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The; green marine alga Pseudendoclonium submarinum (Willie 1901) occurs on hard substratum in the upper littoral in
the North Atlantic Ocean. In recent field and laboratory studies, Pseudendoclonium submarinum grew normally in situ

but declined in vitro. Microscopic examination showed the alga inoculum to be associated with a filamentous fungus,
where the fungus grew in close association with the alga. Pseudendoclonium samples collected from Ipswich, MA during
a two-year period were consistently associated with the fungus. In cultures with the fungus present, algal thalli declined
and became necrotic, while the fungus produced hyphae and conidia. The fungus failed to grow in sterile algal medium
in the absence of Pseudendoclonium but could be isolated and grown on standard mycological culture media. Light and
scanning electron microscopy showed fungal hyphae infiltrated intercellular areas of the algal filaments but did not
penetrate algal cell walls. Pathogenicity is apparently a result of the in vitro environment, and it is hypothesized that the
fungus produces one or more secondary metabolites, which accumulate in culture. These metabolites produced by the
fungus eventually killed algal cells. Fungal ribosomal DNA sequences were compared to Cladosporium sp. in GenBank,
indicating that the fungus is Cladosporium cladosporioides (Fresenius) de Vries. Widely distributed, Cladosporium

cladosporioides has been shown to be a facultative parasite, endophyte and saprophyte on terrestrial plants and some
algae. The fungus has not been described in association with an ulvophyte, a green marine alga.
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INTRODUCTION

Pseudendoclonium submarinum (Wille 1901) is a common

upper littoral green alga, cosmopolitan in the Arctic, Sub-

Arctic and Boreal North Atlantic Ocean. It also occurs as

far south as North Carolina (Schneider & Searles 1991) and

the coasts of Florida (Dawes & Mathieson 2008).

Collections of the species were isolated from Massachusetts

and Maine sites and grown in unialgal cultures for purposes

of genetic analysis. Unialgal cultures of P. submarinum

from the type locality (Drobak, southern Norway) showed

reproductive features morphologically similar to those

observed in North American populations of the species

(Wille 1901; Taylor 1957; Rueness 1977; Burrows 1991;

Sears 1998). Our initial interest in inocula of P. submarinum

from Norway and North America (ME and MA) in vitro

was used to test the hypothesis of genetic similarity or

identity of the European and North American populations.

Discovery of a filamentous fungus in the inoculum of the

alga from North America was unexpected and revealed a

novel algal/fungal relationship in situ and in the laboratory.

Details of that relationship are presented in this article.

There are estimated to be more than 450 species of

filamentous marine fungi (Hyde et al. 1998; Shearer et al.

2007). Eukaryotic pathogens of marine algae are an

ecological group, taxonomically diverse, including meios-

poric and mitosporic fungi, basidiomycetes, chytrids and the

non-fungal Oomycetes. <Several of these taxa may be

obligate marine fungi that grow and sporulate exclusively

in marine or estuarine environments, or as facultative fungi

that may grow in terrestrial or freshwater as well as marine

habitats (Kohlmeyer & Kohlmeyer 1979). =Some of these

fungi are parasitic or saprophytic on marine algae (Kohl-

meyer & Demoulin 1981; Park et al. 2004; Ramaiah 2006;

Kagami et al. 2007). However, fungi have not been reported

to be parasitic on Pseudendoclonium, nor with other closely

related green algae, nor on ulvophytes in general.

In this study, Pseudendoclonium submarinum cultures

were discovered to be infested with and ultimately

destroyed by a fungus. In order to discover the nature of

the relationship between the fungus and alga, specifically

whether it was pathogenic or saprophytic in the cultures,

the fungus was isolated, examined microscopically, and

Koch’s postulates were performed. In addition, molecular

analysis was done on the ribosomal internal transcribed

spacer region of the fungus. Finally, light and scanning

electron microscopy clearly illustrated the novel interaction

of the fungus and the alga in culture.

MATERIAL AND METHODS

Algal and fungal cultures: isolation

Culture of Pseudendoclonium submarinum began with the

preparation of von Stosch’s enriched seawater medium (von
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Stosch’s ESM) as previously described (von Stosch 1964).

