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INTRODUCTION

In estuarine and marine environments, free-living
nematodes dominate the benthic meiofauna in terms of
abundance and diversity (Austen 2004). The nematodes
play an important role in the function of these systems by
aiding in decomposition processes and recycling nutri-
ents (Austen 2004). Several marine nematodes harbor
unique microbial diversity in the microenvironments of
their body surface (Ott et al. 2004), and bacterial taxa
form symbiotic relationships with them (Polz et al. 1998,
Moens et al. 2005, Musat et al. 2007). Similar relation-
ships have also been reported in other groups of marine
organisms (Van Oppen et al. 2005, Rodriguez-Lanetty et
al. 2006).

In terrestrial soil environments, interactions between
nematodes and bacteria (Horiuchi et al. 2005, Goodrich-
Blair 2007) as well as other microbial organisms such as
fungi have been more frequently reported. In particular,
the level of interaction between nematodes and fungi
(relevant to the present study) can be broadly grouped
into 4 principal categories: (1) nematodes as fungal
predators (Bakhtiar et al. 2001); (2) fungi as predators or
parasites of nematodes (Viaene and Abawi 2000); (3) eti-
ological relations between nematodes and fungi (Zahid
et al. 2002); and (4) nematodes acting as vectors for fun-
gal spores (Mendoza de Gives et al. 1999). While such
interactions occur frequently in the terrestrial environ-
ment, there are no reports as yet of fungal and nematode
interactions from estuarine and marine environments.
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Fungal 18S rRNA sequences were frequently de-
tected in recent studies developing molecular ap-
proaches for the analysis and assessment of marine
nematode diversity from the sediments of southwest
England, and this has influenced the development of
marine nematode specific 18S rRNA primers (Bhadury
et al. 2006, P. Bhadury & M. C. Austen unpubl. data).
Since nematode–marine fungal co-amplification has
not been reported in the literature, pilot studies were
carried out to test the extent of fungal 18S rRNA co-
amplification along with nematode 18S rRNA from dif-
ferent environmental sediment samples collected in
the southwest of England using PCR-based denaturing
gradient gel electrophoresis (DGGE).

MATERIALS AND METHODS

Sediment collection. Sediment samples were col-
lected in June 2004 from various estuarine and marine
habitats close to Plymouth in southwest England.
Subtidal sediment was sampled using a van Veen
grab from muddy and muddy-sand substrates in the
Tamar estuary (1 to 5 m depth, 50° 24’ N, 4° 12’ W),
from Plymouth Sound at Jennycliff (JCF) (10 m depth,
50° 20’ N, 4° 08’ W) and Plymouth Breakwater (BW)
(15 m depth, 50° 20’ N, 4° 08’ W). Intertidal sediment
samples were collected by hand from intertidal mud in
the Plym estuary (Saltram). All samples were immedi-
ately fixed in 1 l containers containing 98% molecular
grade ethanol (Hayman).

Nematode and DNA extraction. Nematodes were
extracted from sediments with Ludox using the Somer-
field et al. (2005) flotation protocol. Subsequently, 16
nematodes were picked out from each environmental
site sample under a compound microscope and identi-
fied using standard taxonomic methods (Platt & War-
wick 1983, 1988). Following identification, each of the
nematodes was individually transferred to 0.5 ml PCR
tubes containing 20 µl of 0.25 M NaOH for DNA
extraction. DNA was extracted from each nematode
following the Bhadury et al. (2006) protocol. The
extract was then used for PCR amplification.

Primers for PCR-DGGE analysis. Nematode 18S
rRNA primers from previous studies (Blaxter et al.
1998, Cook et al. 2005) were tested in the present
study. The 2 primers used for PCR amplification were
G18S4F (5’-GCT TGT CTC AAA GAT TAA GCC-3’)
and 22R (5’-GCC TGC TGC CTT CCT TGG A-3’).
The length of the amplicon was approximately 400
bp. A 40 bp GC clamp was added to the 5’ end of the
forward primer (G18FGC) during its synthesis so as to
prevent complete denaturation of the amplicons
under denaturing conditions during DGGE (Sheffield
et al. 1989).

