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Multi-year assessment of coastal planktonic fungi
reveals environmental drivers of diversity and

abundance

Joe D Taylor"® and Michael Cunliffe’*

'Marine Biological Association of the United Kingdom, The Laboratory, Plymouth, UK and *Marine Biology
and Ecology Research Centre, Marine Institute, Plymouth University, Plymouth, UK

Mycoplankton have so far been a neglected component of pelagic marine ecosystems, having been
poorly studied relative to other plankton groups. Currently, there is a lack of understanding of how
mycoplankton diversity changes through time, and the identity of controlling environmental drivers.
Using Fungi-specific high-throughput sequencing and quantitative PCR analysis of plankton DNA
samples collected over 6 years from the coastal biodiversity time series site Station L4 situated off
Plymouth (UK), we have assessed changes in the temporal variability of mycoplankton diversity and
abundance in relation to co-occurring environmental variables. Mycoplankton diversity at Station L4
was dominated by Ascomycota, Basidiomycota and Chytridiomycota, with several orders within
these phyla frequently abundant and dominant in multiple years. Repeating interannual mycoplank-
ton blooms were linked to potential controlling environmental drivers, including nitrogen availability
and temperature. Specific relationships between mycoplankton and other plankton groups were also
identified, with seasonal chytrid blooms matching diatom blooms in consecutive years. Mycoplank-
ton a-diversity was greatest during periods of reduced salinity at Station L4, indicative of riverine
input to the ecosystem. Mycoplankton abundance also increased during periods of reduced salinity,
and when potential substrate availability was increased, including particulate organic matter. This
study has identified possible controlling environmental drivers of mycoplankton diversity and
abundance in a coastal sea ecosystem, and therefore sheds new light on the biology and ecology
of an enigmatic marine plankton group. Mycoplankton have several potential functional roles,
including saprotrophs and parasites, that should now be considered within the consensus view

of pelagic ecosystem functioning and services.

The ISME Journal advance online publication, 4 March 2016; doi:10.1038/ismej.2016.24

Introduction

Plankton are the foundation of marine ecosystems
because they sustain food webs and drive global
biogeochemical cycles (Worden et al., 2015). Some
plankton groups, such as phytoplankton and zoo-
plankton, have been studied extensively for decades,
with earlier research founded on microscope-based
assessments of diversity and abundance (Russell et al.,
1971; Southward, 1974). More recently, through the
application of DNA-based tools that incorporate
previously poorly described plankton groups, such
as bacterioplankton and protists, marine plankton
diversity has been shown to be vast, complex and
influenced by a wide range of environmental drivers
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(Caporaso et al., 2012; Logares et al., 2014; de Vargas
et al., 2015).

Even though planktonic fungi (mycoplankton)
have been known to be present in marine ecosystems
for several decades (Vishniac, 1956), they have
received considerably less attention compared with
other plankton groups (Wang et al., 2012). Marine
mycoplankton exist as free-living filamentous
and yeast forms, or as parasites of other plankton
(Richards et al., 2012; Wang et al., 2012). The
ecosystem functioning roles that marine myco-
plankton may undertake have been largely assumed
from comparison with their terrestrial and fresh-
water analogues (Richards et al., 2012). For example,
Richards et al. (2012) proposed that, similar to
terrestrial fungi, saprotrophic marine fungi probably
attach to particulate organic material, produce extra-
cellular enzymes and utilise resulting lower mole-
cular weight compounds. Supporting this theory,
evidence from the coastal waters off Chile suggest
that mycoplankton have a major role in processing
phytoplankton-derived biopolymers using extra-
cellular enzymes (Gutiérrez et al., 2011).
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Relative to other plankton groups, such as the
bacterioplankton, there have been a limited number
of assessments of marine mycoplankton diversity. So
far, studies of marine mycoplankton diversity have
been largely based on samples collected from one-off
sampling campaigns that have provided important and
insightful ‘snap shots’ of diversity, but with limited
temporal resolution (Bass et al., 2007; Gao et al., 2010;
Richards et al., 2012; Manohar and Raghukumar, 2013;
Taylor and Cunliffe, 2014). Time series assessments of
other plankton groups have proven invaluable in
developing our understanding of their biology and
ecology (Karl and Church, 2014; Fuhrman et al., 2015).
Spatially defined and reoccurring assessments of
plankton diversity and abundance that are aligned
with co-occurring environmental variables (tempera-
ture, nutrients and so on) have been used to identify
the key controlling environmental drivers that influ-
ence planktonic organisms, and to form the basis of
establishing the underpinning principles of their
ecologies and ecosystem functional roles. For example,
multi-year assessments of bacterioplankton diversity at
the time series site Station L4 in the Western English
Channel has shown that bacterioplankton have
annually repeating seasonal-scale patterns in diversity
that relate to changes in a variety of environmental
drivers, including seawater temperature, seasonal
diatom blooms and organic carbon availability
(Gilbert et al., 2009, 2012; Taylor et al., 2014).