Salinity of the media was reduced to the natural level found

in brackish estuaries (i.e. 15–20 practical salinity units

[psu]).> Algal growth in vitro improved with reduction of

added nutrients concentrations. The final medium con-

tained seawater diluted by 50% with sterile, distilled water

and a 50% reduction of the concentration of nutrient salts.

This modified von Stosch’s ESM measured 16 psu dissolved

salts and was utilized exclusively in the culture of P.

submarinum.

Unialgal cultures were grown in 20 3 100 mm glass Petri

dishes under fluorescent and incandescent light at a photon

fluence rate of 5–20 mmol photons m22 s21 and a

photoperiod of 12L:12D at an average temperature of

16uC. Contamination of cultures by unwanted organisms

was eliminated by the use of antibiotics and serial dilution.

Diatom growth was controlled by addition to the medium

of 6mg L21 germanium dioxide and penicillin or ampicillin

and streptomycin were added for control of cyanobacteria.

Field samples of Pseudendoclonium submarinum were

collected on five dates from September 2005 and continuing

through April 2006 from an estuary in Ipswich, MA. These

samples were invariably contaminated with a fungus when

observed in a unialgal culture. Amphotericin-B at

10 mgL21, dissolved in dimethyl sulfoxide before addition

to the von Stosch’s ESM, proved effective in eliminating the

fungus from contaminated cultures. Thereafter, growth of

the alga in isolation in von Stosch’s ESM containing

2.5 mgL21 amphotericin-B effectively produced fungus-free

algal cultures. Algal isolates were then aseptically trans-

ferred to sterile glass Petri dishes containing sterile von

Stosch’s ESM media and maintained free of fungal

contaminants.?
Fungal isolates from Pseudendoclonium submarinum were

made on potato dextrose agar (PDA; Difco Laboratories,

Detroit, MI, USA),@ and PDA acidified with 10 ml of 10%

lactic acid per liter of PDA. Following initial isolations

from field samples on two earlier dates, P. submarinum

collections in November 2005 and April 2006 were

systematically sampled for prevalence of fungi. On each

date, 50 samples were removed from field samples using a

dissecting needle, placed on acidified PDA and incubated.

Hyphal tip sub-samples were made from these original

isolations. Axenic fungal cultures were grown on PDA at

15uC. Similarly, a set of 10 P. submarinum cultures

exhibiting visible fungal contamination were sampled and

fungal cultures established in November 2005. A sterile

dissecting needle was used to remove a small piece from the

algal culture and transfer it to a Petri dish containing

acidified PDA. Ten samples were removed from each

culture, for a total of 100 cultures. This procedure was

repeated in March 2006. Using the same method, attempts

were made to isolate fungi from a set of 10 unialgal cultures

of P. submarinum that were apparently free of fungi

following treatment and transfers as described above.

Culture studies

To determine whether the fungus grew in von Stosch’s ESM

in the absence of the alga, 20 3 100 mm glass Petri dishes

containing von Stosch’s ESM were sterilized, and inocu-

lated with fungus. The fungus was cut from the growing

edge of PDA cultures as cubes of agar and fungus,

approximately 5 mm on a side, and one cube was

aseptically transferred to each of 50 Petri dishes of the

alga medium. These were placed in growth chambers under

light as described above, and checked for new fungal

growth daily for 21 days.

Similarly, 50 fungus-free unialgal cultures of Pseudendo-

clonium submarinum were grown in von Stosch’s ESM in

Petri dishes for 10 days; 25 of these algal cultures were

inoculated from fungal cultures, 25 were left as non-

inoculated controls, and all cultures were placed in growth

chambers under conditions as described above. All cultures

were observed daily over 21 days for fungal and algal

growth. Growth was measured by placing a line grid

divided into 5 mm sections, and counting the number of

grids at least partially occupied by the alga or fungus,

respectively.

Microscope observations

Algal and fungal samples were observed using a Nikon

SMZ800 dissection microscope equipped with an Excel

Technologies F0-150 illumination system (Excel Technolo-

gies, Enfield, CT, USA) and an Olympus Model BH-2

compound microscope. Digital images from both micro-

scopes were captured utilizing a Model 18.2 Color Mosaic

digital camera (Diagnostic Instruments Inc., Sterling

Heights, MI, USA).

