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ABSTRACT

There is increasing evidence that holocarpic oomycetes, i.e., those converting their entire
vegetative thallus into zoospores upon maturation, are a phylogenetically diverse group in
both freshwater and marine ecosystems. Most of the known holocarpic oomycete species
diverge before the main split of Peronosporomycetes and Saprolegniomycetes and are, thus,
termed as early-diverging oomycetes. In environmental sequencing studies, it was revealed
that of the early-diverging genera especially Sirolpidium, Miracula, and Diatomophthora are
widespread. As in these studies especially the Arctic Ocean seemed to harbor many
undiscovered species, sampling was conducted at the Blavik research station on Faskrudsfjorour
in the East Fjords of Iceland, where there is both an influence from the Arctic Ocean and the
North Atlantic. During the screening for infected diatoms, a parasitoid was found in the
marine diatom genus Melosira, which is one of the most abundant genera in arctic ecosystems.
Molecular phylogenetics and morphological characterization revealed that the parasitoid
belonged to the genus Miracula and corresponded to one of the lineages previously found in
single-cell sequencing. Thus, the current study both contributes to the knowledge of the
genus Miracula and the increasing diversity of the genus suggests that the many linages
found in environmental sequencing which can still not be associated with known species
might represent actual species to be discovered in future studies.
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1. Introduction as well as one new species of Lagena, Lagena aus-
uennarstadhirensis [21]. The recently found species,
M. blauvikensis was the first species of the genus
that was found to be associated with a larger cluster
of sequences obtained from amplified genomes of
isolated single cells [11,15]. This finding prompted
the search for additional species of the genus and it
was the aim of this study to screen arctic coastal
diatoms for the presence of additional parasitoids of

the genus Miracula and to characterize them.

Diatoms are responsible for a major share of the
global photosynthesis, especially in marine ecosys-
tems [1,2]. At the same time, they are attacked by
various viruses [3,4], bacteria [5,6], fungi [7,8], and
oomycetes [9-12]. One of the most widespread
oomycete genera affecting diatoms is the recently
established genus Miracula [13], which has been iso-
lated both from marine [14,15] and freshwater
[16,17] environments, while environmental sequenc-
ing studies also suggested its widespread presence in
the Arctic Ocean [18]. The genus Miracula belongs
to the early-diverging oomycetes [19], and so far
contains exclusively holocarpic parasitoids of dia-
toms. Despite the richness and abundance of poten-

2. Materials and methods

2.1. Oomycete screening, sampling, and
morphological characterization

tial diatom hosts in the Arctic [20], arctic ecosystems
are so far hardly explored in terms of phytoplankton
pathogens. In some of our previous studies, we
already found several holocarpic oomycete diatom
parasitoids in Iceland, including three new species of
the genus Miracula, namely Miracula islandica [14],
M. einbuarlaekurica [17], and M. blauvikensis [15],

Samples with coastal diatoms were obtained at the
Blavik Biological Arctic Research Station, located on
Faskradsfjordur in the East Fjords of Iceland, by
scraping loose biofilm with mineralic material (sand
and seashell fragments) from flat stones in rockpools
and by collecting plankton as described earlier
[15,22,23] on August 6 and 8 2022 and April 4 2023.
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Samples were screened in 12.5cm Petri dishes using
an inverted microscope (Eclipse T1000, Nikon, Tokyo,
Japan). Infected diatoms were isolated using a micro-
pipette (Transferpette 10 pl, Brandt, Wertheim,
Germany) as described earlier [12]. The infected hosts
were collected into both ethanol (for obtaining speci-
mens for deposit) and water (for DNA extraction).
A low percentage of cells of the centric filamen-
tous diatom Melosira sp. was found to be infected by
a holocarpic oomycete, but infections increased after
incubation for several days as described previously
[17]. The morphology and life-cycle stages of the
parasitoid were documented using a compound
microscope equipped with DIC (Imager M2, Zeiss,
Oberkochen, Germany). Measurements were done
using AxioVision v7 (Zeiss, Oberkochen, Germany),
using calibrated photographs obtained by an AxioCam
(Zeiss, Oberkochen, Germany). Dual cultures were
attempted as outlined in [15]. While those attempts
were unsuccessful in 2022, a dual culture could be
achieved in 2023 and host and parasitoid dual cul-
tures are available from the authors upon request.

