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Cox2 community barcoding at Prince Edward Island reveals
long-distance dispersal of a downy mildew species and potentially
marine members of the Saprolegniaceae
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Abstract
Marine oomycetes are highly diverse, globally distributed, and play key roles in marine food webs as decomposers, food source,
and parasites. Despite their potential importance in global ocean ecosystems, marine oomycetes are comparatively little studied.
Here, we tested if the primer pair cox2F_Hud and cox2-RC4, which is already well-established for phylogenetic investigations of
terrestrial oomycetes, can also be used for high-throughput community barcoding. Community barcoding of a plankton sample
from Brudenell River (Prince Edward Island, Canada), revealed six distinct oomycete OTU clusters. Two of these clusters
corresponded to members of the Peronosporaceae—one could be assigned to Peronospora verna, an obligate biotrophic
pathogen of the terrestrial plant Veronica serpyllifolia and related species, the other was closely related to Globisporangium
rostratum. While the detection of the former in the sample is likely due to long-distance dispersal from the island, the latter might
be a bona fide marine species, as several cultivable species of the Peronosporaceae are known to withstand high salt concen-
trations. Two OTU lineages could be assigned to the Saprolegniaceae. While these might represent marine species of the
otherwise terrestrial genus, it is also conceivable that they were introduced on detritus from the island. Two additional OTU
clusters were grouped with the early-diverging oomycete lineages but could not be assigned to a specific family. This reflects the
current underrepresentation of cox2 sequence data which will hopefully improve with the increasing interest in marine
oomycetes.
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Introduction

Oomycetes are a diverse group of fungus-like eukaryotic mi-
croorganisms occurring in terrestrial, limnic and marine hab-
itats worldwide. They are classified within the kingdom
Straminipila together with diatoms, golden-brown and brown
algae (Baldauf 2003). Oomycete species are non-
photosynthetic and exhibit either a saprophytic or a pathogen-
ic lifestyle (Grenville-Briggs and van West 2005; Thines
2014). Saprotrophic oomycetes absorb nutrients from the dead
organic substrates they colonise, thereby playing an important
role in the decomposition and recycling of decaying matter
(Marano et al. 2016). In addition, oomycete zoospores sub-
stantially contribute to the pool of heterotrophic flagellates in
the plankton of marine habitats (Sime-Ngando et al. 2011).
Thereby, zoospores serve as source of essential compounds,
such as polyunsaturated fatty acids (PUFAs) and sterols for
zooplankton organisms (Marano et al. 2016).
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Representatives of the oomycetes are common in marine
environments (Grenville-Briggs et al. 2011) and well-known
to infect several planktonic (Drebes 1966; Gotelli 1971; Hanic
et al. 2009; Sparrow 1969) and benthic diatoms (Scholz et al.
2014; Scholz et al. 2016) as well as macroalgal and seagrass
species (Govers et al. 2016; Sekimoto et al. 2008a; Sekimoto
et al. 2008b), and nematodes (Beakes et al. 2012). Diatom
pathogens are potentially of great ecological importance as
they might play a role in the breakdown of plankton blooms
(Thines et al. 2015). Although parasitism is a frequent strategy
in most natural habitats, infectious disease agents were only
recently considered in food web analyses (Lafferty et al.
2008). Thompson et al. (2005) showed that parasites have
the potential to uniquely alter marine food web topology, es-
pecially in terms of chain length and the proportions of top,
intermediate and basal level species. Furthermore, parasites
and pathogens might also influence food web stability and
energy flow and should therefore receive more attention in
future investigations of marine food webs.

As the most basal lineages of the Oomycota are predomi-
nantly marine parasites (Beakes et al. 2012), oomycetes have
most likely evolved in the marine realm (Thines 2014).
However, of the roughly 2000 reported oomycetes species
so far, only about 60 have been described from marine envi-
ronments (Sparrow 1960; Nigrelli and Thines 2013; Bennett
and Thines 2020; Buaya and Thines 2020a). The identifica-
tion of marine oomycetes using morphological methods is
labour-intensive and time-consuming. In addition, species de-
termination is challenging due to the limited amount of avail-
able morphological characters (Bennett et al. 2017; Bennett
and Thines 2020). Several studies using molecular biological
methods have already revealed that morphological investiga-
tions have largely underestimated the diversity of terrestrial,
limnic and marine oomycetes (Bala et al. 2010; Hulvey et al.
2010; Man in ’t Veld et al. 2011; Singer et al. 2016; Thines
and Choi 2016). Furthermore, their impact on marine ecosys-
tems and/or prevalence in marine biotas remain virtually un-
known, despite some recent advances (Garvetto et al. 2018;
Hassett et al. 2019).

