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Summary
Microbial communities have important functions during
spring phytoplankton blooms, regulating bloom dynamics and processing organic matter. Despite extensive
research into such processes, an in-depth assessment
of the fungal component is missing, especially for the
smaller size fractions. We investigated the dynamics of
unicellular mycoplankton during a spring phytoplankton
bloom in the North Sea by 18S rRNA gene tag sequencing and a modiﬁed CARD-FISH protocol. Visualization
and enumeration of dominant taxa revealed unique cell
count patterns that varied considerably over short time
scales. The Rozellomycota sensu lato (s.l.) reached a
maximum of 105 cells L−1, being comparable to freshwater counts. The abundance of Dikarya surpassed previous values by two orders of magnitude (105 cells L−1)
and the corresponding biomass (maximum of 8.9 mg C
m−3) was comparable to one reported for ﬁlamentous
fungi with assigned ecological importance. Our results
show that unicellular fungi are an abundant and, based
on high cellular ribosome content and fast dynamics,
active part of coastal microbial communities. The known
ecology of the visualized taxa and the observed dynamics suggest the existence of different ecological niches
that link primary and secondary food chains, highlighting the importance of unicellular fungi in food web structures and carbon transfer.
Introduction
The presence of fungi in marine ecosystems has long
been known, but their signiﬁcance largely overlooked.
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Only recently, through environmental sequencing surveys, has their ubiquitous distribution and high diversity
been revealed (Wang et al., 2014; Zhang et al., 2015;
Comeau et al., 2016; Taylor and Cunliffe, 2016; Duan
et al., 2018). Such studies have provided a valuable
base-line understanding of marine fungi but much more
work is required before we can understand their ecological roles and contribution to biogeochemical processes.
In particular, information regarding cellular abundances,
biomass and dynamics of dominant taxa over short-time
scales is lacking (Grossart et al., 2019).
Pelagic fungi (mycoplankton) in the coastal environment have been shown to represent a diverse range of
taxonomic groups and are able to accumulate considerable biomass, comparable to prokaryotes (Gutiérrez
et al., 2010). The structure of these communities appears
to vary with latitude and local inﬂuences, with evidence
suggesting a dominance by members of the Dikarya
(Ascomycota and Basidiomycota) or the Chytridiomycota
(Comeau et al., 2016; Hassett et al., 2016; Tisthammer
et al., 2016; Duan et al., 2018). Time-series data have
also highlighted the impact of seasons on community
composition and more speciﬁcally, changes in nutrients,
temperature and, with respect to certain taxa, phytoplankton (Taylor and Cunliffe, 2016; Duan et al., 2018; Banos
et al., 2020). To understand these driving factors further,
a few studies have tried to elucidate ecological roles for
the dominant fungal taxa and revealed the presence of
parasitism and saprotrophism within the water column
(Gutiérrez et al., 2016; Scholz et al., 2016; Cunliffe
et al., 2017). Cunliffe et al. (2017) isolated several annually recurring mycoplankton strains from the English
Channel and showed their ability to degrade
phytoplankton-derived polysaccharides. In the coastal
Arctic environment, Hassett and Gradinger (2016) used
epiﬂuorescence microscopy to visualize fungal parasitism
of diatoms in sea-ice and seawater while Ishida et al
(2015) described a great fungal taxonomic diversity associated with single freshwater phytoplankton cells. These
insights would suggest that mycoplankton are active
members of coastal ecosystems and likely perform
important ecological functions during phytoplankton
blooms. However, until now, none of the studies provide
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Mycoplankton dynamics over a phytoplankton bloom
short-time scale information on mycoplankton dynamics
over an entire phytoplankton bloom.
Spring phytoplankton blooms are annually recurring
phenomena in temperate and polar latitudes, responsible
for ﬁxing vast quantities of CO2 and supplying essential
organic matter to the ecosystem (Falkowski et al., 1998;
Field et al., 1998). This organic matter drives substantial
changes in the microenvironment, providing valuable
ecological niches and fuelling the respiration of heterotrophic picoplankton (Teeling et al., 2012; Buchan
et al., 2014). With evidence of saprotrophism and parasitism on diatoms being reported, it could be expected that,
as has been observed in a drinking water reservoir
(Zhang et al., 2018), phytoplankton blooms would drive
distinct changes within the fungal community, with differential effects across taxa reﬂecting their ecological
niches.
To understand an organism’s ecology and role within
an environment, information regarding its abundance is
of vital importance. Abundance data for mycoplankton
are scarce and efforts to retrieve such information have
been principally focused on freshwater systems with a
few, more recent marine studies adopting similar techniques. The most widely used approaches involve cell
wall staining with CalcoFluor White, a non-speciﬁc ﬂuorescent dye that binds to chitin and cellulose, and the
quantiﬁcation of ergosterol, a sterol biomarker mostly
restricted to the fungal kingdom. These methods have
provided invaluable insights into fungal ecology, from
determining the contribution of fungi to organic material
decomposition in lakes and streams (Ravelet et al., 2001;
Nikolcheva et al., 2003) to visualizing interactions with
phytoplankton (Rasconi et al., 2009; Gutiérrez
et al., 2016) and quantifying the biomass of larger septate
hyphae in a coastal upwelling system (Gutiérrez
et al., 2010). However, there are clear fundamental limitations, namely the inability to capture the whole fungal
kingdom. It has been shown that a number of fungal lineages lack ergosterol synthesis pathways, while nonfungal protists contain such systems (Weete et al., 2010),
and basal fungal lineages lack chitin in their cell wall in
some or all of their life stages (James and Berbee, 2011).
A more promising approach is FISH, which has already
provided considerable advancements in our understanding of aquatic bacterial ecology over the past two
decades (Pernthaler et al., 2002; Wagner and
Haider, 2012). A small number of studies have used a
targeted FISH approach to observe speciﬁc fungal taxa
in aquatic systems, typically focusing on the basal lineages that lack complex cell wall structures (Jobard
et al., 2010; Hassett et al., 2019), but no kingdom-wide
approach is currently available.
We aim to address current knowledge gaps while analysing the dynamics of unicellular mycoplankton in the
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0.2–10 μm size fraction over the entire course of a spring
phytoplankton bloom at the long-term ecological research
station (LTER), Helgoland Roads, Germany. An almost
daily sampling regime for high-throughput sequencing
was applied, revealing the short-time scale dynamics of
prominent groups and acting as a reference for the
design of 18S rRNA gene oligonucleotide probes. The
probes were designed at a phylum and OTU-level and
combined with a novel catalysed reporter depositionﬂuorescence in situ hybridization (CARD-FISH) protocol
to acquire accurate data on the morphologies and cell
abundances of dominant taxa.