2.2. PCR, sequencing, and phylogenetics

PCR and sequencing for obtaining partial nuclear
small ribosomal subunit (18S) and mitochondrial
cytochrome oxidase subunit 2 (cox2) sequences was
done as described previously [23]. While the 18S locus
has been widely used for phylogenetic investigations
in early-diverging oomycetes (e.g., [13]), the cox2
molecular barcode is especially suited for species-level
differentiation in oomycetes [24]. Sequences were
deposited in GenBank under the accession numbers
PP492446 (isolate from 2022) and PP492447 (isolate
from 2023) for SSU and PP503200 (isolate from 2022)
and PP503201 (isolate from 2023) for cox2.
Alignments were done using muscle [25], as
implemented in MEGA11 [26] using —600 as gap
opening penalty and -8 as gap extension penalty.
The alignments are provided as Supplementary File 1
(18S) and Supplementary File 2 (cox2). Phylogenetic
analyses were done on the TrEase webserver [26]
using FastTree2 [27] for minimum evolution (ME)
and RAxML ([28] for maximum-likelihood (ML)
inference, each with the standard settings of the
server. Phylogenetic trees were visualized and sorted
stepwise up in MEGAL11 [29], and exported as encap-
sulated metafile for adjusting and editing labels in
Microsoft PowerPoint 2013 (Microsoft, Redmond, CA).

3. Results

3.1. Morphology and life-cycle

The infection cycle started when zoospores settled
and encysted on the surface of the host frustules.

Subsequently, the cysts germinated to produce a very
fine penetration tube extending through the girdle
bands into the host cytoplasm. In early stages, the
thallus was barely visible due to the dense plastid
arrangement in the host. Once established, the thal-
lus underwent rapid growth and became more visi-
ble (Figure 1(A)).
holocarpic oomycetes parasitizing diatoms, the host
phaeoplasts retained their integrity over most of the
maturation process of the parasitoid and also the
cytoplasm did not show intense degradation through-
out the longer part of the infection. In some cases,
phaeoplasts seemed little affected even after spore
discharge (Figure 1(C)), while sometimes the cyto-
plasm and phaeoplasts degraded (e.g., Figure 1(A,B)).
Host cells normally contained one or two spherical
to irregular-shaped endobiotic holocarpic thalli, but
occasionally more than 5, compacted tightly within
the frustule. The opaque silvery amorphous thalli
were 15-50um by 20-70pm in diameter when sin-
gly, but smaller in multiple infections. At thallus
maturity, the thalli were swelling, forcing apart the

In contrast to most other

host valves until the thalli, which very surrounded
by a very thin, colorless wall, came in contact with
the surrounding medium. At this stage of the infec-
tion, well-differentiated zoospores were visible, which
usually encysted before vigorous swimming. While
the thalli became exposed to the surrounding
medium, usually 1-2 short, broad conical discharge
tubes developed. Subsequently, the cysts, which were
5-8 um in diameter and surrounded by a very thin
cell wall, germinated by producing a single zoospore.
Cyst germination was mostly almost simultaneous,
and the zoospores produced were broadly reniform
to sublenticular 6-8 pum long, 5-7 um broad, swim-
ming away randomly in uneven rotation after leav-
ing through the exit tubes. After few minutes of
motility, zoospores started to rest. Resting cell ger-
mination was not observed and no sexual stages
could be differentiated.

3.2. Phylogeny

In nrSSU sequences, the parasitoids from Melosira sp.
from 2022 and 2023 were identical and grouped
together with maximum support in the ME analysis
(Figure 2). The sequences were found to be almost
identical to a sequence obtained from a single cell of
Melosira sp. in a previous study [11], with just one
indel in the aligned nrSSU sequence. The monophyly
of this group received high bootstrap support in the
ME phylogenetic inference but no support in the ML
analysis. This group was resolved as the sister clade to
Miracula islandica parasitizing Minidiscus, but with
low support. The two species grouped together with a
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Figure 1. Morphological characteristics of Miracula polaris. (A) Early infection stages until zoospore maturation; (B, C) late
stages of infection: (B) formation of primary cysts; (C) zoospore release; (D) empty cysts (asterisk) in the host cell after the
release of secondary zoospores. The scale bar equals 50 pm in all pictures.

