2,000 trees was obtained
from the stationary states of four independent MCMC
chains using BayesPhylogenies (available for download at
www.evolution.rdg.ac.uk). The first 20,000 points of the
MCMC chains were discarded as burn-in. After that, trees
were sampled at intervals of 20,000 trees to ensure that the
sampled trees were statistically independent from each
other. One-parameter models were used for the analyses of
both host and geographical ranges. Uninformative priors
were used, with intervals based on parameter values
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obtained in preliminary ML analyses. The likelihood ratio
(LR) test was used to check for statistical significance in
ML comparisons [63].

Results

The co-immobilization of virus—host complexes was cor-
roborated by the amplification of DNA fragments of the
expected size from all the 0.22-pm filters. The corresponding
viral sequences displayed high similarities to OV sequences
available in public databases and were highly similar to each
other, indicating that the viral population constituted a single
viral species. Eighty-six percent of the sequences amplified
with the 18S primers were highly similar to Ostreococcus
sequences present at databases. These sequences also were
highly similar to each other, indicating that they corre-
sponded to a single Ostreococcus sp. host. The rest of
18S sequences corresponded to putative Scuticociliatia
sp. (Eukaryota, Alveolata, Ciliophora), Girodinium sp. (Eu-
karyota, Alveolata, Dinophyceae, Gymnodiniales, Gymno-
diniaceae), Cafeteria sp. (Eukaryota, stramenopiles,
Bicosoecida, Cafeteriaceae) and Alexandrium tamarense


http://www.evolution.rdg.ac.uk
http://www.evolution.rdg.ac.uk

Virus Genes (2012) 45:316-326

321

(Eukaryota, Alveolata, Dinophyceae,
Gonyaulacaceae) sequences.

The OV sequences from Patagonia were combined with
viral sequences from elsewhere (Table 1). This dataset
consisted of 478 nucleotide positions, of which 238 pre-
sented polymorphisms and 217 harbored informative var-
iability. The presence of polymorphisms was mostly
because of synonymous substitutions; however, some
positions also presented non-synonymous substitutions
(Fig. 1). Statistical parsimony analyses of these sequences
resulted in ten networks and eight singletons. The outgroup
sequences clustered separately from the ingroup ones. The
two sequences from Bathycoccus viruses, as well as one of
the Micromonas virus sequences (NC 014767), constituted
three separate singletons, whereas the rest of sequences
from Micromonas viruses were grouped into a single net-
work (not shown). Five of the OV sequences could not be
connected to any of the other haplotypes. The rest of OV
sequences constituted nine networks, with the Patago-
nian sequences clustered into a single group (Table 1).

Gonyaulacales,

— syn
nonsyn
0.6 —

0.4 —

-4 SRS

0.0 || MR AL ||| ORI A TRALAARRED ML
| | | |

0 50 100 150
CODON POSITION

0.8 —

SUBSTITUTIONS

Fig. 1 Mean numbers of synonymous and non-synonymous substi-
tutions in codon-wise paired comparisons among the OV sequences
studied

Networks 4, 5 and 6 were relatively similar to each other,
suggesting that these sequences could correspond to a
single viral lineage (Table 2). In fact, when the sequences
from clusters 4, 5 and 6 were pooled together and the mean
pairwise sequence similarity was calculated, the obtained
value (11.83) was similar to the intra-network similarities.
Networks 1 and 2 also displayed a reciprocal similarity that
was higher than the average one (Table 2).

Phylogenetic analyses were quite congruent with the
statistical parsimony and similarity ones, with all the viral
networks but network 6 corresponding to monophyletic
groups (Fig. 2; Table 3). These analyses also indicated
that three singleton sequences (EU889370, AF405581 and
JCVI_READ_1092246500722) constituted a further viral
clade, and that the sequence JCVI_READ_1092955067637
was related to the viruses clustered into network 8. Net-
works 4, 5 and 6, as well as networks 1 and 2, presented a
relatively weak genetic differentiation, and some of them
were poorly supported in phylogenetic analyses (Table 3).
Based on these observations, we grouped the OV sequen-
ces studied here into seven genotypes, as indicated in
Fig. 2 and Table 1. Each of these genotypes was strongly
supported by bootstrap values and posterior probabilities,
and highly divergent in relation to the rest of OV sequences
(Table 4).