Community barcoding (DNA barcoding in combination
with high-throughput sequencing) can provide a fast and ac-
curate method to identify marine oomycete species with high
taxonomic resolution directly from a mixed plankton water
sample. In the TARA project, this technique was already suc-
cessfully used to explore patterns of the global photic-zone
eukaryotic plankton biodiversity, including oomycota (de
Vargas et al. 2015). Also utilising community barcoding,
Singer et al. (2016) detected highly diverse oomycete commu-
nities in peat bog micro-habitats. However, both studies were
based on the analysis of the V9 region of the nuclear gene that
encodes 18S rRNA, which on the one hand allows the detec-
tion of a broad range of eukaryotic taxa but on the other hand
does not show a high resolution on the species and even genus

level. The most common gene region currently used for the
identification of oomycetes to the genus or species level is the
internal transcribed spacer (ITS) region of rDNA (Robideau
et al. 2011). However, due to the lack of functional constrains
on this untranslated gene region, alignments of ITS sequences
can be hampered by large amounts of insertions and deletions,
which complicate species classification. Additionally, differ-
ences in alleles or among the multiple copies of the ITS can
even lead to the appearance of indels within a single oomycete
strain, as observed by Kageyama et al. (2007). Furthermore,
the resolution of ITS is insufficient to discriminate between
species in some groups (Choi et al. 2015b).

Based on the study of Choi et al. (2015a), the cox2 locus
seems to be an appropriate gene region to serve as a universal
barcode for the investigation of oomycetes, according to the
PCR efficiency and in terms of the intraspecific and interspe-
cific divergence. Furthermore, the cox2 locus was already
widely used in phylogenetic studies of various oomycete spe-
cies, wherefore the amount of available reference sequences,
especially for terrestrial species, is accordingly high (Choi
et al. (2015) and references therein). In comparison to cox1,
cox2 has some advantages, as it is more readily amplifiable
throughout oomycete diversity, has a slightly better perfor-
mance in delimitating species, and offers the possibility to
work with a partial barcode for short-read sequencing if de-
sired, due to an internal conserved region (Choi et al. 2015b).
Thus, we explore cox2-barcoding, which provides a high tax-
onomic resolution on the species level, to assess the presence
and diversity of oomycetes off the shore of Prince Edward
Island (Canada).

Methods

The sample analysed in this study was taken in November
2012 in the mouth of Brudenell River, Prince Edward Island
(PEI), which is a monitoring site for the occurrence of toxic
diatom blooms and can stand exemplary for samples from a
coast-shelf transition zone. The sampling took place within
the framework of the PEI Mussel Monitoring Program
(Smith and Ramsay 2012) which was carried out from
September 4 to December 13. For the sampling, an Apstein
net (20-μm mesh size, 1-m long, Hydro-Bios) was towed
through the water for 100 m around 1 km from the shore.
The concentrated plankton sample was rinsed into a 100-mL
bottle and filled up with 90% pure ethanol. The sample was
shipped to Germany and stored at −80 °C until DNA
extraction.

DNA isolation and PCR

DNA isolation was performed using the innuPREP Plant
DNA Kit from Analytic Jena AG, Jena, Germany, following
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the instructions of the manual for gDNA isolation from plant
material. From the 100-mL bottle, ~150 mg of sample was
transferred to a 2-mL tube and homogenised for 5 min at
25 Hz with the Mixer Mill MM 200 (Retsch, Haan,
Germany after adding metal beads of 3 mm and 1 mm in
diametre). As modifications form the instructions of the man-
ufacturer, lysis was carried out for 60 min, and for the final
DNA elution, we used 50 μL of elution buffer. Until further
use, the isolated DNA and the remaining part of the plankton
sample were stored at −20 °C and −80 °C, respectively.