clade consisting of M. helgolandica parasitizing
Pseudo-nitzschia pungens and two lineages known
only from environmental sequencing. This clade with
three parasitoids that have been morphologically char-
acterized was resolved as monophyletic with maxi-
mum support in both ME and ML. Its sister clade
was the freshwater clade of Miracula with M. einbuar-
laekurica and M. moenusica, which received strong
bootstrap support for its monophyly (92% in ME and
96% in ML). The two clades grouped together with
maximum support in both ME and ML. Together
with a deeply divergent clade that contained M. blau-
vikensis, they represented the genus Miracula, which
monophyly received maximum support in both ME
and ML. Interestingly, some higher-level relationships
were resolved in the ME-based tree, e.g., the monoge-
neric Pontismatales were resolved as monophyletic
with moderate support (81%) in the ME inference,
and the grouping of the filamentous oomycete lin-
eages (the crown clades plus Haliphthorales) received
weak to moderate bootstrap support in ME (70%).
In the phylogeny based on cox2 sequences (Figure
3), the parasitoid on Melosira sp. found in this study
revealed to be identical to the single-cell sample from
the same host genus by Garvetto et al. [11]. Thus, this
group that also had a long branch until the next
bifurcation received maximum support in both ME

and ML. It was further grouped together with a
sequence from another single-cell sample. Similar to
the situation found in previous studies (e.g., [23]),
cox2 did not provide good resolution above the spe-
cies level, due to its high variability.

4. Taxonomy

Based on its phylogenetic position, host, and mor-
phological characteristics, the parasitoid of Melosira
sp. found in this study is described as a new species.

Miracula polaris Buaya & Thines, sp. nov,
MycoBank MB 852870

Etymology - Referring to the habitat in close to
the Arctic Circle.

Description - Thallus parasitic in the diatom
genus Melosira, silvery, 15-50pum by 20-70pm in
diameter when singly, smaller in multiple infections,
surrounded by a very thin, colorless wall at maturity,
leading to a swelling of infected cells, forcing apart
the host valves. Discharge tubes broad, conical,
10-15 um at the base and 5-8 um at the top.
Primary zoospores roundish, 5-8 pm in diameter,
encysting within the host cell before release. Cyst
germination often almost simultaneous. Secondary
zoospores broadly reniform to sublenticular 6-8 pm
long, 5-7 pum broad, swimming away randomly in
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Figure 2. Phylogenetic reconstruction in minimum evolution based on partial nrSSU sequences. Numbers near nodes repre-
sent bootstrap support values in minimum evolution and maximum likelihood. A minus sign denotes lack of support for the

presented or an alternate topology.

uneven rotation after leaving through the exit tubes.
Sexual reproduction not observed.

Diagnosis - Differs from known species of
Miracula by producing cysts inside the thallus before
escaping from discharge tubes.

Type: Iceland, Faskradsfjordur, Blavik, parasitic in
cells of Melosira sp., collected by Marco Thines on
April 4 2023, deposited in the Herbarium
Senckenbergianum (FR) under the accession number
FR-0046168.

5. Discussion

Holocarpic oomycetes are widespread yet elusive
organisms, due to their small size and their mostly
obligate biotrophic nature [19]. However, as their
importance for natural ecosystems is increasingly
realized [30], research in these organisms has accel-
erated over the past years [10,13,22,23,31,32]. With
the broader use of environmental barcoding, it
became apparent that oomycetes are potentially
diverse in the marine realm [11,18,33].

The study of Hassett et al. [18] suggested that
the Arctic Ocean harbors a huge diversity of holo-
carpic oomycetes and Garvetto et al. [11] provided
host information for some lineages that enabled a
more targeted screening for oomycetes in marine
diatoms. An interesting finding of Garvetto et al.
[11] was that the genus Melosira, which is wide-
spread throughout polar regions and can form mas-
sive blooms beneath sea ice [34], is host to a species
of Miracula. In this study, we were able to isolate
and characterize the parasitoid and to establish a
dual culture together with its host. Notably, the cox2
sequence of Miracula polaris was identical to the
single-cell sample used by Garvetto et al. [11], con-
firming the identity of the organisms and highlight-
ing that M. polaris might be a widespread species.

As still most lineages found by Hassett et al. [18]
and Garvetto et al. [11] have not been isolated, it
seems likely that many more species await discovery
in Polar Regions and beyond. At the same time, the
abundance of holocarpic oomycetes in environmen-
tal sequencing studies provides hints that oomycete
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Figure 3. Phylogenetic reconstruction in minimum evolution based on partial cox2 sequences. Numbers near nodes represent
bootstrap support values in minimum evolution and maximum likelihood. A minus sign denotes lack of support for the pre-

sented or an alternate topology.

parasitoids might be a major force regulating diatom
blooms in the global oceans [35].
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