Amplification of 18S rRNA gene for DGGE analysis.
DNA extracted from each specimen was amplified in a
total volume of 50 µl using G18FGC and 22R primers.
For PCR parameters see Cook et al. (2005). The PCR
products were analysed in 1% agarose gel prior to
DGGE analysis. Control PCR reactions were also set to
check for airborne fungal contaminants within the lab-
oratory environment.

DGGE analysis. DGGE analysis was performed on
amplified DNA templates using the DCodeTM Univer-
sal Detection System (Bio-Rad) according to the manu-
facturer’s instructions. The present study used 25 to
60% denaturing gradient gels. Gels were loaded with
15 µl PCR product amplified from each nematode spec-
imen and subsequently stained with SYBR Gold
nucleic acid gel stain (Invitrogen). Electrophoresis was
carried out at 60V for 16 h at 60°C. Gels were visual-
ized and recorded using a gel documentation system
(SYNGENE).

Cloning and DNA sequencing. Dominant bands
were cut from the denaturing gels, resuspended in
20 µl of MilliQ water and left overnight at 4°C. Subse-
quently, 2 µl from each elute was used as template for
PCR amplification using the same set of primers (G18F
and 22R). Prior to cloning, purity of the re-amplified
bands was checked by electrophoresis in denaturing
gels. Re-amplified PCR fragments were cloned using
the pGEM-T Easy vector system (Promega). Plasmid
DNA containing the inserts were cycle-sequenced
using a BigDye Terminator Kit (Applied Biosystems).
Cycle sequencing reactions were cleaned using the
Wizard MagnesilTM system (Promega). Sequencing
was carried out in both directions using M13F and
M13R primers in an ABI Hitachi 3100 Genetic Ana-
lyzer. The nematode sequences were then compared
with known 18S rRNA sequences from GenBank and
EMBL using the BLAST search engine (www.ncbi.nlm.
nih.gov/Blast.cgi). Fungal sequences were initially
identified by BLAST match and then by FASTA query
of the EMBL fungi data subset.

Phylogenetic analysis. A minimum of the top 10
BLAST matches based on our fungal sequences and se-
quences from possibly related fungal taxa or environ-
mental clones were included and manually aligned
using SEAVIEW (Galtier et al. 1996). The alignment was
inspected closely to ensure that were no PCR chimaera
events. Alignment positions that were high in insertions
and/or deletions were removed. An online version of
PHYML (PHYlogenetic inferences using Maximum
Likelihood) (www.atgc-montpellier.fr/phyml/; Guindon
et al. 2005) was used to construct a maximum-likelihood
(ML) tree by selecting the general time-reversible
(GTR)-based substitution matrix and gamma distribution
(Guindon & Gascuel 2003). The tree was subsequently
bootstrapped with 1000 replicates.
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RESULTS

No amplification of airborne fungal spores was
detected in the laboratory during the course of these
experiments. In total, 64 nematode specimens from 4
sites were identified based on morphological charac-
ters and subsequently the sequences of the 18S rRNA
amplicons from these specimens separated in the
DGGE gels. Sequenced bands from the gels showed 96
to 100% identity with published nematode 18S rRNA
sequences held online at GenBank and EMBL. Most of
the nematodes were identified as Anoplostoma sp.,
Atrochromadora sp., Daptonema oxycerca, D. norman-
dicum, D. setosum, Sabatieria pulchra, S. celtica and
Terschellingia longicaudata. No co-amplification of
fungal 18S rRNA sequences was detected alongside
nematode amplicons from the Tamar and Plym sites. In
contrast, 12 co-amplified fungal 18S rRNA sequences
were detected alongside 16 nematode 18S rRNA
sequences in the same denaturing gel from the JCF
site. From the BW site, 10 co-amplified fungal 18S
rRNA sequences were detected alongside 16 nema-
tode 18S rRNA sequences following electrophoresis.
The fungal 18S rRNA product consisted of a 355 to
401 bp fragment from the extreme 5’ end of the gene.
Three types of fungal 18S rRNA sequences were
detected in the present study. FASTA matching of
these products gave identities of >98% to known fun-
gal taxa in each case (Table 1). Four and 3 sequences
from JCF and BW, respectively, belonged to clone
type 1, whereas 10 sequences (6 from JCF and 4 from
BW) belonged to clone type 2 and 5 sequences (2 from
JCF and 3 from BW) resembled clone type 3.