Observations with a scanning electron microscope (SEM)

were made. Specimens used in scanning electron microsco-

py were fixed in 2.5% glutaraldehyde, post-fixed in 1%

osmium tetroxide and dehydrated with an ethanol series.

They were critical point dried with CO2, sputter coated with

gold and examined with a Jeol JSM-5600LV microscope.

ITS rDNA analysis

DNA was extracted from 75 mg samples of fungal hyphae

and conidia scraped from the surface of fungal cultures

using a stainless steel razor blade. Samples were placed in a

2 ml microcentrifuge tube containing 8–10 2.3-mm glass

beads and frozen in liquid nitrogen for 30 seconds. Cells

were disrupted using a Mini Bead Beater (Biospec Products,

Bartlesville, OK, USA) at maximum speed (46,000 Hz) for

one or two 20-second cycles with an additional cooling step

between cycles of 30 seconds in liquid nitrogen. After bead

mill processing, the material was again frozen in liquid

nitrogen for 30 seconds at which time a lysis buffer was

immediately added. Genomic DNA was then extracted and

purified using the DNeasy Mini Plant Kit (Qiagen Inc.,

Valencia, CA, USA).

Nuclear-encoded, ribosomal internal transcribed spacer

region including the ITS-1, 5.8s and ITS-2 genes was

amplified via the polymerase chain reaction (PCR) resulting

in a fragment 530 base pairs in length. The universal

primers ITS-1 and ITS-4 were utilized in the PCR reactions.

Primer sequences are given in Table 1. A 200 ml polymerase

chain reaction master mix was prepared containing 129 ml

sterile distilled water, 20 ml AmpliTaq PCR Buffer II

(Applied Biosystems, Foster City, CA, USA), 16 ml 25-mM
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MgCl2, 4 ml of each 0.2 mM dNTP (New England Biolabs

Inc., Ipswich, MA, USA), and 8 ml of each oligonucleotide

primer (Integrated DNA Technologies Inc., Coralville, IA,

USA) at a concentration of 10 mM. Immediately prior to

each reaction 1.0 units of AmpliTaq Gold DNA Polymer-

ase (Applied Biosystems) and 2 ml of genomic DNA were

added and the mix divided into four 50 ml reactions in 0.5 ml

reaction tubes. Reactions were run in a Mini Cycler (MJ

Research Inc., Watertown, MA, USA) with a reaction

profile of 3 min initial denaturing and enzyme activation at

95uC, and 35 cycles of 45 seconds denaturing at 94uC,

45 seconds annealing at 50uC and 90 seconds extension at

72uC with a final extension of 5 min at 72uC. Four 50 ml

reactions were subsequently pooled for analysis.

PCR products were visualized by gel electrophoresis in

1%, 50 ml agarose gels stained with 1.5 g ethidium bromide

solution (Sigma, St. Louis, MO, USA) and examined under

ultraviolet light. 3 ml of PCR product were typically run for

90 min at 100 volts DC. DNA concentrations were

estimated by comparison of band intensity with known

concentrations present in a 1kb DNA ladder (New England

BioLabs, Ipswich, MA, USA).

PCR products were prepared for sequencing using the

QIAquick Gel Extraction Kit (Qiagen). The gel extraction

protocol used 35–50 ml of PCR product loaded into each of

two adjacent lanes of a 100 ml agarose gel along with 10 ml

of loading dye. After electrophoresis, the resulting bands

were excised from the gel and purified according to the

manufacturer’s instructions.

Purified products were sequenced utilizing the dideoxy

chain termination method (Sanger et al. 1977) in an ABI

automated sequencer at the University of Maine, Orono

sequencing facility. Sequencing was performed in both the

forward and reverse directions utilizing sequencing primers

designed for this study. A complete list of primers is given

in Table 1.

RESULTS

Cladosporium sp. was consistently isolated from Pseuden-

doclonium submarinum collected in situ, as well as in vitro

algal cultures that had not undergone treatment with

amphotericin-B. Of the in situ collections, 63% (November

2005) and 82% (April 2006) of the algal samples produced

fungi. Of the in vitro algal cultures, 89% (November 2005)

and 93% (December 2005) produced fungi. Attempts to

isolate the fungus from algal cultures that had undergone

amphotericin treatment were negative.

