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The fungal kingdom is replete with unique adaptive capacities that allow fungi to colonize a wide variety of habitats, ranging
from marine habitats to freshwater and terrestrial habitats. The diversity, importance, and ecological roles of marine fungi have
recently been highlighted in deep-subsurface sediments using molecular methods. Fungi in the deep-marine subsurface may be
specifically adapted to life in the deep biosphere, but this can be demonstrated only using culture-based analyses. In this study,
we investigated culturable fungal communities from a record-depth sediment core sampled from the Canterbury Basin (New
Zealand) with the aim to reveal endemic or ubiquist adapted isolates playing a significant ecological role(s). About 200 filamen-
tous fungi (68%) and yeasts (32%) were isolated. Fungal isolates were affiliated with the phyla Ascomycota and Basidiomycota,
including 21 genera. Screening for genes involved in secondary metabolite synthesis also revealed their bioactive compound syn-
thesis potential. Our results provide evidence that deep-subsurface fungal communities are able to survive, adapt, grow, and in-
teract with other microbial communities and highlight that the deep-sediment habitat is another ecological niche for fungi.

Marine environments encompass coastal and open-ocean wa-
ter columns and sediments, including the deep-marine sub-

surface. These environments harbor a broad diversity of microor-
ganisms involved in biogeochemical cycling. There has recently
been increasing interest in the diversity of microbial eukaryotes in
these habitats, particularly in the subsurface biosphere. Hydro-
thermal vent sediments (1–4) as well as sediments from centime-
ters to hundreds of meters below the seafloor (5–13) have been
investigated using both molecular and culture-dependent meth-
ods. Such integrated approaches have revealed the occurrence and
activity of complex fungal communities in these extreme environ-
ments. Fungal DNA and RNA signatures as well as cultured iso-
lates provide direct evidence that fungi persist in these marine
sediments, although their role in these ecosystems is not yet clearly
understood. Most of the fungal molecular signatures and cultured
isolates from those habitats were affiliated with the phylum Asco-
mycota, and a few of them belonged to the phyla Basidiomycota
and Chytridiomycota (14). While some fungal sequences are from
potentially novel organisms, many sequences are from fungi with
close relatives from terrestrial, freshwater, and marine environ-
ments (8).

To date, within subseafloor sediments, fungi have been identi-
fied from a few centimeters below the seafloor (5) down to 1,740
m below the seafloor (mbsf) (15), but we are still eager to assess
whether they persist only as vegetative spores or play an active
role(s) in biogeochemical cycling. Recent metatranscriptomic
analyses suggest that fungi, while occurring in lower abundance
than Bacteria and Archaea, possess the ability to degrade a variety
of organic substrates in deep-subseafloor sediments (13).

Limitations on habitability in deep-subseafloor sediments are
set by a variety of physical and chemical properties acting both
individually and in combination, including low nutrient availabil-
ity, salinity, hydrostatic and lithostatic pressures, pH, porosity,
and temperature. The deep subsurface is defined by microbial
ecologists as sediment layers with distinct microbial communities
that lack the microbial imprint of water column communities
(16). As many molecular signatures representing terrestrial fungi
have been detected in deep-marine subsurface sediments, it is now

necessary to determine whether such terrestrial microorganisms
occurring in this ecosystem are specifically adapted to the extreme
in situ conditions.

Microbial interactions between fungi, Bacteria, and Archaea
may occur in subsurface sediments, including those resulting
from the synthesis and release of bioactive compounds (from an-
timicrobials to cell cycle blockers). Marine fungi from coastal waters
are known to synthesize a broad range of bioactive natural com-
pounds with interesting bioactivities (17), including polyketides,
peptides, alkaloids, and terpenoids. Consequently, the deep sub-
seafloor may be an untapped reservoir of microorganisms pro-
ducing biomolecules that may be useful for biotechnological ap-
plications.