The sequences from fungal clone types 1, 2 and 3
were further examined through BLAST and FASTA
searches and through direct comparisons with poten-
tially related taxa. The highest match was to an un-

identified Herpotrichaellaceae sequence with the next
closest matches to Rhinocladiella and Exophiala spe-
cies. These 2 genera are possibly closely related mem-
bers of the Chaetothyriales (Herpotrichiellaceae), and
so the clone type 1 fragment was aligned against the
5 best matches from that order, some further represen-
tative species of these genera and representative se-
quences of the other related fungal orders that were
included in the 50 best matches. A phylogenetic tree
(Fig. 1) recovered clone type 1 and the 3 best matches
in a distinct group within a larger Chaetothyriales
clade, and some of these were also represented by
marine genera. Sequences from clone types 2 and 3
both showed 98% similarity over 100% of the se-
quence to a range of fungal genera that are all placed
in the Hypocreales. In addition, clone types 2 and 3
showed 100% similarity over 94% of the sequence to 2
sequences from Verticillium insectorum and V. lepto-
bactrum (Hypocreales). These sequences were in-
cluded in a phylogenetic analysis with similar se-
quences from a range of hypocrealean species (Fig. 1).
Clone types 2 and 3 were recovered together with the
Verticillium sequences in a distinct clade that con-
sisted of some other Verticillium-like species and other
anamorphic fungi with presumed Cordyceps teleo-
morphs. These were linked to, but distinct from, a
group formed largely of species that were pathogens of
other fungi. Bootstrap confidence levels were high for
these groupings, but generally low across this dataset.

DISCUSSION

The identified nematode 18S rRNA sequences from
these environments matched with observations from
previous studies (Cook et al. 2005, Bhadury et al. 2006)
and most of these taxa are thought to be dominant in
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Clone type Identification Coverage % similarity Fungal group

1 Herpotrichiellaceae sp. 099 100 Herpotrichiellaceae, Chaetothyriales
(GenBank accession no. EF060620)

Rhinocladiella aquaspersa 100 098.7 "
Exophiala oligosperma 096 0098.69 "

2 Cordyceps caloceroides 100 98 Hypocreales, Hypocreomycetidae
Syspastospora parasitica 100 98 "
Myrothecium roridum (×3) 100 98 "
Tritirachium sp. 100 98 Incertae sedis
Niesslia exilis 100 98 Hypocreales, Hypocreomycetidae
Paecilomyces anatarcticus 100 98 "

3 Verticillium insectorum 093 99 Hypocreales, Hypocreomycetidae
Verticillium leptobactrum 093 99 "
Paecilomyces fumosoroseus 093 99 Trichocomaceae, Eurotiales

Table 1. Clone sequence types showing similarity with known fungal sequences from the EMBL database along with respective 
affiliations