For the community barcoding, the gene region cox2 was
amplified using the primer pair cox2F_Hud (5′-GGCA
AATGGGTTTTCAAGATCC-3′) and cox2-RC4 (5′-
ATTWAYNCCACAAATTTCRCTACATTG-3′) (Choi
et al. 2015; Hudspeth et al. 2003). Amplification was carried
out in a total volume of 25 μL using ~10 ng DNA. The reac-
tion mix contained 1× Phusion HF buffer, 0.2 mM dNTPs,
0.5 μM of each primer and 0.5 units Phusion polymerase.
PCR conditions were 2 min at 95 °C, followed by 35 cycles
of 20 s at 95 °C, 30 s at 50 °C, and 1 min at 72 °C, and a final
elongation for 6 min at 72 °C. PCR products were sent to
Eurofins Genomics (Ebersberg, Germany) for library prepara-
tion and sequencing on an Illumina MiSeq platform using the
paired-end (2 × 300 bp) option. Sequence reads were depos-
ited in the European Nucleotide Archive (PRJEB25385).

Illumina data processing

The Illumina adapter and primer sequences of the raw se-
quence pairs were trimmed using Trimmomatic (Bolger
et al. 2014). Quality filtration was performed using a window
size of 5 bp with an average phred quality score of 25 and a
read length cutoff of 220 bp. Furthermore, sequences includ-
ing ambiguous bases (Ns) were deleted, and sequences were
again filtered by keeping a minimum quality phred score of 3
per base using FastQFS (Sharma and Thines 2015).
Afterwards, related forward and reverse reads were
concatenated using custom perl scripts. Then the primer se-
quences were trimmed, and all reads were oriented in 5′-3′
direction. The prediction of operational taxonomical units
(OTUs) was carried out with the USEARCH v7 software
(Edgar 2010). For this, both a de-novo and a reference-based
chimera filters were applied. The minimum cluster size was
three reads using an identity cutoff of 99%.

Phylogenetic analyses

To separate the oomycete OTUs from other eukaryotic OTUs,
we first aligned the OTU sequences with the NCBI nucleotide
database (nt) using the BLASTn (Altschul et al. 1990) algo-
rithm and further analysed the result with MEGAN (Huson
et al. 2007). All OTU sequences which were assigned to
oomycetes were extracted and used for the subsequent

phylogenetic analyses. In addition, all OTUs were subjected
to BLASTn searchers against nt and top hits as well as related
species were added to the dataset. Subsequently, we generated
an alignment using MUSCLE (Edgar 2004) with default set-
tings as implemented in MEGA 7.0.26 (Tamura et al. 2011).
Sequences related to amplification artefacts (non-homologous
amplification) were manually detected based on their lack of
homology to the target regions and deleted from the set.
Afterwards sequences were trimmed to the same length. The
refined alignment (Supplementary information 1) was used
for the subsequent phylogenetic inference in MEGA 7.0.26.
Minimum evolution (ME) inference was calculated with 1000
bootstrap replicates using the same software using and apply-
ing the Tamura-Nei substitution model and default settings.
Maximum-likelihood (ML) inference was calculated, with
1000 bootstrap replicates using the Tamura-Nei substitution
model with 4 Gamma categories.

Results

Illumina data processing

The Illumina MiSeq sequencing resulted in about 9 million
paired-end sequence reads. The raw reads were processed for
Illumina adapter and primer sequences, and filtered in terms of
their sequencing quality and sequenced read length. Around half
(50.9%) of the reads passed these data-processing and data-
filtering steps. Afterwards, the oligomer and primer sequences
were clipped off, and all sequences were oriented in 5′ to 3′
direction, which resulted in 39,041 sequences reads. In the final
clustering step, we obtained 216OTUs represented bymore than
three reads. In the MEGAN analysis, 33 OTUs (19%) were
assigned to different oomycete lineages. The majority of the
other OTUs clustered with Straminipila and some other bikont
lineages. After homology checking, 3 OTUs resulting from off-
target amplification were manually removed.