The coastal time series site Station L4 is located
13 km off Plymouth in the Western English Channel
and has a depth of 50 m (Figure 1). The site is dynamic
and influenced by periodic estuarine incursions from
the neighbouring Tamar and Plym rivers. During the
summer, the water column becomes thermally strati-
fied at Station L4 and nutrient depletion occurs
(Smyth et al., 2010). Here we present a multi-year
time series assessment of mycoplankton diversity and
abundance, correlating observed changes with co-
occurring environmental parameters. We have
focussed on the mycoplankton communities at Station
L4 because previous studies have indicated that
mycoplankton diversity is greater in coastal waters
than in the open ocean (Gao et al., 2010; Wang et al.,
2014), and the station has been proven to be an
exemplar site for elucidating the ecology and biology
of other plankton groups (Eloire et al., 2010;
Widdicombe et al., 2010; Gilbert et al., 2012).

Materials and methods

Seawater sampling and environmental metadata

Seawater samples were collected as part of the
regular sampling at the Western Channel Observa-
tory (WCO) site Station L4 (50° 15.0' N 4° 13.2' W;
Figure 1; www.westernchannelobservatory.org.uk)
between 2008 and 2013 (Supplementary Table 1).
Three litres of surface sea water (3 m depth) was
filtered through 0.2 pm Sterivex filter units (Millipore,
Darmstadt, Germany) and the filters stored at —80 °C.
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The environmental metadata used in this study
were collected at the same time as the seawater
samples for DNA extraction (above) also as part
of the regular activities at the WCO (Table 1 and
Supplementary Figure 1). Temperature and salinity
were determined via a rosette-mounted SeaBird SBE
19+ CTD (Sea-Bird Electronics, St Bellevue, WA,
USA). Nutrients were measured in seawater samples
collected via a sampling bottle attached to the rosette
and using established protocols for nitrate (Brewer and
Riley, 1965), nitrite (Grasshoff et al., 1999), ammonia
(Mantoura and Woodward, 1983), phosphate (Zhang
and Chi, 2002) and silicate (Kirkwood, 1989).
The concentrations of particulate organic carbon, total
particulate nitrogen and particulate organic nitrogen
were determined by filtering 250 ml seawater samples
(prefiltered through 200 pm mesh) onto ashed glass
fibre filters (GF/F) and analysed using an FlashEA
1112 elemental analyser (Thermo Scientific, Lough-
borough, UK). For chlorophyll a determination,
100 ml of sea water was filtered onto GF/F, followed
by extraction in 90% acetone at 4 °C, and fluorescence
measured using a fluorometer (Welschmeyer, 1994).
To determine diatom abundance and diversity, 200 ml
seawater samples were fixed with Lugol’s iodine
solution (2% final concentration) and examined
by light microscopy via the Utermohl counting
technique (Widdicombe et al., 2010). Metadata are
available from the WCO (www.westernchannelobser
vatory.org.uk).

DNA extraction, PCR and sequencing

Filters were transferred to 2 ml microcentrifuge tubes
and 1 ml phenol/chloroform/isoamyl alcohol (25:24:1)
was added. The tubes were vortexed for 2 min, heated
for 10 min at 60 °C, before being vortexing again and
centrifuged for 1 min at 13 000 g. The aqueous phase
(~0.5 ml) was transferred to a new 1.5 ml tube contain-
ing 0.5 ml chloroform/isoamyl alcohol, briefly vortexed
and centrifuged again for 1min at 13000g The
aqueous phase was transferred again to a new 1.5 ml
microcentrifuge tube followed by 10% (v/v) 3 M sodium
acetate and 2 volumes of molecular-grade ethanol.
DNA was precipitated for 1h at —20°C, followed by
centrifugation at 13 000 g for 25 min. The supernatant
was removed and the DNA pellet washed with 0.5 ml
75% ethanol, before being dissolved in 50l nuclease
free molecular-grade water and stored at —80 °C.