Results
Phytoplankton bloom and physicochemical parameters
The 2017 spring phytoplankton bloom at Helgoland
Roads spanned from the 6th of April to the 17th of May,
with a maximum chlorophyll a peak of 10 mg m−3 occurring on the 28th April (Fig. 1). The bloom was dominated
by pennate diatoms (Fig. S1). During the sampling
period, distinct changes were observed in the measured
physicochemical parameters. Brieﬂy, temperature
increased from 5.2 C to 10.5 C and nutrient concentrations typically reached a maximum prior to the peak in
chlorophyll a, before decreasing signiﬁcantly (Table S1).

Mycoplankton community: structure, diversity and
potential impact of environmental parameters
A total of 166 653 sequence reads were classiﬁed as
fungi and clustered into 681 operational taxonomic units
(OTUs), spanning 36 orders and 16 classes of ﬁve phyla.
By inserting sequences phylogenetically into the fungal
reference tree, it was possible to capture and classify so
far undescribed taxa at different taxonomic levels. In
total, two clades representing novel diversity were designated under the Ascomycota, two under the
Basidiomycota, and three within the Rozellomycota s.l.
(Fig. S2).
The most prevalent phyla, in descending order, were
the Basidiomycota, Rozellomycota s.l., Ascomycota and
Chytridiomycota. Although a large diversity was identiﬁed
within these phyla, each was dominated by only a few
OTUs (Fig. 1). The ﬁve most abundant OTUs in the
dataset represented >70% of the reads and were identiﬁed as: OTU163 (Microbotryomycetes s.l. Clade
1) = 36% of reads, OTU209 (Rozellomycota s.l. Clade
3) = 14% of reads, OTU472 (Ascomycota s.l. Clade
1) = 13% of reads, OTU333 (Chytridiomycetes) = 6.1% of
reads and OTU571 (Rozellomycota s.l. Clade 2 sub
clade 1) = 4.6% of reads. The ﬂuctuations in these OTUs
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Fig 1. Relative read abundance of the dominant OTUs within each phylum (bars) along with the chlorophyll a values (line) as a proxy for the phytoplankton bloom (s.l. = sensu lato). [Color ﬁgure can be viewed at wileyonlinelibrary.com]

were largely responsible for the dynamics observed at a
lower taxonomic resolution.
The community composition in the pre-bloom period
was the most taxonomically rich, as indicated by Chao1
and Shannon diversity indices (Fig. S3), with considerable
contributions
from
the
Chytridiomycetes,
Rozellomycota s.l. clade 2 and clade 3, Ascomycota s.l.
clade 1 and Eurotiomycetes (Fig. S4). After the ﬁrst week
of sampling, distinct shifts were observed, most notably a
decrease of Chytridiomycota and Eurotiomycetes, coinciding with an increase in Rozellomycota s.l. clade 3 and
a less pronounced increase in Microbotryomycetes. With
the on-set of the phytoplankton bloom, an alternating
dominance pattern was observed between the Microbotryomycetes and lineages of the Rozellomycota s.l.
phylum, particularly clade 3. This dynamic persisted until
the decline in chlorophyll a, which coincided with a signiﬁcant reduction in the contribution of Rozellomycota s.l.
clades and Chytridiomycota, while Microbotryomycetes
remained dominant (Fig. S4).

Assessing the inﬂuence of the measured parameters
using a redundancy analysis resulted in 56% of the variation in OTU dynamics being constrained (Fig. S5). However, to more accurately determine the statistically
signiﬁcant parameters, a forward stepwise model building
was carried out. This concluded that temperature and
chlorophyll a combined, provided the best, statistically
signiﬁcant, model for understanding the observed variations of mycoplanktonic community structure, although
they only captured 17% of the variation. When analysing
only the most dominant OTU from each phyla, temperature was identiﬁed as the most inﬂuencing parameter,
positively associated with Microbotryomycetes OTU163
while negatively associated to the Chytridiomycota
OTU333 and Rozellomycota s.l. OTU571. Chlorophyll
a concentration and diatom abundance also showed a
positive association to OTU163 and the Ascomycota
OTU472
respectively.
Contrarily,
the
dominant
Rozellomycota s.l. OTU209 showed no relation to any of
the tested variables (Table 1).
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CARD-FISH results
Applying our modiﬁed CARD-FISH protocol to 26 samples
(of the 0.2–3 μm and 3–10 μm fraction) over the bloom
resulted in successful, bright signals being observed for
each of the designed probes. For the Ascomycota and
Basidiomycota probes, the signals originated from single
cell forms, typically ovoid in shape with a diameter of
2–7 μm (Fig. 2). The combination of the FBas_757 probe
with CalcoFluor White staining further conﬁrmed the cells
to be of fungal origin (Fig. S6). Filamentous structures
were almost entirely absent from the samples and the
very few observed were not included in the analysis. The
cell counts provided for the Dikarya (summed FBas_757
and FAsc_1094 counts) were derived solely from the
3–10 μm fraction, as no signals were observed in the
0.2–3 μm fraction. Enumeration of the signals in the
3–10 μm fraction revealed distinct ﬂuctuations in abundance over the sampling period (Fig. 3A), which often differed from the tag-sequencing results. The Ascomycota
were initially present in low abundance (6.9 × 103 cells
L−1) but exhibited two peaks, the ﬁrst following the on-set
of the phytoplankton bloom (3.6 × 104 cells L−1) and the
second occurring after the chlorophyll a maximum (7.4 x
104 cells L−1). A similar pattern was observed for the
Basidiomycota, although the maximum values were signiﬁcantly higher. The second, and most pronounced,
Basidiomycota peak reached 2.6 × 105 cells L−1. The
Pucciniomycotina, as expected, agreed with the
Basidiomycota dynamic, except lower abundances were
reached (maximum 1.1 × 105 cells L−1).
With respect to the Rozellomycota s.l., the two OTUlevel probes both revealed ovoid cell shapes with diameters ranging from 1–3 μm. Despite this cell size range,
only 15%–32% of the cell counts were derived from the
0.2–3 μm fraction (Table S2). Enumeration of signals in
both fractions resulted in the same abundance patterns
over the bloom and, therefore, the values were combined
and analysed as one. The resulting counts revealed distinct dynamics between the two OTUs (Fig. 3A). OTU571
was at the highest abundance, 2.8 × 104 cells L−1, in the
ﬁrst 2 weeks of sampling and reduced considerably with
the on-set of the phytoplankton bloom, remaining in low
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but consistent abundance from thereon. In contrast
OTU209 was in low abundance initially and showed a
sharp increase with the on-set of the phytoplankton
bloom followed by a gradual, step-like decrease, with a
maximum abundance of 1.06 × 105 cells L−1.