Here we present the first culture-based analysis of fungi iso-
lated from deep-subsurface sediments. The purpose of this survey
was (i) to determine the distribution pattern of culturable fungal
communities along a sediment core from the Canterbury Basin
near New Zealand, (ii) to characterize their ecophysiological pro-
files and, consequently, to assess their ability to withstand harsh in
situ conditions that include elevated hydrostatic pressure, high
salinity, and a range of temperatures, and (iii) to evaluate their
genetic potential for the synthesis of bioactive compounds.
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MATERIALS AND METHODS
Site description and sediment sampling. Sediment samples were ob-
tained from a core collected in the Canterbury Basin on the eastern mar-
gin of the South Island of New Zealand at site U1352 (44°56=26.62�S,
172°1=36.30�E). This core reached a depth of 1,927.5 mbsf and was drilled
during the Integrated Ocean Drilling Program (IODP) Leg 317 Expedi-
tion on DS JOIDES Resolution in a water depth of 344 m. Fluorescent
microspheres were used as tracers for contamination during drilling.
Samples were processed under strict contamination control conditions
onboard and onshore, and only samples with undetectable contamination
were used for this study (18). Core subsampling was performed onboard
under sterile conditions, and only the center parts of unconsolidated sed-
iments and intact pieces of rocks were kept for microbiological analyses, as
reported elsewhere (18). Subsamples were immediately transferred into a
sterile Schott bottle sealed with a butyl rubber stopper and were stored at
4°C under a nitrogen atmosphere for later cultivation. A recent culture-
independent study of the same core did not detect contamination of those
sediment samples (15, 19). For this study, 11 samples of sediment and
sedimentary rock collected at depths ranging from 4 to 1,884 mbsf were
analyzed (Table 1).

Enrichment conditions mimicking the in situ natural environment.
Five different media were used for isolation of filamentous fungi and
yeasts under atmospheric pressure: malt extract agar, potato dextrose
agar, cornmeal agar, Sabouraud dextrose agar, and Czapek Dox agar. The
media were diluted 1:5 to simulate the low nutrient conditions of deep
sediments, as described elsewhere (5), and were formulated with and
without 3% (wt/vol) sea salts and with and without antibiotics (500 mg/
liter chloramphenicol, 200 mg/liter penicillin). Samples from 4, 12, 21, 25,
34, 37, and 137 mbsf were incubated at 5°C, 15°C, and 25°C; samples from
403 and 765 mbsf were incubated at 15°C, 25°C, and 30°C; and samples
from 1,478 and 1,884 mbsf were incubated at 35°C, 45°C, and 55°C.

Three different media were used for the isolation of fungi under ele-
vated hydrostatic pressure, i.e., Sabouraud dextrose broth, marine broth,
and potato dextrose broth (PDB), diluted 1:5 with or without sea salts and
antibiotics, as described above. Enrichment cultures were performed un-
der aerobic conditions in sterile syringes, and the media were saturated
with dissolved oxygen. Each syringe contained 5 ml of medium and 200 �l
of sediment sample slurry. The syringes were then transferred into a high-
pressure incubation system and incubated at different temperatures. Sam-
ples from 4, 12, 21, 25, 34, and 37 mbsf were incubated at 25°C and 4 MPa;
samples from 137, 403, and 765 mbsf were incubated at 30°C and 11 MPa;
and samples from 1,478 and 1,884 mbsf were incubated at 45°C and 37
MPa. After 14 days of enrichment under hydrostatic pressure, 100 �l of

culture was dispensed into agar plates and incubated at the same temper-
ature used for the original cultivation until fungal growth. For each con-
dition, pure cultures were obtained by streaking and central picking on
different enrichment media for fungi showing a distinct morphology.

As a control, nutrient plates were exposed within a laminar flow hood
during all isolation procedures. No fungal colonies were obtained on con-
trol plates, indicating the absence of aerial contamination during isola-
tion.

DNA extraction. DNA extraction from all cultures was performed
using a FastDNA spin kit (MP Biomedicals) following the manufacturer’s
recommendations for fungi. DNA quality and quantity were assessed us-
ing a NanoDrop spectrophotometer (NanoDrop Technologies) prior to
gene-specific PCR amplifications.