The fungi-specific internal transcribed spacer
(ITS) region (ITS1,5.8S, ITS2) was amplified using
the PCR primers ITSF 5'-CTTGGTCATTTAGAGGAA
GTAA-3' and ITS4 5-TCCTCCGCTTATTGATAT
GC-3’ (White et al., 1990), including a barcode on
the forward primer and the HotStarTaq Plus Master
Mix Kit (Qiagen, Manchester, UK) according to the
manufacturer's instructions. The following PCR
regime was used: 94 °C for 3min, followed by 28
cycles of 94 °C for 30s, 53 °C for 40s and 72 °C for
1min, and a final elongation step at 72 °C for 5 min.
PCR products were assessed by agarose gel
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Figure 1 Location of Station L4 in the Western English Channel.

Table 1 Summary of environmental parameters at Station L4 in
the Western English Channel during the study from 2008 to 2013

Environmental Parameter Mean  Min. Max.

Salinity PSU 34.97 34.38 35.53
Temperature °C 12.35 7.99 17.81
Particulate organic carbon M 408 56 1074

Total particulate nitrogen M 51.4 10.4 121.2

Particulate organic nitrogen M 52.4 13.4 152.7

Nitrate M 3.36 <DL 8.81
Nitrite M 0.14 <DL 0.81
Ammonia M 0.32 <DL 1.21
Phosphate M 0.25 0.01 0.57
Silicate M 2.59 0.11 6.08
Chlorophyll a mgm~? 1.30 0.31 3.38

Abbreviations: <DL, below the detection limit; Max., maximum; Min.,
minimum.

electrophoresis. Three separate PCR amplifications
were performed from each DNA sample, and were
subsequently pooled for sequencing. All sample
processing was undertaken with molecular-grade
reagents and in a clean laminar flow PCR hood,
including exposure of fungal growth plates to assess
potential aerial contamination. We also incorporated
negative controls throughout all steps in our analysis
and found no fungal contamination.

The pooled samples were purified using calibrated
Ampure XP beads (Beckman Coulter, High Wycombe,
UK) and used to prepare DNA libraries by following
the Illumina TruSeq DNA library preparation protocol
(Ilumina, Inc., California, CA, USA). Sequencing was

performed using the Illumina MiSeq platform follow-
ing the manufacturer’s guidelines.

Bioinformatics

Sequences were analysed using a combination of
USEARCH v7.0.1090 (32Bit) (Edgar, 2010) and QIIME
v1.8.0 (Caporaso et al., 2010). Barcodes were removed
from multiplexed fastq files using USEARCH python
command script fastq_strip_barcode_relabel2.py. Fastq
files were quality filtered (low quality = expected error
>0.5 and short sequences <250 bp), sequence length
truncated to 250bp and converted to FASTA files.
The FASTA files were de-replicated, abundance sorted
and singleton sequences were removed. Operational
taxonomic units (OTUs) were clustered de novo using
the UPARSE clustering algorithm (Edgar, 2013).
Chimeras were then filtered using UCHIME (Edgar
et al., 2011) and the UNITE 97% OTU library (version
12_11) (Abarenkov et al., 2010) as a reference. OTUs
were then mapped back to the original reads and an
OTU table produced. Because marine fungi are not
relatively well characterised and databases for fungal
ITS sequences are by no means complete, extra care
was taken in the annotation of sequences. First,
taxonomy was assigned to OTUs using the BLAST
method in QIIME and against three specialist fungal
databases: the UNITE database (Abarenkov et al.,
2010), a fungal metagenomics ITS database (Taylor
and Houston, 2011) and the ITSone database
(Santamaria et al., 2012). Results were cross compared
and correct annotation chosen on agreement between

-
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the databases. When agreement was not reached, the
highest query coverage and percentage ID was chosen
as a match. To accurately identify metazoa, other
eukaryote sequences and confirm taxonomy, the data
set was BLAST searched against the full NCBI
(National Center for Biotechnology Information)
nucleotide reference database. After taxonomy assign-
ment, singletons were removed using the script
filter_otus_from_otu_table.py and metazoans were
removed from the data set using the script filter_tax-
a_from_otu_table.py. The script alpha_diversity.py
was used to calculate species richness and diversity
indices. Sequences are available from the European
Nucleotide Archive (accession code PRJEB9844).