Dikarya biomass and driving environmental parameters
The per cell biovolume of Dikarya cells identiﬁed using
CARD-FISH ranged from 4.19 μm3 to 179.59 μm3, with an
average of 33.51 μm3. The average biovolume was used
to calculate the total biomass of Dikarya yeast-like cells in
each sample, applying the yeast-speciﬁc conversion factor
proposed by van Veen and Paul (1979) of 1 μm3 = 0.8 pg
C. The total biomass ranged from 0.37 mg C m−3 to 8.9 mg
C m−3 after the chlorophyll a peak, almost a 30-fold
increase (Fig. 3B). Statistical analyses identiﬁed temperature and silica as the most inﬂuencing factors, explaining
45% of the Dikarya biomass variation (Table 2). The same
variables were the most inﬂuencing on the Basidiomycota
abundance. The variation in Ascomycota was best
explained by Dinoﬂagellate abundance, while the OTU571
was most inﬂuenced by salinity. Similarly to the relative
abundance variation, the absolute abundance of OTU209
showed no signiﬁcant relation to the tested variables.

Discussion
Currently, our knowledge on marine mycoplankton is
largely derived from tag-sequencing data while quantitative information is scarce (Grossart et al., 2019). Therefore, we modiﬁed a CARD-FISH protocol using pure
cultures to cover most major groups within the fungal
kingdom and subsequently applied it to the 0.2–3 and
3–10 μm fraction of the fungal community during a spring
phytoplankton bloom. Aquatic fungi in this size range
have been well-studied in freshwater environments where
they perform several ecologically important roles; these
include parasitism on phytoplankton (Kagami et al., 2007;
Sime-Ngando, 2012), acting as a valuable food source
for zooplankton (Frenken et al., 2018) and saprotrophic
degradation of pollen (Wurzbacher et al., 2014), leaf-litter

Table 1. Results of stepwise model building in ’both’ directions with permutation tests (P < 0.05) using the normalized sequence read abundance
of the top ﬁve most abundant OTUs and environmental parameters.

OTU name/taxa

Signiﬁcant environmental parameters

OTU163 (Microbotryomycetes)
OTU209 (Rozellomycota sensu lato Clade 3)
OTU472 (Ascomycota Clade 1)
OTU333 (Chytridiomycetes)
OTU571 (Rozellomycota sensu lato Clade 2)

Temperature + chlorophyll a
NA
Diatoms
Temperature
Temperature

Linear regression coefﬁcient

Linear regression
adjusted R2 value

0.24
NA
0.046
−0.07
−0.05

0.257
NA
0.007
0.48
0.23
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Fig 2. CARD-FISH images of typical cell morphologies identiﬁed in this study. Photos taken on a Zeiss Axio D2 Imager at 100x magniﬁcation. In
images A and B: blue = DAPI and green = probe, in images C and D: orange/yellow = Sybr Green and red = probe. A. and B. Basidiomycota
probe, C. OTU209 (Rozellomycota s.l. clade 3) probe and D. OTU571 (Rozellomycota s.l. clade 2) probe. [Color ﬁgure can be viewed at
wileyonlinelibrary.com]

(Nikolcheva et al., 2003) and particulate organic matter
(Wurzbacher et al., 2015). In contrast, they remain largely
understudied in the marine environment. We combined
the modiﬁed CARD-FISH protocol with an almost daily
tag sequencing sampling regime resulting in (i) the identiﬁcation of short-time scale dynamics of the mycoplankton
community, (ii) the ﬁrst taxon- and OTU-speciﬁc cell numbers (and biomass) for dominant mycoplankton and
(iii) the ﬁrst visualization of Rozellomycota s.l. in the
marine environment.
The mycoplankton community was characterized by a
high diversity of OTUs spanning across the fungal kingdom, branching with well-known organisms or within clusters formed solely by novel diversity. The majority of reads
were assigned to the Ascomycota, Basidiomycota and
Rozellomycota s.l. but, despite the diversity found, each
phyla was dominated by only one or two OTUs. The low
number of temporally dominant OTUs seems to be a general pattern of mycoplankton communities in coastal environments (Taylor and Cunliffe, 2016; Picard, 2017), where
they can peak in abundance several times a year and be
categorized according to such patterns (Banos
et al., 2020). The ﬂuctuations can be attributed to a direct
or indirect effect of periodically changing environmental