Phylogenetic analyses

The final sequence alignment included 30 oomycete OTUs
and 37 reference sequences of ~ 240-bp length. Both of the
phylogenetic analyses, ME and ML, yielded highly similar
topologies, and we did not observe strongly supported incon-
sistencies. Hence, the bootstrap values from the ML inference
were included in the figure of the ME tree (Fig. 1). In the
phylogenetic analyses, the 30 oomycete OTUs clustered to-
gether in four distinct groups and two single OTUs,
representing six different oomycete phylotypes. Two groups,
comprising three and four OTUs each, were found to belong
to the oomycetes diverging before the main split into
Peronosporomycetes and Saprolegniomycetes. The groups
with 12 and 9 OTUs were both al located in the
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Peronosporaceae. While one group corresponded to
Globisporangium rostratum s.l., the other represented
Peronospora verna, a pathogen of Veronica serpyllifolia and
related species. The two single OTUs were placed in the
Saprolegniaceae, allied with the genera Pythiopsis and
Saprolegnia.

Discussion

Method

The analyses of the community barcoding data resulted in a
total number of 216 OTUs. MEGAN analyses showed that 33
of the OTUs derived from oomycetes, of which 3 represented
off-target amplifications, probably from mitochondrial inser-
tions in nuclear genomes. Thus, 15% of the OTUs were from
the desired target group, which is much higher than with un-
specific amplification of similar samples, e.g. using 18S
primers non-discriminating among eukaryotic linages
(Langer et al. 2017). However, improvements of the specific-
ity would be desirable, to reduce sequencing costs in large
scale sampling approaches.

At first glance, community barcoding seems to have re-
vealed rather low oomycete diversity (6 phylotypes) in the
investigated plankton community of the Brudenell River.
However, compared to the globally observed diversity of ma-
rine oomycetes in the TARA project, which encompasses 69
phylotypes from 334 size fractionated plankton samples (de
Vargas et al. 2015), the six highly distinct phylotypes found in
this study seems comparable. In conclusion, community
barcoding using the cox2 gene region with the primer pair
cox2F_Hud and cox2-RC4 likely reflects the oomycete diver-
sity present at the sampling site.

Oomycete diversity

The phylum Oomycota represents a large group within the
Straminipila, including marine, freshwater and terrestrial spe-
cies (Dick 2001a; Dick 2001b; Beakes et al. 2014; Beakes and
Thines 2017). Most of the early-diverging lineages are marine
organisms that are mainly parasites of seaweeds, diatoms, nem-
atodes and crustaceans (Thines and Kamoun 2010, Buaya and
Thines 2020a). Members of the most diversified classes
Saprolegniomycetes and Peronosporomycetes mainly occur in
freshwater and terrestrial ecosystems, even though the

Peronosporales harbour a variety of marine groups (Marano
et al. 2016, Bennett and Thines 2019; Bennett and Thines
2020). Although marine oomycetes have attracted renewed in-
terest during the last decade, little is known about their signif-
icance in ecosystem functioning (Strittmatter et al. 2008). There
are reports of oomycete infections in marine primary producers
(Grahame 1976; Hanic et al. 2009; Scholz et al. 2014;Wetsteyn
and Peperzak 1991), but it is unclear which role these play a
role in the breakdown of phytoplankton blooms.However, sap-
rophytic and pathogenic oomycetes might have important im-
pacts on marine ecosystem functioning including energy fluxes
and overall stability (Lafferty et al. 2006; Wood et al. 2007).
Besides, there is evidence that oomycetes are likely to play a
significant and similarly nuanced role in the biology and abun-
dance of their hosts (Strittmatter et al. 2008). An example for
this is that Eurychasma dicksonii infection of the sessile fila-
mentous brown alga Pylaiella littoralis might have a positive
influence on its distribution, by fragmenting the thallus of its
host (Wilce et al. 1982).

In line with the high genetic divergence among oomycete
lineages (Buaya et al. 2020), the phylogenetic reconstruction
did not resolve deep splits in Oomycota, but showed a good
resolution for the terminal nodes. In our phylogenetic analy-
ses, the two largest OTU groups were assigned to the family
Peronosporaceae. Interestingly, the largest OTU cluster
corresponded to Peronospora verna, a downy mildew of the
terrestrial plant Veronica serpyllifolia and related species.
Peronospora verna is an obligate biotrophic pathogen produc-
ing aerial conidia (Gäumann 1923). Veronica serpyllifolia has
been reported from various parts of Prince Edward Island
(Erskine 1960), and Peronospora species on that genus are
known to occur year-round at various plant life-cycle stages
(Thines and Kruse 2017). High spore loads can, therefore,
occur at any time of the year, and the air-borne nature of
downy mildews can also be used for an early warning system
for economically important species (Klosterman et al. 2014).
In conclusion, P. verna must have been introduced by long-
distance dispersal from suitable sites on Prince Edward Island.