Fungi-specific 18S rRNA gene quantitative PCR (Q-PCR)
Fungi-specific Q-PCR primers FR1 5-AICCATTCAA
TCGGTAIT-3" and FF390 5'-CGATAACGAACGAGA
CCT-3’ (Prevost-Boure et al., 2011) were used with
the Sensi-FAST SYBR Q-PCR kit (Bioline, London,
UK). The 10 ul reactions contained 5 ul Sensi-FAST
master mix, 0.25 pl of each primer (final concentration
0.4 M), 11l of DNA template (~50ng DNA) and 4l
nuclease-free molecular-grade water. A Qiagen Rotor-
Gene (Qiagen) was used to perform Q-PCR. The
following Q-PCR regime was used: 94°C for 3 min,
then 40 cycles of 94 °C for 10 s, annealing at 50 °C for
15 s and elongation and acquisition of fluorescence data
at 72°C for 20s. Standard curves were constructed
using known amounts of target template generated by
PCR amplification of the target gene from genomic DNA
from Saccharomyces cerevisiae. The resulting amplicon
was purified using a Gen-Elute PCR purification kit
(Sigma, Dorset, UK) before quantification on a Nano-
drop ND-1000 spectrophotometer (Nanodrop, Lough-
borough, UK).

Statistical analysis

Correlations between changes in OTU abundance
and co-occurring environmental metadata were
determined using Pearson’s correlation analysis in
QIIME using the script observation_metadata_corre-
lation.py. Correlations between changes in a-diver-
sity parameters (numbers of OTUs and Shannon
Index) and Fungi 18S rRNA gene abundance with co-
occurring environmental metadata were determined
using Spearman’s rank correlation analysis in the
statistical software package SPSS (IBM Corporation,
Portsmouth, UK).

Results

Abundant and dominant mycoplankton at Station L4

Fungi ITS gene libraries generated from plankton
DNA samples collected from surface waters at
Station L4 were principally composed of the phyla
Ascomycota, Basidiomycota and Chytridiomycota.
Within these three phyla, several orders were
prevalent across the 6-year time series (Figure 2a)
that were frequently abundant (1-50% of sequences
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in libraries) and sometimes dominant (50-100% of
sequences in libraries) within individual plankton
samples (Figure 2b). We subsequently focussed on the
distribution of these potential bloom-forming myco-
plankton orders that reoccurred in multiple years
across the time series at Station L4 (Figure 3). The
nine bloom-forming orders accounted for an average
of 70% of the total sequences in the Fungi ITS gene
libraries generated, and were each composed of
multiple OTUs, except for the unclassified Chytridio-
mycota that was made up of a single OTU (Figure 4).
Changes in the abundance of interannually reoc-
curring OTUs (that is, OTUs abundant or dominant in
at least two different years) were compared with
changes in cognate environmental parameters
(Table 2 and Supplementary Figure 1). Reoccurring
OTUs in the Ascomycota orders Capnodiales and
Dothideales, and the Basidiomycota orders Geastrales
and Malasseziales, were increased in abundance at
Station L4 when the concentrations of nitrogen-
containing compounds were also increased
(Table 2). Changes in salinity were linked to several
Capnodiales OTUs that were increased in abundance
during periods of reduced salinity. Interesting, the
salinity-responding OTUs showed closest sequence
similarities to other environmentally derived
sequences and fungal isolates associated with land
plants (Table 3). Seasonal increases in seawater
temperature were linked to increases in abundance
of some Ascomycota and Basidiomycota OTUs.
Conversely, OTU1 (order Dothideales) was most
abundant when the sea water was cooler at Station
L4, and also when phosphate concentrations were
increased. The Chytridiomycota OTU14 formed
blooms in June 2008, July 2009 and June 2011 that
coincided with seasonal increases in diatom abun-
dance (Table 2 and Figure 5). The diatom commu-
nities during the OTU14 blooms were dominated by
Chaetoceros spp. and Attheya septentrionalis in 2008,
Chaetoceros spp. in 2009 and Chaetoceros spp. and
Proboscia alata in 2011 (Supplementary Figure 2).

Mycoplankton a-diversity

Mycoplankton o-diversity was measured by deter-
mining the number and distribution of OTUs within
individual Fungi ITS gene libraries generated from
the plankton DNA samples. The number of OTUs
and OTU richness, determined as the Shannon
Index, varied considerably between the samples,
and between the three major phyla in the study
(Table 4). Changes in the total Fungi Shannon Index
correlated with changes in salinity (n=35; P=0.03;
rho=-0.367), with diversity greatest during periods
when salinity was reduced (Figure 6a).