Aquat Biol 5: 149–155, 2009152

Fig. 1. Maximum likelihood
tree showing the relation-
ship between fungal clone
sequence types detected
from 2 environmental sites
and available sequences
from databases. JCF: Jenny-
cliff; BW: Breakwater). Num-
bers next to each fungal
clone sequence type d (in
bold): corresponding marine
nematode taxa from which
the amplicon was sequenced
(see key). Bootstrap values
>40 are shown in the tree
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and around the waters of southwest England. However,
what is more intriguing is the apparent detection of the
fungal 18S rRNA sequences from 2 of the sites. This in-
dicates that the DGGE primers have homologies with
nematode as well as fungal 18S rRNA regions and are
not nematode-specific. At the JCF and BW sites, the
fungal sequences were only detected in nematode 18S
rRNA amplicons of Sabatieria sp., Daptonema hirsutum,
D. normandicum, Terschellingia longicaudata, Spirinia
parasitifera, Viscosia viscosa, Parodontophora sp. and
Oncholaimellus sp. This suggests that the fungal se-
quence types (and the original fungi) may be restricted
to certain groups of nematodes. Because these se-
quences were detected alongside specific nematode
taxa and previous studies have demonstrated interac-
tions between nematodes and other microorganisms
(see ‘Introduction’), we therefore suggest that the fun-
gal amplicons may represent a true fungal–nematode
ecological association rather than transient environ-
mental contamination. The primers tested in the pre-
sent study were designed for nematode 18S rRNA am-
plification and it is therefore more likely that greater
fungal diversity remains to be explored. Implementa-
tion of taxonomically broad fungal specific primers as
evaluated in other studies (Vandenkoornhuyse et al.
2002, Bass et al. 2007) may reveal higher ribotype di-
versity when tested in marine nematodes.

The 5’ region of the 18S gene is relatively conserved
in fungi, with this gene having been used for cross-
phyla phylogenetic studies (e.g. Berbee & Taylor
2001), and so high scores would be expected in similar-
ity searches. Despite this conservation, there is suffi-
cient variability to discriminate down to the levels of
orders and families. This level of discrimination is
not uncommon in fungal molecular diversity studies
(e.g. Lynch & Thorn 2006), and is apparent with the
fungal sequences obtained here, where all significant
matches for each sequence are closely related fungal
genera.

Clone type 1 was clearly assigned to the Herpotri-
chiellaceae, with the best match being an unidentified
sequence from this family isolated from a marine alga
(EMBL accession no. EF060620). Clone type 1 and this
sequence were clearly placed within the Chaeto-
thyriales in the tree. This order consists of fungi that
may show annelidic or sympodial morphology and
some members are known to be anamorphs of the
genus Capronia. All of the anamorphic genera are
considered to be polyphyletic and both Rhinocladiella
aquaspersa and Exophiala oligosperma were recov-
ered together in the E. spinifera clade by de Hoog et al.
(2003). These fungi are members of a group often
referred to loosely as black yeasts. They are commonly
isolated from a wide range of environmental samples
and some species can cause mycotic infections in

humans and other animals. Other species such as E.
castellanii (syn. R. mansonii) have been isolated from
nematode eggs (de Hoog & Hermanides-Nijhof 1977).

Clones 2 and 3 both identify well with the Hypocre-
ales, and the best matches include genera frequently
found in soil or as pathogens or parasites of soil-associ-
ated invertebrates and fungi. Many of these species are
closely related and there are numerous synonyms and
transfers between the genera. The rRNA sequences
show very high levels of conservation and it is generally
not possible to differentiate between the different
anamorphic genera from 18S sequences (Bridge et al.
2005). Among the near matches, Cordyceps spp. are
generally associated with invertebrate hosts and one
Cordyceps anamorph, Hirsutella, contains a number of
nematode pathogenic species (see Nikoh & Fukatsu
2000, Seifert & Boulay 2004). The species of Myrothe-
cium included in the best matches is generally associated
with plant material, but the related M. verrucaria has
been used to develop the commercial nematicide DiTera
ES (Spooner & Roberts 2005). More specifically, the se-
quences of clone types 2 and 3 were recovered in a small
group of species within the Hypocreales with Verticil-
lium or Verticillium-like anamorphs. The nematode-
derived clones were most similar to V. insectorum and
V. leptobactrum, each of which is only represented by a
single 18S rRNA sequence in GenBank. Both of these
species have been isolated from a number of hosts and
environmental samples, including Lepidoptera, human
nails and air. V. insectorum has also been recovered
from the slime mould Trichia, and V. leptobactrum is
reported from mushrooms, Daphnia, various plant mate-
rials and nematodes (see www.cbs.knaw.nl/databases;
Humber & Hansen 2005).