The second OTU that was placed in the Peronosporaceae
was a member of the genus Globisporangium, closely related
to G. rostratum. Globisporangium rostratum is a wide-
spectrum opportunistic pathogen (Bruckart and Lorbeer
1982) and frequently isolated from unspecific substrates
(Pottorff and Panter 1997). Several species of the
Peronosporaceae, including species described in the genus
Pyhtium, are known to be highly salt-tolerant (Klockkova
et al. 2017), so it seems possible that the OTUs classified to
G. rostratum s.l. correspond to a marine saprotroph or para-
site. Alternatively, it is also conceivable that the species
reached the marine ecosystem on plant detritus it had
colonised on Prince Edward Island and was washed to the
sea. Further sampling and cultivation experiments will be
needed to ascertain the marine origin of this OTU.

�Fig. 1 Minimum Evolution phylogenetic tree inferred with MEGA
7.0.26 from the cox2 gene region. Numbers on branches denote
bootstrap values equal to or larger than 70% from 1000 replicates of the
minimum-evolution and maximum-likelihood analyses, at the first and
second position, respectively. Numbers next to the specific names of the
reference sequences are the NCBI accession numbers. The scale bar in-
dicates the number of substitutions per site
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Two of the six phylotypes (represented by one OTU, each)
were located within the Saprolegniaceae, with unclear genus
affinity. This is noteworthy, as Saprolegnia is considered a ter-
restrial genus, with infrequent incursions in brackish environ-
ments (Höhnk 1968; Dinçtürk et al. 2019). While it seems pos-
sible that the OTUs represent marine members of the
Saprolegniaceae not observed so far, it is also conceivable that,
similar to the situation in G. rostratum s.l., the saprolegniaceous
species were merely washed to the sea and have a terrestrial
origin. The question of which oomycetes are able to make the
transition between limnic, estuarine and marine habitats and at
least survive for some time at higher salinity is an important
knowledge gap in oomycete ecology, despite the potential im-
portance of this knowledge for farming and aquaculture.

The two remaining OTU clusters were assigned to the
early-diverging oomycetes, with unclear affinity. The early-
diverging linages are both marine and, without a known ex-
ception, parasites (Beakes et al. 2012; Buaya and Thines
2020a). During the PEI Mussel Monitoring Program, a sharp
decline in the population of the marine diatom Pseudo-
nitzschia was observed. Hanic et al. (2009) identified one
oomycete parasite infecting the diatom on-site, which was
recently described as a new genus and species, Miracula
helgolandica (Buaya et al. 2017). It seems possible that one
of the OTU clusters represents this species, but unfortunately,
no cox2 sequence is available for this enigmatic species, yet.
The other early-diverging OTU cluster might represent
Diatomophthora drebesii (Buaya et al. 2017) or related spe-
cies, which are also diatom parasitoids (Buaya and Thines
2020b). However, also for these species, no cox2 sequence
is available in sequence databases, yet. Thus, it remains un-
clear, which of the OTU clusters might be associated with
either Diatomophthora or Miracula. However, both OTUs
assignable to Diatomophthora and Miracula were recently
found to be the most abundant in the Arctic Ocean, but also
some OTUs assigned to the genus Pontisma were found fre-
quently (Hassett et al. 2019). Even though the identity cannot
be ascertained at present, with the steady growth of available
sequences for the cox2 barcoding locus (Choi et al. 2015), and
the fast pace at which new oomycetes from the marine envi-
ronment are being described (Hulvey et al. 2010; Bennett et al.
2017; Bennett and Thines 2017; Buaya et al. 2017, 2019;
Buaya and Thines 2020a, 2020b), it seems likely that in the
near future, a species-level assignment will be possible using
cox2-based community sequencing.
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