Focussing on the three major phyla showed that there
was also a significant link between the number of
Ascomycota OTUs, Ascomycota Shannon Index and
salinity (OTUs n=30; P<0.01; tho=-0.617; Shannon
n=30; P<0.01; tho=-0.628), with Ascomycota diver-
sity greatest at lower salinities (Figures 6b and c).
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Figure 2 (a) Averaged normalised abundance of mycoplankton orders in plankton samples collected from surface waters at Station L4 in
the Western English Channel from January 2008 to June 2013. Orders <0.1% have been omitted from the figure. (b) Frequency of
mycoplankton orders in individual plankton samples classified as abundant (1-49% of sequences in libraries; light colour) and dominant
(50-100% of sequence libraries; dark colour). The arrows highlight mycoplankton orders that frequently formed blooms and that were

studied in more detail.
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Figure 3 Change in the normalised abundance of bloom-forming mycoplankton orders in surface waters at Station L4 in the Western
English Channel identified in Figure 2. The data shown are normalised against total reads at each time point.

Changes in Ascomycota diversity also coincided
with changes in the concentration of ammonia
(OTUs n=26; P=0.03; tho=0.426; Shannon n=26;
P=0.02; tho=0.456) and phosphate (OTUs n=24;
P=0.04; tho=0.423), with diversity greatest when
ammonia and phosphate concentrations were
increased (Supplementary Table 2). Changes in
Basidiomycota a-diversity across the time series
could not be linked to changes in the co-occurring
environmental parameters at Station L4. Chytri-
diomycota diversity and number of associated
samples were too low for comparable analysis.

Mycoplankton abundance

Mycoplankton abundance was estimated by using
Fungi-specific 18S rRNA gene Q-PCR analysis of
plankton DNA samples, and showed that Fungi
18S rRNA genes varied from 5.1 x10° to 9.9 x 107
copiesl " over the study period at Station L4
(Supplementary Figure 3). It important to reiterate
that 18S rRNA genes were used as an estimate of
mycoplankton abundance and that different taxa
may have varying copies of the gene. Mycoplankton
abundance was linked to fluctuations in salinity
(n=46; P=0.03; rtho=-0.327), with abundance

o1
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Figure 4 Distribution of abundant (1-49% of sequences in libraries; light colour) and dominant (50-100% of sequence libraries; dark
colour) OTUs within the bloom-forming mycoplankton orders in Figure 3.

Table 2 Significant relationships between interannually
reoccurring abundant or dominant operational taxonomic units
(OTUs) identified in Figure 4 and co-occurring environmental
parameters

Order OTUs Significant correlations with environ-

mental variables (P<0.05)*

Capnodiales 13 Salinity (P=0.03, tho=-0.346)
23 Nitrite (P=0.01, tho=0.386)
41 Salinity (P=0.02, tho=-0.358)
49 Temperature (P=0.01, tho=0.366);
PON (P<0.01, tho=0.584)
51 Salinity (P=0.04, tho=-0.319)
77 Salinity (P=0.04, tho=-0.318)
96 Phosphate (P=0.01, rho=0.393)
442  Salinity (P=0.03, tho=-10.338)
Dothideales 1 Temp. (P=0.01, tho=-0.385);
phos. (P=0.02, tho=0.372);
TPN (P=0.01, tho=0.417)
Chlorophyll (P=0.01, tho=0.357)
Temp. (P<0.01, tho=0.455);
PON (P=0.01, tho = 0.497)
387 Salinity (P=0.02, tho=0.357)
430 Temperature (P<0.01, tho=0.411);
ammonia (P<0.01, tho=0.440)
Nitrite (P<0.01, tho=0.473)
Diatoms (P<0.01, tho=0.429)

Pleosporales 12
Geastrales 25

Malasseziales 20
Chytridiomycota 14

“Results from Pearson’s correlations.
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highest during periods when salinity was reduced
(Figure 6d).

Changes in mycoplankton abundance also showed
significant links to changes in the concentrations of
particulate organic carbon (n=42; P=0.03; tho=0.323),
ammonia (n=43; P<0.01; tho=0.471), total particulate
nitrogen (n=42; P<0.01; tho=0.510) and particulate
organic nitrogen (n=28; P<0.01; rho=0.489)
(Supplementary Table 2). In all cases, increases
in mycoplankton abundance coincided with the
increase in the concentration of the environmen-
tal parameters.