Although the identifications obtained here for the
fungal sequences are limited to only a short part of the
18S rRNA gene, there is sufficient taxonomic informa-
tion to identify them to at least order level as members
of the Exophiala spinifera clade of the Chaetothyriales
and the Verticillium-like taxa of the Hypocreales. The
precise location and function of these fungi in the
marine nematode environment is presently unclear.
The detection of fungal sequences from individual
nematode specimens may lead us to assume that these
are associated with the nematode tissue or part of the
gut contents. Many nematodes are mycophagous and
are known to ingest fungal hyphae or propagules.
Another possibility is that the sequences may be
derived from fungal pathogens. In general, both Exo-
phiala and Verticillium species have strong extracellu-
lar protease activity (see Samuels et al. 1990), as might
be expected for a pathogen. The identifications ob-
tained here are to orders and groups of fungi that are
known to contain isolates which are pathogenic to at
least one stage of the nematode life cycle. However, a
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fuller interpretation is limited, as the recovery of DNA
sequences does not necessarily indicate that viable
fungal propagules were present.

Fungal associations have been also recorded in other
groups of organisms. For example, fungal associations
were detected with healthy and decaying brown
seaweed Fucus serratus thallii over a long-term period
using the DGGE approach, and most of the isolates
shown were similar to Lulworthia, Lindra, Sigmoidea/
Corollospora, Acremonium/Emericellopsis-like and
other ribotypes (Zuccaro et al. 2008). There are also
reports of fungal associations with other marine algae
and halophytes, and the majority of these fungi be-
longed to either Ascomycota or Deuteromycota (Kohl-
meyer & Volkmann-Kohlmeyer 2001, Buchan et al.
2003, Zuccaro & Mitchell 2005). Several studies have
also reported the presence of endophytic mycophyco-
bionts associated with brown seaweeds (Kohlmeyer &
Kohlmeyer 1979, Kohlmeyer & Volkmann-Kohlmeyer
1998). Marine fungal associations on decaying woods,
seagrasses, calcareous and chitinous substrates as well
as other marine organisms are also well reported, and
the majority of the isolated fungal strains were within
the Deuteromycota or Basidiomycota (Pivkin 2000,
Prasannarai & Sridhar 2001, Sarma & Hyde 2001, Gol-
ubic et al. 2005). Additionally, isolates from the fungal
genus Cladosporium (Ascomycota) have been identi-
fied from varying marine substrates (Kohlmeyer &
Kohlmeyer 1979, Kohlmeyer & Volkmann-Kohlmeyer
1998). The fungal clones identified in the present study
can also be broadly grouped within the Ascomycota
and Deuteromycota, and therefore show similarities in
terms of taxonomic groupings with previous studies.

It appears that the fungi associated with marine ne-
matodes comprise species and groups similar to those
found in the terrestrial environment. Because these
fungal sequences were detected only in certain species
and at only 2 of the 4 sites sampled, we can speculate
that some marine nematodes may be mycophagous.
The present study also highlights the need to develop
more robust nematode-specific PCR primers for molec-
ular diversity studies, which we have addressed in
2 studies (Bhadury et al. 2006, P. Bhadury and M. C.
Austen unpubl. data). New avenues of research, in
particular gut content analyses of nematodes using
molecular tools, would also be desirable. Overall, the
present study is the first to detect fungal sequences in
parallel with marine nematode 18SrRNA sequences.
This suggests new routes to understanding the feeding
ecology of coastal and estuarine nematodes.
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