conditions, typical of coastal environments (Jeffries
et al., 2016; Taylor and Cunliffe, 2016; Duan et al., 2018;
Banos et al., 2020). Important factors include periodic
transport of water masses with riverine inputs, tidal mixing,
wind forcing and sediment resuspension (Tian
et al., 2009). Helgoland Roads is not strictly a coastal environment but is positioned at a transition zone between
coastal and off-shore waters, resulting in varying inﬂuences and a dynamic system (Hickel et al., 1992; Wiltshire
et al., 2010). However, multi-year studies conducted on the
spring phytoplankton bloom at Helgoland Roads have
reported recurring patterns in the bacterial community that
are driven by speciﬁc substrate niches (Teeling
et al., 2016; Chafee et al., 2018). Similar to the bacterial
community, the shift in dominance from Rozellomycota s.l
in pre- and early- bloom stages to Basidiomycota in mid- to
late-bloom stages reported here, likely also reﬂects their
occupation of distinct ecological niches rather than direct
effects of ﬂuctuating abiotic conditions.
The Dikarya
The OTUs assigned to the Dikarya were either clustered
with well-known yeast or dimorphic fungi (Kurtzman
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Fig 3. Fungal cell count and biomass values.
A. Absolute abundance of dominant fungal taxa enumerated using CARD-FISH (lines) with the chlorophyll a values as a proxy for the phytoplankton bloom (area) (Roz. = Rozellomycota).
B. Total yeast biomass calculated by applying a conversion factor on the cell count values of Ascomycota and Basidiomycota. [Color ﬁgure can
be viewed at wileyonlinelibrary.com]

Table 2. Results of stepwise model building in ‘both’ directions with permutation tests (P < 0.05) using the absolute, CARD-FISH derived, cell
counts and biomass values of dominant fungi OTU/taxa and measured parameters.
Name

Signiﬁcant environmental parameters

Ascomycota
Basidiomycota

Dinoﬂagellates
Temperature
+ silica
Nitrate
Salinity
NA
Temperature
+silica

Pucciniomycotina
OTU571
OTU209
Dikarya biomass

et al., 2011) or formed novel branches on the phylogenetic tree. Within the Basidiomycota, such groups
included the genera Symmetrospora (including the previously named Rhodotorula and Sporobolomyces(Wang
et al., 2015; Wijayawardene et al., 2020)) and
Rhodosporidium, and within the Ascomycota, the classes

Linear regression coefﬁcient

Linear regression adjusted R2 value

−0.048
0.09
−0.05
0.05
0.13
NA
0.12
-0.004

0.27
0.57
0.27
0.65
NA
0.41

Saccharomycetes, Eurotiomycetes and Leotiomycetes.
The dominance of yeast(-like) forms could be expected
from the size fraction sampled, which could also include
spores or fragmented hyphae. Application of our modiﬁed
CARD-FISH protocol with phylum and sub-phylum level
probes further supported this. Fluorescent signals were
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observed for ovoid and ellipsoidal cell shapes with a
diameter of 2–7 μm. The cell morphologies and taxonomic afﬁliation of dominant OTUs lead us to believe that
these are yeast cells or yeast-like cell stages of dimorphic fungi. It is important to note that the presence of
spores, like those from ﬁlamentous fungi, cannot be
completely excluded, but sporulation in water is reduced
and the release is often passive (Heitman et al., 2017).
Furthermore, the highly dynamic cell abundance patterns
combined with the bright hybridization signals observed
under the microscope make us believe that the majority
of the visualized cells are metabolically active.
The cell counts of yeast(-like) Dikarya reported here,
105 cells L−1, are two orders of magnitude higher than
those previously reported for coastal and heavily polluted
environments using traditional light microscopy (Kutty
and Philip, 2008). It is also likely that our values do not
represent the annual maximum. Meyers et al. (1967) enumerated pelagic yeasts at Helgoland Roads over 3 years
and reported seasonal variations with peak values in the
third quarter of the year. The ability for the cell counts to
reach such values and change dramatically over short
time scales is likely owing to the division forms and cell
cycles of yeasts. In laboratory cultures, doubling times as
short as 100 min have been shown for budding yeasts
(Slater et al., 1977). However, Mitchison-Field
et al. (2019) recently identiﬁed new division forms in
marine isolates, such as spherical division, multiple budding or readily transitioning between both in a single generation, allowing for a single mother cell to generate
several daughter cells at once. These ﬁndings highlight
our currently limited knowledge on marine yeast ecology
and the need for modern microscopy-based techniques,
such as the CARD-FISH protocol presented here, to be
incorporated into environmental surveys.
In order to compare our ﬁndings with more recent studies and provide additional ecological data, we converted
our cell counts to biomass. The total Dikarya biomass
reached a maximum of 8.9 mg C m−3 following the chlorophyll a peak, with an average of 2.2 mg C m−3. In Arctic coastal seawater, the average fungal biomass has
been reported as 1.02 mg C m−3 by Hassett et al. (2019)
using an ergosterol-based method. However, due to
those values representing all planktonic size-fractions,
the total biomass of the unicellular Dikarya is likely much
lower. Generally, the lower biomass reported in the Arctic
samples is expected, reﬂecting the lower productivity of
this ecosystem in comparison to a temperate site in
spring. In comparison, Gutiérrez et al. (2010) quantiﬁed
the biomass of septate hyphae in a three-year monitoring
programme in the Chilean upwelling system using
CalcoFluor-White staining and epiﬂuorescence microscopy. They reported signiﬁcant seasonal variations in
carbon biomass with peak values coinciding with high