Discussion

In this multi-year time series study we show that
coastal mycoplankton diversity is dominated by the
Dikarya phyla Ascomycota and Basidiomycota, and
to a lesser extent the phylum Chytridiomycota. This
view of fungal diversity is consistent with other
culture-independent studies of different marine
ecosystems (Richards et al, 2012; Manohar
and Raghukumar, 2013), including the surface open
ocean (Wang et al., 2014), the deep open ocean
(Bass et al, 2007), deep ocean sediments



Table 3 Sequence similarities of operational taxonomic units (OTUs) in Table 2 with environmental and cultured fungal sequences

Cultured fungi

Environmental sequence

OTUs

Order

Accession number

Name Identity (%)

Accession number

Identity (%)

Source

EU343243

100

Mycosphaerella punctiformis

JN904663
GQ526283

Plant assoc

13
23
41

Capnodiales

JX143743
KF251271
KJ620970
KJ504808
FJ839639
KF309946
JX171191
JN997370
JQ889692
KC581959

98
99
100
100
95
99
97
100
100
98

Cladosporium perangustum

Stromatoseptoria castaneicola
Ramularia vizellae

Cercospora zeae-maydis
Xenostigmina zilleri
Phaeotheca triangularis
Ramularia sp.

Hortaea werneckii
Geastrum quadrifidum

Massarina sp.

KF800289
EU852361
HQ166343
KF221340
JN905890
HM572243
JQ038315

AB615542

100
96
100
100
98
100
99
99
100
97

ated
ated
ated

1
1

1

Plant associated
Plant associated

Plant assoc
Buildings/stone

Plant assoc
Plant associated
Marine

Marine
Marine

49
51
77
96

442
1
12
25

Dothideales
Pleosporales
Geastrales

KC581962

7X974809
AB615532

100
98

Estuarine
Marine

387
430

Geastrum pectinatum
Malassezia restricta

EU400587

100

JF497141
HQ191391

100
100

Marine

20
14

Malasseziales

EF585664

97

Betamyces americaemeridionalis

Fresh water

Chytridiomycota

—, No close match could be found.
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(Orsi et al., 2013a) and the microbiomes of other
marine organisms (Wegley et al., 2007).

The changes in mycoplankton abundance through-
out the time series at Station L4, estimated from
Fungi-specific 18S rRNA gene Q-PCR analysis, indi-
cate that the mycoplankton assemblages in the water
column of the English Channel are dynamic and are
not stable. Other studies have quantified temporal
changes in the abundance of different plankton groups
at Station L4 and have shown similar dynamic
fluctuations. Bacterioplankton, which are dominated
at Station L4 by Bacteria (Archaea <15%), have been
shown in one annual cycle to range from 0.2 x 10° to
1.6 x 10° cells ml~* using flow cytometry and tyramide
signal amplification—fluorescent in situ hybridisation
(Mary et al., 2006). Quantification of specific groups
of phytoplankton (dinoflagellates, coccolithophores,
diatoms and so on) using light microscopy have
also shown that substantial changes in abundance
occur (Widdicombe et al., 2010). At present, it is not
possible to make direct carbon biomass estimates from
the Fungi 18S rRNA gene Q-PCR-derived abundance
data produced in this study; however, because
abundance changed rapidly, it is likely that rapid
carbon turnover is taking place. Gutiérrez et al. (2011)
have shown that in the upwelling region off Chile,
mycoplankton biomass can reach similar levels to
bacterioplankton biomass. This suggests that myco-
plankton biomass is potentially a significant and
dynamic component of the coastal carbon cycle.

Several studies have shown that fungi are abundant
in marine sediments (Orsi et al., 2013a, b; Xu et al.,
2014; Taylor and Cunliffe, 2015). Xu et al. (2014) used
a similar Q-PCR-based approach to quantify fungi in
sediment samples collected from five deep-sea sites in
the Pacific Ocean and showed that Fungi-specific 28S
rRNA gene copies ranged from 3.5x10° to 5.2 x 107
copies per g wet sediment (Xu et al., 2014). Assuming
that 1 g sediment~1 ml seawater, then as with bacteria
in sediments and bacterioplankton, fungi in sediments
occur at higher abundances than mycoplankton in the
water column.

At Station L4, episodic reductions in salinity were
linked to the increased abundance of bloom-forming
Capnodiales OTUs (Ascomycota), increased total
Fungi and Ascomycota o-diversity, and increased
mycoplankton abundance determined by Q-PCR.
Station L4 is located 13km from the coast, and
is periodically affected by riverine inputs from the
Tamar and Plym estuaries caused by variations in
the tide, rainfall and wind mixing, and which result
in the short-term freshening of surface sea water
(Smyth et al., 2010). It is possible that the significant
changes in mycoplankton diversity and abundance
in relation to the reductions in salinity at Station L4
are caused by fungi being transported from the
neighbouring riverine systems to the coastal station.
Because fungi have robust chitin-rich cell walls, it is
likely that mycoplankton can withstand the osmotic
shock caused by the transition from fresh and
brackish waters into seawater (Richards et al., 2012).
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Figure 5 Change in the normalised relative abundance of the Chytrid OTU14 and diatom abundance determined from Utermohl chamber
light-microscope cell counts in plankton samples collected from surface waters at Station L4 in the Western English Channel from January
2008 to June 2013. The data shown are normalised against total reads at each time point.