The fungal cultures were very similar, dark brown with

olive-brown margins, and floccose with aerial hyphae and

spores. Microscopic examination showed the fungus had

dark vegetative hyphae and dark branched conidiophores

that produced chains of dark-brown single-celled ovoid

conidia measuring 3–6 mm 3 2–4 mm. The fungus was

identified based on these morphological characteristics as a

species of the genus Cladosporium (Barnett & Hunter 1998).

Later SEM images also indicated the fungus was a

Cladosporium sp. (Fig. 6). These same characteristics were

demonstrated by the fungus growing in algal cultures

(Figs 2–4).

Molecular sequencing also supported the identification,

and indicated that the fungus was most probably Clado-

sporium cladosporioides. Complete sequence of the ITS

region of this fungus is shown in Table 2. A BLASTH
search (BLASTN 2.2.24) (Zhang et al. 2000) of GenBankH
using this sequence as the query returned 100 ITS

sequences, 98 fungal and 2 plant, that share 99 to 100%

identity with that of the fungus investigated in this study.

Of these, 85 sequences were from uncultured and unnamed

fungal clones, 12 from fungi identified as Cladosporium sp.

or Davidiella sp. (the teleomorph to many Cladosporium

sp.), two from Dioscorea sp., and one from a Dothidiomy-

cete species. AA second search was done restricting the

GenBankH database to named Capnodiales, the fungal

family containing Cladosporium spp. (Crous et al. 2007). BOf

the 100 sequences returned, 96 were identified as various

species of Cladosporium or Davidiella, with 96 to 100%

identity with the search sequence. Further restricting the

search to Cladosporium, 48 sequences returned were

Cladosporium cladosporioides, while no other Cladosporium

sp. occurred more than three times; identity with the test

sequence ranged from 98 to 100%.

Cladosporium sp. failed to develop in von Stosch’s ESM

that did not contain Pseudendoclonium submarinum. How-

ever, Cladosporium sp. grew with hyphal mass and conidia

in von Stosch’s ESM in the presence of the alga, increasing

from the initial inoculation grid (1.0) to occupy a mean of

3.7 grids, nearly a fourfold difference. At the same time,

there was apparent degradation of the alga in the paired

cultures. In 37% of the cultures, algae were either

completely covered by fungal growth or had died at the

end of 21 days. Microscopic analysis of the paired cultures

showed fungal invasion of the algal colonies via the

interstices between filaments (Figs 1, 2), followed by a

progressive morphological change in the Pseudendoclonium

cells and filament organization accompanied by the loss of

evident chlorophyll (Fig. 3). Ultimately, in cultures of

several weeks age, the algal filaments appeared necrotic. In
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Table 1. Oligonucleotide primers used in this study.

Primer Direction Annealing position Sequence 59R39

PCR primers

ITS-1 F 1–19 TCCGTAGGTGAACCTGCGG
ITS-4 R 531–550 TCCTCCGCTTATTGATATGC

Sequencing primers

Seq-1F F 12–35 ACCTGCGGAGGGATCATTACAAGT
Seq-2R R 510–532 GCTTAAGTTCAGAGGGTATCCCTA
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the same culture, Cladosporium showed robust growth.

Algal decline was gradual but in the static culture

environment the fungus inevitably overwhelmed the algal

colony.

SEM micrographs show the degradation of the algal cells

following infestation of cultures by the fungus (Figs 5–8).

While the fungal hyphae appear much the same as they

appear when cultured without the alga present, the algal

cells appear to lyse but show no evidence of cell wall

breakdown. There is no evidence of direct hyphal

penetration of algal cells.

DISCUSSION

Cladosporium cladosporioides could always be isolated from

declining cultures in vitro, was readily cultured, induced

decline when introduced to fungal-free cultures of Pseu-

dendoclonium submarinum, and could then be re-isolated,

fulfilling Koch’s postulates. However, while readily isolated

from fresh field samples of the alga, Cladosporium

cladosporioides did not cause any apparent necrosis on

Pseudendoclonium submarinum in situ. There was no

microscopic evidence that the fungus is a biotrophic
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Figs 1–4. Light microscope images of the alga Pseudendoclonium submarinum growing in a culture in modified von Stosch’s ESM with and
without the fungus Cladosporium cladosporioides.