phytoplankton productivity, but typically the values rarely
exceeded 10 mg C m−3; similar to the maximum values
reported here (8.9 mg C m−3). This is surprising, due to
the nutrient rich system sampled by Gutiérrez
et al. (2010) and their focus on fungal structures that, due
to their morphology, already have a signiﬁcantly higher
biomass than unicellular fungi. We have to note that due
to limited data on yeast biovolume to biomass conversion, the biomass calculated here may be a slight overor under-representation. Despite this, the rapid change in
abundance and biomass over such short time scales indicates that yeast(-like) Dikarya are actively playing a role
during spring phytoplankton blooms.
Yeasts are known to be metabolically versatile and
have the capacity to use a wide range of carbon sources,
although they preferentially metabolize carbohydrates
(Gancedo, 1986). This versatility is reﬂected in the distribution of aquatic yeasts, which have been isolated from
solid substrates such as particulate organic matter (POM)
(Wurzbacher et al., 2014, 2015) and macroalgae (Loque
et al., 2010; Francis et al., 2016), and associated with
polycyclic
aromatic
hydrocarbon
transformation
(MacGillivray and Shiaris, 1993) and changes in dissolved organic matter (DOM) concentrations (Jørgensen
and Stepanauskas, 2009; Wurzbacher et al., 2014). Their
distribution has also been suggested to reﬂect the trophic
condition of the environment, with cell densities increasing with pollution and algal blooms (Hagler and
Mendonça-Hagler, 1981; Hagler, 2006). Reported associations with algae and algal-derived organic matter would
suggest that, like their terrestrial counterparts, they are
performing saprotrophic roles. Cunliffe et al. (2017) provided initial evidence supporting this, showing assimilation of algal-derived particulate organic carbon by a
basidiomycetous yeast during labelled-substrate experiments. The shear diversity in composition and structure
of released organic matter during a phytoplankton bloom
(Suksomjit et al., 2009; Thornton, 2014) could provide a
substantial source of nutrients for yeasts and is likely the
driving factor behind the dynamics observed in this study.
Whether the preferred substrates are of particulate or dissolved origin is yet unclear. Microscopy observations in
this study showed evidence of ‘particle-associated’ and
‘free-living’ single-cell Dikarya. Ecologically speaking,
attaching to solid substrates such as particles provides
numerous advantages in a dilute medium like seawater,
as it acts as a nutrient hotspot and prevents loss of substrate and enzymes during osmotrophic growth. However, their ability to use a broad set of carbon sources,
from alcohols and amino acids to hexose sugars and
two-carbon compounds (Rosa and Péter, 2006), may
allow them to occupy broad niches of dissolved substrates during phytoplankton blooms. Most likely, they do
not strictly use DOM or POM but a combination of both. It
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could be anticipated that pelagic yeasts are capable of
steady growth from the diverse DOM substrate pool but
can grow and reproduce faster when adsorbed to POM
particles.
The observed growth dynamics of Basidiomycetous
yeasts in this study, an 11-fold increase over 1 week, surpasses what has previously been recorded for the most
responsive bacterial taxa: a ﬁvefold increase in 1 week
(Teeling et al., 2012). This magnitude of growth would
suggest that, like responsive bacterial taxa during phytoplankton blooms, these yeasts represent opportunistic rstrategists, responding rapidly to the availability of metabolizable substrates. Therefore, as has been previously
suggested, we believe that yeast(-like) Dikarya contribute
to the degradation of organic material released during a
phytoplankton bloom and are thus capable of fueling the
mycoﬂux (Grossart et al., 2019).
The Rozellomycota sensu lato
The Rozellomycota are an understudied phylum that
forms one of the earliest diverging fungal lineages
(Tedersoo et al., 2018). Their phylogenetic positioning
has been determined mostly from environmental
sequences (Lara et al., 2010; Jones et al., 2011), leading
to much debate about their afﬁliation to other fungal taxa
and closely related organisms (James et al., 2013;
Letcher and Powell, 2018; Wijayawardene et al., 2020).
Microscopy-based studies have revealed a multistage life
cycle consisting of an obligatory parasitic stage and a
motile zoosporic stage, which lacks chitin in the cell wall
(James and Berbee, 2011; Jones et al., 2011). Proteomic
and genomic features of Rozellomycota also indicate a
parasitic lifestyle, with the absence of many primary
metabolism genes, such as those involved in de novo
nucleotide synthesis, suggesting host-dependency
(James et al., 2013; Torruella et al., 2018). Until now,
only one genus and less than 30 species have been
described (Letcher and Powell, 2018). Therefore, it is no
surprise that the high number of OTUs reported here
formed several new clusters within the phylogenetic tree.
This high novel diversity has so far hindered accurate
detection in environmental sequencing surveys, culminating in contradictory distribution data. In pelagic marine
systems, the Rozellomycota are typically reported to be
present in low but stable abundances (Livermore and
Mattes, 2013). However, a study conducted across large
regions of the Baltic Sea suggested that at some sampling sites, they were the dominant taxa within the
mycoplankton community (Rojas-Jimenez et al., 2019).
This latter ﬁnd reﬂects the patterns observed in lacustrine
ecosystems (Rojas-Jimenez et al., 2017) where, in some
cases, they can be the most prominent protistan group
(Taib et al., 2013). The high diversity identiﬁed in our
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dataset, is in agreement with the data from the TARA
ocean expedition that revealed a relatively large and
diverse pool of free-living parasites in the eukaryotic
pico-nanoplankton of the photic zone (de Vargas
et al., 2015). The rich diversity of such organisms was
suggested to reﬂect the myriad abundant hosts. Similarly,
the high diversity of OTUs assigned to Rozellomycota s.l.
identiﬁed here, likely reﬂects the broad host range of this
phylum. Previous studies have reported smaller phytoplankton taxa, stramenopiles and other fungal taxa as
hosts. Thus, they are secondary consumers in both producer and detritus based food webs, which may have
marked effects on food web dynamics (Gleason
et al., 2012).
To further investigate the dynamics of the dominant
members of the Rozellomycota s.l., we designed highly
speciﬁc probes for the two most prominent OTUs. The
successful visualization of ovoid cells using the OTUspeciﬁc probes represents, to our knowledge, the ﬁrst
microscopy evidence of this phylum in the marine environment. Jones et al. (2011) had previously detected
Rozellomycota in freshwater samples, but application of
the same probes to marine samples resulted in no signals. We assume this was due to the high speciﬁcity of
the probes used, as they covered only a fraction of the
phylum, as represented in our database. With the probes
developed here, we report maximum cell numbers of 105
cells L−1, constituting up to 46% of total fungal cell counts
with CARD-FISH. The observed cell shapes and sizes
(1–3 μm) are in accordance with those previously
described for freshwater motile zoospores, while resting
spores are typically larger (>10 μm) (James and
Berbee, 2011) and thus are not in the size-fraction sampled here. Despite this cell size, the majority of cells were
found on the 3–10 μm fraction. However, this is likely an
artefact of ﬁltration and inﬂuenced by the high concentration of organic material on the ﬁlters. It is important to
note that the speciﬁcity of our approach likely underrepresents the actual number of Rozellomycota s.l. in the
samples, as we targeted solely the two most abundant
OTUs. In comparison, cell abundances in freshwater
environments have been reported at values up to 106
cells L−1. In such systems, zoosporic fungi, like
Chytridiomycota and Rozellomycota, are an important
component of food web structures (Gleason et al., 2012;
Sime-Ngando, 2012; Voigt et al., 2013). They infect large,
grazing-resistant phytoplankton species and use the
host’s nutrients and organic material to form new zoospores, which can be grazed by zooplankton. Thus, zoospores provide an important trophic link between
phytoplankton and zooplankton, termed ‘mycoloop’,
which may shape aquatic systems by altering food web
dynamics and sinking ﬂuxes (Kagami et al., 2014). Since
our zoospore counts provide comparable values that are
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considered to be ecologically signiﬁcant for the freshwater mycoloop, it can be assumed that marine
Rozellomycota have the potential to fuel a marine
mycoloop. The temporal short and rapid peaking of
Rozellomycota s.l. may indicate an r-strategists lifestyle,
as considered for zoosporic fungal epidemics (Sparrow
Jr, 1960; Gleason et al., 2012) and further supports the
view that the mycoloop is subjected to seasonal changes
(Kagami et al., 2014).
In this study, we showed that marine unicellular fungi
represent an active and dynamic component of coastal
communities, whose abundance is comparable to that of
ﬁlamentous forms. The presence of a small number of
taxonomically and ecologically distinct organisms with
unique dynamics suggests that a number of niches exist.
Such niches incorporate biotic interactions and the
cycling of carbon during phytoplankton blooms that can
be components of the mycoﬂux (Grossart et al., 2019)
and mycoloop (Kagami et al., 2014). Furthermore, they
are likely linked to primary and secondary consumer food
chains and highlight the importance of unicellular fungi in
food web structures and carbon transfer.