Burgaud et al. (2013) performed a transect study
of benthic and planktonic fungi at stations along the
Delaware River estuary using clone library analysis,
cultivation and fluorescent in situ hybridisation, and
showed that diversity and abundance decreased along
the estuarine transect from the freshwater stations to
the marine station (salinity range 0.08—31.5), conclud-
ing that salinity has an important impact on fungi.
A similar clone library-based study of sediment fungi
at three sites along a saltmarsh salinity gradient
(salinity range 0-33) also concluded that salinity,
along with co-occurring variables such as changes
in plant species, has an significant impact on fungal
diversity (Mohamed and Martiny, 2011). As we
propose here for Station L4, the Delaware River study
also suggested that some fungi that are present in
coastal marine ecosystems are terrestrially derived and
are transported there by rivers (Burgaud et al., 2013).

Riverine inputs of fungi to coastal waters may to
some extent account for the observations made of the
biogeographical distribution of mycoplankton in the
Pacific Ocean that have shown that diversity
is greater in coastal waters around the Hawaiian
Islands compared with the open ocean (Gao et al.,
2010; Wang et al., 2014), and that Ascomycota in
particular are especially more abundant nearer the
coast (Wang et al., 2014).

Coastal ecosystems with regular riverine inputs of
mycoplankton may also have a role in the longer-term
radiation of marine fungal diversity by facilitating
terrestrial-marine transitions. Through multi-phyla
phylogenetic analysis, Richards et al. (2012) have
proposed that multiple marine—terrestrial fungal tran-
sitions have occurred, and that novel marine lineages
have developed. Specific phylogenetic analyses
focussed on cultivated representatives of marine
Ascomycota lineages, including the order Capno-
diales, also suggest that multiple marine—terrestrial
transitions have taken place (Spatafora et al., 1998;
Suetrong et al., 2009). Cultured marine representatives
of the Ascomycota class Dothideomycetes, which
includes some of the bloom-forming orders reported
in this study (for example, Pleosporales and Dothi-
deales), have morphological adaptions to the marine
environment that support effective discharge of
ascospores, such as protective mucilaginous sheaths
(Suetrong et al., 2009). The Delaware River study
found that most fungi isolated from the ecosystem
were halotolerant (Burgaud et al., 2013). It is possible
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that terrestrial and freshwater fungi transported from
the river catchment that survive in coastal waters may
subsequently be dispersed to open ocean waters.

Mycoplankton diversity and abundance at Station L4
was also affected by changes in the availability of several
of potential growth substrates. Coastal ecosystems are
typically highly productive because of elevated levels of
autochthonous production and allochthonous inputs.
Mycoplankton abundance determined by microscopy in
the productive coastal upwelling waters off Chile has
been linked to increased availability of autochthonous
phytoplankton-derived particulate material (Gutiérrez
et al., 2011). Similarly, we show that at Station L4 both
mycoplankton diversity and abundance are linked to
changes in availability of particulate organic matter.
Active fungal communities within deep sub-seafloor
sediments also show similar positive links to changes in
the availability of organic material (Orsi et al., 2013a),
and the expression of metabolic pathways involved in
the cycling of a variety of organic substrates (Orsi et al.,
2013b). The utilisation of particulate organic matter by
benthic and pelagic marine fungi is analogous to the
well-established functional roles of fungi in freshwater
ecosystems, such as lakes (Wurzbacher et al., 2010).

Changes in organic and inorganic nitrogen-rich
substrates had particular impact on abundance and
diversity at Station L4. Metagenomic analysis of
microbial communities associated with the coral
Porites astreoides has shown a high prevalence
of fungal genes involved in nitrogen metabolism,
including ammonia assimilation and nitrite ammo-
nification (Wegley et al., 2007). Nitrite reduction
by fungi in deep sub-seafloor sediments has also
been proposed (Orsi et al., 2013b). Changes in
substrate availability and associated niche differen-
tiation could be one mechanism through which
saprotrophic mycoplankton diversity and abundance
is controlled in pelagic ecosystems.