Fig. 1. Pseudendoclonium submarinum alone in a unialgal culture.
Fig. 2. Pseudendoclonium submarinum with the fungus Cladosporium cladosporioides showing the fungal hyphae invading the interstices of
the algal colony.
Fig. 3. Pseudendoclonium submarinum with the fungus Cladosporium cladosporioides at relatively low magnification showing fungal
hyphae and masses of conidia in the algal colonies.
Fig. 4. Cells of Pseudendoclonium submarinum separating and breaking down, with Cladosporium cladosporioides sporulating; arrow
indicates conidia.

Table 2. ITS-1, 5.8s and ITS-2 rDNA fungal sequence data.

tccgtaggtgaacctgcggagggatcattacaagtgaccccggtctaaccaccgggatgttcataaccctttgttgtccgactctgttgcctccggggcgaccctgccttcgggcgggggctccgggtggaca
cttcaaactcttgcgtaactttgcagtctgagtaaacttaattaataaattaaaacttttaacaacggatctcttggttctggcatcgatgaagaacgcagcgaaatgcgataagtaatgtgaattgcagaa
ttcagtgaatcatcgaatctttgaacgcacattgcgccccctggtattccggggggcatgcctgttcgagcgtcatttcaccactcaagcctcgcttggtattgggcaacgcggtccgccgcgtgcctcaaat
cgaccggctgggtcttctgtcccctaagcgttgtggaaactattcgctaaagggtgttcgggaggctacgccgtaaaacaaccccatttctaaggttgacctcggatcaggtagggatacccgctgaactt
aagcatatcaataagcggagga
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pathogen or attacked the alga as a typical necrotrophic

pathogen of terrestrial plants would, as there was no inter-

or intracellular invasion of the alga. However, microscopic

observations were consistent with the hypothesis that in the

static aqueous environment of the algal culture the fungus

used a form of necrotrophic pathogenesis, first damaging or

killing algal cells with exogenous enzymes or toxins, then

absorbing released nutrients. This raises the question, why

is this pathogenic relationship between fungus and alga the

rule in vitro but apparently absent in situ?

Our understanding of ecological relationships of Clado-

sporium cladosporioides with terrestrial plants and marine

algae offer some explanation, showing that the fungus

commonly establishes asymptomatic relationships with

plants, that this relationship within a plant changes as

environmental and other factors change, and that the

fungus commonly produces secondary metabolites that

damage algae and plants. C. cladosporioides is found in a

wide range of environments and in different types of

associations with many terrestrial plants including endo-

phytic (Schulz & Boyle 2005), pathogenic (Briceno &

Latorre 2008) and saprophytic (Sadaka & Ponge 2003). C.

cladosporiodes is often described as weakly parasitic

(O’Donnell & Dickinson 1980), and the relationship

appears to be one in which the fungus colonizes healthy

tissue, establishes as an endophyte or weak pathogen, then

with stress, senescence and death of the host the fungus

becomes saprophytic. Several non-balansiaceous fungal

endophytes, including Cladosporium, can exist inter- or

intracellularly in a cryptic occupation of plant tissue in an

interaction that changes depending on several factors, a

process that has been termed ‘the endophytic continuum’

(Schulz & Boyle 2005).

Cladosporium cladosporioides has long been associated

with marine algae (Johnson & Sparrow 1961; Miller &

Whitney 1981; Ding et al. 2008), though no association with

green algae has been described. One species, originally

identified as Cladosporium algarum Cooke & Massee

(Cooke 1888), was found on the rotting fronds of

Laminaria digitata (Hud.) Lamour in Great Britain, and

is the first identified marine hyphomycete fungus. The

identification of this fungus was later changed to Hetero-

sporium algarum Cooke & Massee (Cooke 1890) 5

Cladosporium herbarum [(Persoon: Fries) Link] var. macro-

carpon (Preuss) M.H.M. Ho & Dugan (Ho et al. 1999).