Experimental procedures
Seawater sampling
Surface seawater samples were taken at Helgoland
Roads (54 11.30 N, 7 54.00 E), at a depth of about 1 m,
and processed in the laboratory of the Biologische
Anstalt Helgoland (BAH) less than 2 h after sampling.
The period between March and May 2017 was covered
with 41 samples (Table S3), spanning all stages of the
spring phytoplankton bloom, some by daily sampling. At
each time point, exactly 1 L of seawater was sequentially
ﬁltered through 10 μm, 3 μm and 0.2 μm isopore polycarbonate ﬁlters using a vacuum pump (Merck Millipore,
Darmstadt, Germany). The ﬁlters were placed inside
10 ml cryogenic vials and stored at −80 C.

Physicochemical parameters and phytoplankton data
Environmental parameters were acquired from the BAH
as part of the LTER monitoring programme (Wiltshire,
2004). This included data on nutrients (SiO4, NO2, NO3,
NH4 and PO4), salinity, surface water temperature
and cell counts of total phytoplankton and six additional
phytoplankton groups, namely Dinophyceae (dinoﬂagellates), Coccolithophoridae indeterminata (IND), ﬂagellates, Bacillariales (pennate diatoms), Biddulphiales
(centric diatoms), Dictyochophyceae (silicoﬂagellates)
and Ciliates (Table S1). The abundance of these phytoplankton groups has also been provided in a graph
(Fig. S1).

DNA extraction & PCR ampliﬁcation
DNA was extracted from 0.2 and 3 μm polycarbonate ﬁlters
from each time point following a modiﬁed SDS-based
extraction method after Zhou et al. (Zhou et al., 1996). The
quality of extraction was monitored using agarose gel electrophoresis and a Qubit 2.0 Fluorometer (Invitrogen, Darmstadt, Germany). Extracted genomic material from both
fractions for each time point was pooled in equimolar concentrations, resulting in 41 samples. Samples were sent to
LGC (Berlin, Germany) for PCR ampliﬁcation and sequencing using an Illumina MiSeq platform (San Diego, USA) following the manufacturer’s instructions. The V8-V9 region of
the fungal 18S rRNA gene was ampliﬁed using the forward
and reverse primer, nu-SSU-1334-50 /nu-SSU-1648-30
(FF390/FR1, 50 - CGWTAACGAACGAGACCT/30 -ANCCA
TTCAATCGGTANT) (Prévost-Bouré et al., 2011) described
as the best performing 18S rRNA fungi-speciﬁc primer pair
for marine fungal community surveys (Banos et al., 2018);
Banos et al., 2019). In conjunction with the primers, four
blocking oligonucleotides with a 30 -amino linker C6 modiﬁcation were used to prevent co-ampliﬁcation of non-fungal
eukaryotic groups (Banos et al., 2018).

Sequence analysis
Sequence analysis followed the protocol of Banos
et al. (2020). In short, quality controlled reads were aligned
to the non-redundant SILVA SSURef_NR99_132 database (Quast et al., 2013), using the SINA aligner v.1.2.11
(Pruesse et al., 2012) in ARB (Ludwig et al., 2004), with the
default settings. Next, sequence reads classiﬁed as fungi
under a 95% sequence threshold were extracted from the
dataset and clustered into OTUs based on 98% sequence
similarity using the CD-HIT-EST tool within the CD-HIT
programme (Fu et al., 2012). Singletons deﬁned to be present only in a single sample with less than ﬁve sequence
reads were removed from the dataset. The ﬁnal taxonomic
classiﬁcation was done by placing sequences phylogenetically into the fungal reference tree (Yarza et al., 2017)
using the Maximum Parsimony algorithm of the ARB programme v6.0.3. The fungal taxonomy used by Yarza
et al. (2017) was that of the NCBI (National Center for Biotechnology Information) taxonomy database. However, we
have adapted it towards the classiﬁcations based on
Tedersoo et al. (2018). Sequences that were positioned on
long, erroneous branches were removed from the tree and
designated with ‘Unclear taxonomic assignment’.