To place the Ostreococcus sequences within a specific
clade, our data were combined with other Mamiellophy-
ceae sequences to generate a dataset [21, 40]. The obtained
dataset presented 1,623 nucleotide positions, of which 194
were variable and 154 were informative. The statistical
parsimony analysis clustered the Patagonian sequences
with previously described clade A sequences from else-
where (Fig. 3). Phylogenetic analyses confirmed that the
Patagonian sequences corresponded to an Ostreococcus
sp., and also supported a close relationship with other
Clade A strains (Figs. S3-S5). The presence of a clade A
strain in Patagonia corroborates previous results indicating
that clade A strains are ubiquitous [27].

Table 2 Mean number of inter-network nucleotide (lower triangle) or amino acid (upper triangle) substitutions

Network 1 2 3 4 5 6 7 8 9

1 0.00 0.94 8.86 5.76 5.53 5.14 10.04 6.90 6.85
2 21.63 1.00 9.06 6.85 6.72 6.46 11.14 7.89 7.38
3 69.54 72.46 1.71 10.10 9.93 9.60 10.32 9.50 5.86
4 78.12 89.67 94.14 1.60 0.00 0.00 8.21 8.32 8.47
5 74.07 86.88 86.72 21.15 4.66 0.00 8.14 8.00 8.00
6 71.14 85.07 84.53 12.11 11.11 0.00 8.00 7.42 7.20
7 85.67 90.25 96.72 72.65 70.54 69.17 10.40 6.69 7.93
8 79.20 86.21 88.81 78.96 79.92 74.00 60.348 15 6.57
9 79.71 84.92 81.86 85.05 86.22 77.60 80.20 65.42 0.00

Intra-network nucleotide distances are given in the diagonal
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Fig. 2 Bayesian phylogenetic tree of the OV strains studied here.
Numbers close to branches correspond to posterior probabilities.
Branch lengths are proportional to the number of nucleotide
substitutions (the scale bar units are substitutions per aligned
position). Equivalent results were obtained by parsimony and

JCVIREAD 1091140189807

1.00 GQ412096 OLV EOIVSSS;

GQ412101 OLV (OIV
GQ412086 OLV éOIV364

GQ412082 OIT.\\//(%I\\//%S&?Q) Genotype 5
GQ412083 OLV (OIV350 yp
GQ412090 OLV (OIV470
NC_014789 (OTV-2)

JCVIREAD 1092963530480
GQ4 2089 OLV (OIV468§
GQ412088 OLV (OIV402

maximum likelihood analyses (Figs. S1, S2). Strain names are given
in parentheses. MspV Micromonas sp. virus; BspV Bathycoccus sp.
virus; MPV Micromonas pusilla virus; OLV Ostreococcus lucimari-
nus virus; OV Ostreococcus virus; NA not available

Table 3 Genetic differentiation indices and phylogenetic supports of the statistical parsimony networks

Network 1 2 3 4 5 6 7 8 9

s/S 5 35 8 2 1 15 8 37
b/B 2.7 8 344 5 23 - 10.9 5.7 36.1
I/L 4.7 18 80 114 33 0.009 20.9 133 82.1
PB* 94 100 100 99 54 56 100 94 100
MLB" 94 95 100 94 38 100 90 66 100

p° 0.78 1.00 1.00 1.00 0.65 - 1.00 0.90 1.00

* Bootstrap support in parsimony analysis

® Bootstrap support in ML analysis
¢ Posterior probability

Poly- or paraphyletic
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Table 4 Genetic differentiation indices and phylogenetic supports of the genotypes identified here

Genotype 1 2 3 4 5 6 7

A 35 21 19 37 22 13 15
bi/B 34.4 18.1 23.6 36.1 22.8 15.6 10.9
I/IL 80.2 323 50.3 82.1 484 35.1 20.9
PB* 100 98 88 100 100 92 100
MLB" 100 90 97 100 97 83 90