Sutherland (1916) described a marine fungus that ‘In its

occurrence and habits it appears to be as cosmopolitan as

the ubiquitous Cladosporium herbarum [5 C. algarum

(Johnson & Sparrow 1961)], abounding wherever rotting

or dried fronds of Laminaria strew the upper beach.’, and
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Fig. 5. SEM image of culture of Pseudendoclonium submarinum in a unialgal culture. (PB081106D).
Fig. 6. SEM image of Cladosporium cladosporioides in a pure culture. (PB081106E).
Fig. 7. Pseudendoclonium submarinum from a culture that has been overrun by Cladosporium cladosporioides. (PB081106C).
Fig. 8. A section of the same sample as in Fig. 7, at higher magnification. (PB081106B).
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occurs on old wood, not on actively growing algae. Two

Cladosporium species (identified at that time as Cladospo-

rium cladosporiodes and Cladosporium algarum) were

common on thalli of species of Bay of Fundy algae,

including Ascophyllum nodosum, Polysiphonia lanosa (L.)

Tandy, Fucus vesiculosus L., Ulva lactuca L., Laminaria

digitata and Saccharina latissima Lane et al. (Miller &

Whitney 1981). Cladosporium cladosporioides was also

among the fungi that dominated on the thalli of cultivated

Laminaria japonica (Zvereva 1998). While several marine

species of Cladosporium are recognized as associates of

North Atlantic Ocean marine algae, there is no evidence

that the fungal association is pathogenic. On Porphyra

yezoensis, a Cladosporium sp. isolate establishes a putative

mutualistic relationship, providing protection from micro-

bial pathogenesis (Ding et al. 2008). Endophytic fungi are

readily isolated from asymptomatic marine algal thalli, and

these fungi often produce compounds that are antimicro-

bial, again indicating fungal-algal mutualism (Schulz et al.

2002).C However, as Schulz et al. (2002) points out, the

balance between an endophytic fungus and host may

change with either an increase in pathogen virulence or a

decrease in host defense.

Secondary metabolites have been identified in Cladospo-

rium spp. For example, terrestrial Cladosporium spp.

produce toxins that disrupt membranes, perylenequinones

(Daub & Ehrenshaft 2000), and these compounds have

been found in Cladosporium cucumerinum (Arnone et al.

1988), Cladosporium herbarum (Robeson & Jalal 1992) and

Cladosporium phlei (Yoshihara et al. 1975). Cladosporium

can also produce the cell-wall degrading enzymes pectinase

and cellulase as demonstrated in Cladosporium cucumer-

inum (Skare et al. 1975). Isolates of marine Cladosporium

spp. have also been shown to produce secondary metabo-

lites that inhibit the growth of microbes and sessile marine

organisms (Gallo et al. 2004; Qi et al. 2009).

Because Cladosporium cladosporioides is consistently

associated with Pseudendoclonium submarinum in the

intertidal environment, we hypothesize that the fungus

and alga have established a balanced antagonism (Schulz &

Boyle 2005) in that setting. However, laboratory culture

radically changes the environment and probably stresses

Pseudendoclonium submarinum, disturbing the balance

between the organisms. We found no evidence that the

fungus was endophytic but it is apparently epiphytic and

may still function much like a fungal endophyte as

described by Schulze and Boyle (2005). That is, the fungus

lives in close association with the alga, produces secondary

metabolites and obtains some nutrients from it, but the

marine environment continuously dilutes any fungal

exotoxin or enzyme and no evident necrosis is produced.

In situ, the extracellular toxins and enzymes that degrade

the algal cells in culture are part of the process of freeing

cellular components for use by the fungus, and dilution

maintains the relationship of the fungus with the alga

without devastating the attached algal colony. However, in

vitro the fungal secondary metabolites increase in concen-

tration, making the fungus pathogenic. Alternatively, in

vitro culture may stress the alga, decrease resistance and

result in pathogenesis. Ultimately the disease observed in

vitro may be the result of both decreased host defense and

increased fungal virulence resulting from a concentration of

secondary metabolites in the culture. Admittedly this

hypothesis is speculative but such ecological interactions

would fit the model for Cladosporium and similar fungi and

their interactions with plants proposed by Schulze and

Boyle (2005). EX
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