Statistical analysis
All statistical analysis was carried out in R studio version
1.1.463 (R Core Team, 2015) using the ggplot2
(Wickham, 2016), phyloseq (McMurdie and Holmes, 2013),
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GUniFrac (Chen et al., 2012) and vegan packages (Oksanen
et al., 2013). To understand the dynamics in community
diversity over the sampling period, the Chao1 and Shannon
indices were computed on subsampled datasets. For all other
statistical analyses, the total OTU counts were subject to
Hellinger transformation (Bhattacharyya, 1943) and the correlating environmental data were standardized using Z-score
transformation (Clark-Carter, 2014). Generalized UniFrac
distances (a = 0.05) (Chen et al., 2012) were calculated and
the variations in community composition across samples was
visualized by Principal coordinates analysis (PCoA). To
determine which environmental variables had a signiﬁcant
impact on the variation in community composition and on
speciﬁc taxa, stepwise model building with permutation tests
was performed in ’both’ directions with adjusted R2- and
P-value using the ‘RDA’ and ‘ordistep’ function in the vegan
package.
CARD-FISH method development and probe testing
The application of CARD-FISH on marine fungi has only
previously been applied in a targeted approach (Hassett
et al., 2019), whereby a single phylum was at focus. In
this study, we aimed to optimize the protocol towards the
detection of multiple fungal groups. In total, nine fungal
cultures were used, spanning several phyla, for the protocol development. The cultures were ﬁrst grown on solid
agar (Table S4) at 15 C in 9 cm petri dishes in the dark
and subsequently transferred to liquid media. Within
7–14 days, they grew to dense cultures, which were
harvested on 3 μm pore-size polycarbonate ﬁlters.
The established CARD-FISH protocol for marine bacteria (Pernthaler and Amann, 2004; Thiele et al., 2011) was
used as a guideline. For all protocol testing steps, the
eukaryotic probe EUK516 (50 -ACC AGA CTT GCC CTC
C-30 ) (Amann et al., 1990) was used, after ensuring its
match to the 18S rRNA of the cultures using the fungal
reference dataset (Yarza et al., 2017) within the ARB programme. The primary focus of optimization was the
permeabilization step, due to the different cell wall structure of fungi. In order to permeabilise the cell wall without
causing a loss of integrity, enzymes were tested in varying concentrations and under a range of incubation conditions. The chosen enzymes were chitinase (Sigma
Aldrich, Darmstadt, Germany) and Glucanex (Sigma
Aldrich). Glucanex is an enzyme cocktail isolated from
Trichoderma harzianum that contains β-glucanase, cellulase, protease and chitinase (for the detailed parameters
tested, see Table S5). The CARD-FISH optimization was
considered successful once >75% of the cells or ﬁlaments present in the different cultures were detected.
The most effective permeabilization protocol was an incubation for 1 h at 30 C in a permeabilization buffer consisting of 1x PBS (0.137 M NaCI, 0.0027 M KCI, 0.01 M
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Na2HPO4, 0.0018 M KH2PO4, pH 7.4), 1% SDS, pH 6.5,
1 mg ml−1 chitinase and 6 mg ml −1 Glucanex. The ﬁnal
protocol includes seven steps from sample preparation to
the ﬁnal counter-staining (Table S6).
Probe design
Seven 18S rRNA-targeted oligonucleotide probes were
designed, using the in-built ‘probe design’ function in
ARB. Probes were purchased from ‘biomers.net’ (Ulm,
Germany) with a horseradish peroxidase ligated to the 50
end (Table 3). A fungal reference database (Yarza
et al., 2017) holding 9329 nearly full-length representative
18S rRNA gene sequences was complemented with the
partial 18S rRNA sequence of non-singleton OTUs from
this study. Sequences were aligned using the RAxML
programme (Stamatakis, 2014), integrated in ARB. Probe
speciﬁcity was assessed using this database and the
SILVA SSU Ref NR99 database (release 132). Where
necessary, competitor probes were designed, to block
known single mismatch non-target sequences, and
helper probes (Fuchs et al., 2000) were designed to
improve binding efﬁciency where necessary. Thermodynamics and kinetics of probe accessibility and binding
were further checked with mathFISH (Yilmaz
et al., 2011). Probes were tested on pure cultures, where
available, or on environmental samples, applying the protocol outlined above and testing a range of formamide
concentrations (0% – 40%) (Table 3). The optimal formamide concentration was determined as the highest concentration possible before signal probe signal intensity
reduced. Probes were classiﬁed as successful when
>75% of the ﬁlaments present showed a hybridized signal (Fig. S7). Probe testing on environmental samples
was performed by hybridizing fractions of the same sample with the designed probe, the EUK516 and EUBI-III
probe (as a negative control). Probes were deemed successful when the hybridized signal from the designed
probe coincided with the same cell morphologies that
were identiﬁed with the EUK516 probe but not with the
EUBI-III probe.
CARD-FISH environmental testing and application
Initial tests on three environmental samples that covered the
pre-, mid- and post- bloom stage were carried out to ensure
the protocol was effective on marine fungi and did not result in
any non-speciﬁc hybridization. These tests were performed
with probes FAsc_1094, FBas_757, EUK516, the general
bacterial probe mix EUBI-III (I: GCTGCCTCCCGTAGGAGT,
II: GCAGCCACCCGTAGGTGT, III: GCTGCCACCCGTAGG
TGT) (Amann et al., 1990; Daims et al., 1999) and the negative control NONEUB (ACTCCTACGGGAGGCAGC)
(Wallner et al., 1993), using the newly optimized
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TTTCTCAGGCCCCCTCTCC
TCTCTCAGGCCCCCTCTCC
TCTCTCAGGCCCACTCTCC
Helper sequence
ACUUUUAUUAAGCAGUUUA
UUAGUCCCUCUAAGAAGACGC
AGACCUGUUAUUGCCUCAAACU
GCCUGCCGAUUCACAUCAACAG
UGGGGUUACCAGUAGGAAGUUU
5