P° 1.00 1.00 1.00 1.00 1.00 1.00 1.00

* Bootstrap support in parsimony analysis
® Bootstrap support in ML analysis
¢ Posterior probability

*o® o

|

|

\ ‘ B Clade A
: : W Clade B
‘ ‘ O Clade C
‘ ‘ B Clade D

O NA
‘ ‘ B P. Unién host sequences

Fig. 3 Haplotype network for the Ostreococcus 18S gene under the
95 % parsimony criterion. The large colored circles correspond to
groupings of observed haplotypes, with the circles’ radiuses propor-
tional to the number of accrued sequences. The smaller gray dots
indicate missing haplotypes. NA not available, P Unién host
sequences: host sequences from the Patagonian coast

In agreement with previous studies [27], many viral
sequences from remote locations were highly related to
each other, with the outstanding example of genotype 5,
which was highly diverse in terms of geographic origin
(Table 1). However, non-phylogenetic statistical analyses
indicated that geographical ranges were associated to
genetic grouping (Table 1; p = 4E—4). In addition, the
analyses of the branch scaling parameter x indicated a
gradual phylogeny coupled mode of evolution for this trait
(Fig. 4) [63, 65], and character state estimations suggested
narrow ancestral geographical ranges for genotypes 1, 4
and 7 (Fig. S6) and for the majority of statistical parsimony
networks (Fig. S7). Approximately half of the points
sampled from the posterior distribution of trees indicated,

for the geographical range, a significantly smaller than one
x value (Fig. 4), suggesting that geographical range vari-
ance reached a maximum while the overall divergence was
still progressing. As expected [17, 27], not all the OV
groupings identified here were present in all the previously
described Ostreococcus clades (Table 1), and host ranges
were associated with genetic groupings (Table 1; p =
1E—5). Furthermore, the analysis of the k parameter sup-
ported a cophylogenetic structure in this virus—host system
(Fig. 4), and Bayesian character state estimates indicated
single ancestral hosts for the majority of viral lineages (Fig.
S8). However, Ostreococcus strains from clades A and D
harbored multiple viral genotypes, and an analysis made
with the most recent common ancestor (MRCA) method
[64] supported clade A and D Ostreococcus hosts for the
MRCAs of genotypes 1, 2 and 5, and 4 and 6, respectively
(Fig. S9).

Discussion

The analyses described here show that the studied OV
sequences from Patagonia correspond to a divergent viral
clade and that the rest of OV sequences can be classified
into six further phylogenetic groupings (Fig. 2). One
sequence (JCVI READ 1091140189807) failed to cluster
with other sequences and thus could represent an eighth
genotype. The B-family DNA polymerase is highly con-
served at the amino acid level and less conserved at the
nucleotide one, allowing for accurate phylogenetic infer-
ence at different taxonomic categories [7, 8, 17, 27, 36, 37,
66, 67]. However, a point that deserves further consider-
ation is whether the genetic patterns observed here using
DNA polymerase data can be extrapolated to the rest of the
viral genome. Comparisons between the available OV
genomes demonstrated a high degree of colinearity.
However, exclusive coding sequences also have been
identified in all the viral genomes studied so far [29]. The
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HOST RANGE

Kappa

Fig. 4 Maximum likelihood estimates of the Kappa (k) parameters
and evaluation of the nulls that x = 0 and k = 1 against k > 0 and
K # 1, respectively. The estimations were performed on a sample of
2,000 points taken from the posterior distribution of trees as described

genome of OV strain OtV-2, which clustered into genotype
5, encodes a cytochrome bs, an RNA polymerase sigma
factor, a high-affinity phosphate transporter, a putative
deoxycytidylate deaminase, a putative 6-phosphogluconate
dehydrogenase, a putative 20G-Fe(Il) oxygenase and a
putative tail fiber assembly protein that are not present in
the genomes of strains OtV-1 and OtV-5, which belonged
to genotype 7 [29]. On the other hand, the genomes of OtV-
1 and OtV-5 also encode proteins that are absent from the
OtV-2 one [29]. These data suggest that inter-genotype
genomic diversity might be relevant for the study of OVs.