Chytrids are zoosporic fungi that are either sapro-
trophs or parasites. The group are relatively well
characterised in terrestrial and freshwater ecosystems;
however, marine chytrids are poorly understood
(Gleason et al., 2011), including the interactions
between marine chytrids and diatoms (Scholz et al.,
2016). Because of the significant coupling between
OTU14 abundance and seasonal diatom blooms
at Station L4, it is possible that the chytrid is a diatom
parasite. Infections of marine diatoms by nonfungal
parasites have already been shown in plankton
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Table 4 Number of operational taxonomic units (OTUs) and Shannon Diversity Index for total fungi and the three major phyla in the
mycoplankton at Station L4

Total fungi Ascomycota Basidomycota Chytridiomycota
OTUs Shannon OTUs Shannon OTUs Shannon OTUs Shannon
Mean 23 1.9 12 1.7 6 1.0 2 0.2
Min. 7 0.04 2 0.01 1 0 1 0
Max. 62 4.2 35 3.69 17 2.62 4 0.88
N 40 33 25 18
Sample size 2000 500 500 100
Abbreviations: Max., maximum; Min., minimum.
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Figure 6

(a) Relationship between the total Fungi Shannon Index of individual ITS gene libraries (2000 sequences per library) and

salinity at Station L4. (b) Relationship between the number of Ascomycota OTUs and (c) Ascomycota Shannon Index within individual
ITS gene libraries (500 sequences per library) and salinity at Station L4. (d) Relationship between Fungi 18S rRNA gene copies and salinity

at Station L4. The dashed lines represent the linear regression.

communities in situ. For example, large-scale
infections of the diatoms Guinardia delicatula and
G. flaccida by the parasites Pirsonia and Cryotheco-
monas, both in the phylum Cercozoa, have been
reported in the Wadden Sea, with up to 35% of
G. delicatula and 65% of G. flaccida infected
(Tillmann et al, 1999). A multi-year study of
G. delicatula populations on the New England Shelf
showed that infection by Cryothecomonas-like parasites
regularly exceeded 10% of the population, and that
parasite infection appeared to have a negative impact on
diatom bloom development (Peacock et al., 2014).

We did not observe increased abundance of
OTU14 in 2012 at Station L4, even though diatom

blooms still occurred. The 2012 diatoms blooms at
the same time in the year when previously OTU14
was abundant were dominated by different diatom
species (that is, Leptocylindrus spp. and Guinardia
striata) compared with the other years in the study
(Supplementary Figure 2). Chytrids are presumed to
be host specific, but the relationship is not yet fully
understood (Kagami et al., 2007). Dinomyces areny-
sensis is a chytrid parasite of dinoflagellates that was
originally isolated from an Alexandrium minutum
bloom, and subsequently shown in laboratory assays
with different phytoplankton species to have a broad
host range but generally within the genus Alexan-
drium (Lepelletier et al., 2014). Change in diatom
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diversity at Station L4 may account for the loss of the
chytrids in 2012. It is important to note that no other
abundant Chytridiomycota OTUs were recorded
in 2012 at Station L4.

Freshwater diatoms have been shown to defend
against chytrid infections via a range of mechanisms
(Kagami et al., 2007). Analogous explanations for the
loss of the Chytrid OTU14 in 2012 at Station L4
include diatom hosts developing anti-parasite
defense mechanisms, such as the production of
harmful chemicals (Pohnert et al., 2007), or changes
within host populations towards more parasite-
resistant genotypes (Gsell et al., 2013). Further
studies are clearly needed to explore the relation-
ships between diatoms and chytrids at Station L4,
and the potential impacts of diatom—chytrid interac-
tion on coastal ecosystem functioning.

Conclusions

Through a multi-year analysis of planktonic marine
fungi we have shown that mycoplankton abundance
and diversity are variable in coastal waters, and that
some of this variation can be accounted for by
fluctuating co-occurring ecological conditions, such
as salinity, seawater temperature, substrate availabil-
ity and potential host abundance. Several mycoplank-
ton taxa from different phyla form interannually
reoccurring blooms that can to a large extent
be explained by specific environmental drivers.
We propose that riverine inputs have an important
impact on coastal mycoplankton abundance and
diversity, with potential implications for the diversity
of marine mycoplankton more generally. Our data
empirically reinforce the developing paradigm that,
similar to terrestrial and freshwater fungi, marine
mycoplankton occupy a complex range of niches as
saprotrophs, nutrient recyclers and parasites. Myco-
plankton must be considered within an overall view
of coastal pelagic ecosystem structure and function.
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