10

FPucc_311_C7
FPucc_311C7-18
FPucc_311_C7U-18
Helper name
FLKM2_H
FLKM2_Hb
FLKM1_Hc
FLKM3_H
FLKM3_H
20
20

GGTCTCGTTCGTTATCGGAA
GGTCTCGTTCGTTAACGCAA
GGTCTCGTTCGTTACCGCAA
FAsc_1094_C3
FAsc_1094_C6
FAsc_1094_C6G
20
Ascomycota

Basidiomycota
Pucciniomycotina

OTU571, LKM11 Clade 2

OTU209, LKM11 Clade 3

CCCUAACCUUCGUUCUUG
UUUCUCAGGCCCUCUCUCC

GCGGAACCCGAAAAUUCAC
GCCAACCAAUAAGCCUGG

UCGUAGCAUGACAGGUAG
GUCAGUCCCUCAUAGAAC

Acknowledgements

GGUCUCGUUCGUUAUCGCAA

Formamide (%)
Target group (coverage %)
Sequence (50 -30 )

permeabilization protocol for fungi and the original
permeabilization protocol for bacteria (Pernthaler and
Amann, 2004). Fluorescence signals obtained with EUK516
and fungi-speciﬁc probes were distinctly different to the signals for the EUBI-III and the negative control. Following successful testing, the probes were applied to 0.2 μm and 3 μm
ﬁlters from 26 time points during the sampling period. Additionally, several 10 μm ﬁlters were screened for potentially
attached parasitic fungi to phytoplankton cells. Samples were
viewed using a Zeiss Axio imager D2 microscope (Zeiss,
Oberkochen, Germany) at 100x magniﬁcation and quantiﬁed
according to Thiele et al. (2011). To provide further validation
that probes were binding to fungal cells, we applied a combination of the FBas_757 probe with CalcoFluor White (SigmaAldrich) staining and analysed the result under a confocal
laser scanning microscope (Zeiss ELYRA LSM780). A successful reaction was determined with ovoid cell shapes containing the probe signal in the interior of the cell and a
CalcoFluor White signal on the perimeter of the cell (Fig. S6).
Statistical analysis of absolute cell counts and measured environmental parameters was then performed as outlined in the
respective section. Additionally, the biovolume of the yeast
(−like) cells was converted to biomass by taking the average
value of all observed cells and applying the yeast-speciﬁc conversion factor proposed by van Veen and Paul (1979) of
1 μm3 = 0.8 pg C.
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Supporting Information
Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:
Table S1 Contextual data used in this study including abiotic
parameters and phytoplankton taxa counts obtained from
microscopy. All data in this table were provided by the Biologische Anstalt Helgoland station as part of the long-term
ecological research series.
Table S2. Cell counts (cells L−1) of the dominant fungal
groups obtained using the designed 18S rRNA gene oligonucleotide probes. There were no visible signals for the probes
targeting
the
Ascomycota,
Basidiomycota
and
Pucciniomycota on the 0.2–3 μm fraction and thus only the
3–10 μm fraction values are shown.
Table S3. Sampling time points used in this study.
Table S4. Fungal cultures used in the development of the
CARD-FISH protocol with their respective classiﬁcation and
growth media.
Table S5. Parameters tested for permeabilization of ﬁxed
fungal cultures on 3 μm pore-size ﬁlters. Every possible combination of the parameters outlined below was tested.
Table S6. Protocol of the optimized fungal CARD-FISH procedure. The hybridization, washing and ampliﬁcation buffer
recipes were obtained from Thiele et al. (20112011).
Fig. S1. Microscopy cell counts of the major phytoplankton
groups at Helgoland Roads during the sampling period.
Fig. S2. Sketch of a reduced phylogenetic tree of the fungal
kingdom with the novel environmental clades identiﬁed. Original fungal 18S rRNA gene sequence reference tree derived
from Yarza et al. (20112017). New clades were designated
where clusters of OTUs formed sister branches to previously
described lineages; these clusters are represented in green.
This tree represents a reduced version of the complete phylogenetic tree, where only the most prominent taxa and
those containing novel environmental clades are included,
for ease of visualization.
Fig. S3. Alpha richness and diversity of mycoplankton communities at Helgoland Roads over the sampling period.
Fig. S4. Relative read abundance of the most prominent
taxa (>2% abundance threshold). A. phylum level classiﬁcation and B. class or clade level classiﬁcation. Above the relative read abundance bar chart is the chlorophyll a values
obtained on the same sampling days and measured using a
BBE Fluorometer.
Fig. S5. Redundancy analysis ordination representing the
inﬂuence of measured parameters on individual OTUs.
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Fig. S6. Confocal laser scanning microscopy images of fungal cells. Blue = staining with CalcoFluor White and
Red = staining with the Basidiomycota speciﬁc FBas_757
probe. The images from the top left to the bottom right represent focal planes in the z direction (moving through the cell
from the bottom to the top).
Fig. S7. Epiﬂuorescence microscopy image of hybridized
fungal ﬁlaments from a pure culture, using a probe designed
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for the Basidiomycota phylum (FBas_757). Green = probe
signal, Blue = DAPI stain.
Appendix S1. ARB database ﬁle containing the fungal phylogenetic tree derived from Yarza et al. (2017) with the addition of non-singleton OTUs from this study.
Appendix S2. Annotated OTU table containing all non-singleton OTUs, their taxonomic afﬁliation and total read number for each sampling time point.
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