Previous studies have shown that prasinoviruses from
Ostreococcus, Bathycoccus and Micromonas species are
monophyletic and host specific [17, 20, 28], which is
consistent with the idea that nucleocytoplasmic large DNA
viruses (NCLDV) have evolved following the radiation of
eukaryotes [68]. In agreement with these studies, we
observed that not all the OV groupings identified here were
present in all the previously described Ostreococcus clades,
and our evolutionary analyses indicated single hosts for the
majority of genotypes’ and networks’ MRCAs (Figs. S8,
S9). Nonetheless, the viruses clustered into genotypes 1, 2
and 5 come from clade A Ostreococcus strains, with the
exception of a single strain (OtV-2), which was obtained
from a clade B one. Likewise, the sequences grouped into
genotypes 4 and 6 come from viruses infecting clade D
Ostreococcus strains. These last observations support that
the evolution of these viral lineages was decoupled from
the evolution of their host. The inclusion of a single OV
strain from a clade B Ostreococcus into genotype 5 (OtV-
2) suggests the occurrence of horizontal transfer. However,
this should be confirmed by identifying a larger amount of
viral strains with these characteristics.

@ Springer
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in the “Materials and methods” section. The red points represent trees
for which k was not significantly larger than zero. The trees for which
K was significantly smaller (or larger) than 1 are indicated in blue

Our evolutionary analyses indicated narrow ancestral
geographical ranges for three viral genotypes and eight
statistical parsimony networks (Figs. S6, S7). Remarkably,
besides the Patagonian sequences, several viral lineages
infecting clade A Ostreococcus strains were associated to
particular geographical regions: Networks 1 and 2 included
sequences from the Mediterranean Sea and the North
Atlantic Ocean, respectively, the two network 6 sequences
were from the South Pacific Ocean and network 5 MRCA
had a restricted ancestral distribution (Table 1, Fig. S7).
Host dispersal is known to be a driver of viral diversifi-
cation [69, 70] and implies a leptokurtic form of dissemi-
nation in which long-distance spread is achieved by small
proportions of the source population [71]. This determines
the establishment of isolated geographical groups within
which genetic variation is low in comparison to inter-group
variability. This agrees with our findings, as we observed
clades that included relatively similar sequences, that were
separated from each other by relatively longer branches
(Fig. 2; Tables 3, 4). On the other hand, and in agreement
with previous studies [27], we observed no association
between phylogeny and geographical patterns for geno-
types 2, 3, 5 and 6 and for network 4. In addition, the
prevalence of values smaller than one for the branch-
scaling parameter x (Fig. 4) indicates that geographical
range diversification reached a maximum while the overall
divergence was still progressing, which is consistent with a
scenario in which geographical dispersion has followed
diversification rapidly [63, 65]. Altogether, these findings
suggest an evolutionary dynamics in which geographical
isolation participates in viral diversification but is followed
by rapid dispersion to remote geographic locations, which
could explain why some viral lineages were geographically



Virus Genes (2012) 45:316-326

325

structured and some others were not. Given that Ostreo-
coccus strains from different clades present adaptations to
different light conditions [40], another plausible driver of
viral diversification could be the acquisition of selective
advantages in particular light niches [29]. In agreement
with this idea, geographically close but contrasting envi-
ronments can share few variant viral polymerase gene
sequences [66]. This could be the case of genotype 4 and
network 8, which grouped viral strains from relatively
nearby locations, all of which were obtained from clade D
Ostreococcus strains, which are capable of growing at a
wide range of light intensities [40].

Our analyses show that OVs constitute an interesting
model for the study of microbial biogeography. Although a
comprehensive OV dataset was used in this study, we think
that further studies will be needed to fully understand OV
phylodynamics. For example, all but one of the strains
clustered into genotype 7 were of Mediterranean Sea ori-
gin. This suggests that sampling more sequences from
other genotypes, such as, for example, genotype 4, which
in our dataset was represented by two strains, could provide
further evidence of dispersal. Likewise, studies integrating
information on the environmental conditions regnant at the
locations from which viruses were isolated with data on
these viruses’ genetic background will help to decipher the
role of adaptation in OV diversification.
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