MSP-PCR. In order to cluster the isolates, mini- and microsatellite-
primed PCR (MSP-PCR) was applied. The primer used for MSP-PCR was
the core sequence of phage M13 (GAGGGTGGCGGTTCT) (20). The
PCR was performed in 25-�l reaction volumes containing 1� PCR buffer,
2 mM MgCl2, 0.4 mM each deoxynucleoside triphosphate (dNTP), 0.8
mM the primer, 1 U of Taq polymerase, and 15 ng of genomic DNA from
each cultured isolate. Amplification consisted of an initial denaturation
step at 95°C for 5 min, followed by 40 cycles of 45 s at 93°C, 60 s at 50°C,
and 60 s at 72°C and a final extension step of 6 min at 72°C (21). A negative
control where DNA was replaced by sterile distilled water was also in-
cluded. Amplified DNA fragments in 1� Tris-borate-EDTA (TBE) buffer
were separated by electrophoresis on a 1.4% (wt/vol) agarose gel (Pro-
mega) at 85 V for 3.5 h. On each gel, a 1-kb molecular size marker was used
(Promega). DNA banding patterns were visualized under UV transillumi-
nation, and picture files were generated using a Quantum ST4 system
(Vilbert Lourmat). Genetic profiles were analyzed using BioNumerics
software (version 6.6; Applied Maths). All fingerprints were grouped by
similarity using the Dice coefficient, and clustering was based on the un-
weighted-pair group method using average linkages methods. The cophe-
netic correlation coefficient was calculated. Clusters were generated using
an arbitrary cutoff of 75% sequence similarity with minor adjustments
(�5%). Some representative sequences were selected from each cluster
for further sequencing.

PCR amplification of 18S, ITS, and partial 28S/26S rRNA. For ge-
netic identification of fungi isolated in our sediment samples, 18S rRNA
gene sequences from cultured isolates were amplified with primers NS1
(5=-GTAGTCATATGCTTGTCTC-3=) and SR6 (5=-AAGTAGAAGTCGT
AACAAGG-3=) (22). Internal transcribed spacer (ITS) and partial 28S
rRNA gene sequences were amplified using primers ITS5 (5=-GGAAGTA
AAAGTCGTAACAAGG-3=) and LR6 (5=-CGCCAGTTCTGCTTACC-
3=), respectively (22, 23). Amplifications of the D1/D2 region of the 26S
rRNA gene were carried out with primer sets ITS5 (5=-GGAAGTAAAAG
TCGTAACAAG-3=)/NL4 (5=-GGTCCGTGTTTCAAGACGG-3=) and
LR6 (5=-CGCCAGTTCTGCTTACC-3=)/NL1 (5=-GCATATCAATAAGC
GGAGGAAAAG-3=), as described by Gadanho and Sampaio (1). All
PCRs were performed in 25-�l reaction volumes containing 1� GoTaq
buffer, 0.4 mM dNTPs (Promega), 0.36 �M each primer (Sigma), 2 mM
MgCl2, 1 U of GoTaq polymerase (Promega), and 1 �l of genomic DNA.
The PCR assay for 18S rRNA gene and ITS sequences included an initial
denaturation step at 94°C for 2 min, followed by 30 cycles of 30 s at 94°C,
30 s at 54°C, and 2 min at 72°C and a final extension step of 2 min at 72°C,
before holding at 4°C. The PCR assay for the 26S rRNA gene included an
initial denaturation step at 94°C for 2 min, followed by 30 cycles of 15 s at
94°C, 30 s at 54°C, and 1 min at 72°C and a final extension step of 2 min at
72°C, before holding at 4°C. A negative control in which DNA was re-
placed by sterile water was included. PCR products were analyzed by
electrophoresis in a 0.8% (wt/vol) agarose gel (Promega) in 1� TBE buf-
fer at 90 V for 90 min and stained with GelRed. DNA banding patterns
were visualized under UV transillumination, and picture files were gen-
erated using a Quantum ST4 system (Vilbert Lourmat).

Sequencing and phylogenetic analyses. Fungal small-subunit (SSU)
ribosomal DNA (rDNA) amplicons were sequenced with forward primers

TABLE 1 Culture collection of fungi from deep-subseafloor sediments

Sample
identifier

Core depth
(mbsf)

No. of genera/no. of strains isolated:

In total

With enrichment
under hydrostatic
pressure

Under
atmospheric
pressure

1H3 4 9/26 7/16 4/10
2H5 12 7/17 5/12 3/5
3H5 21 5/13 5/12 1/1
4H1 25 7/25 7/25 0
5H1 34 14/38 11/31 4/7
5H3 37 9/26 5/15 4/11
15H4 137 6/13 6/13 0
48X3 403 5/12 4/11 1/1
88X1 765 3/12 2/11 1/1
99R1 1,478 0 0 0
144R3 1,884 1/1 0 1/1

Total 21a/183 13/146 12/37
a Twenty-one genera plus one uncultured Agaricomycetes isolate.
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NS1 (5=-GTAGTCATATGCTTGTCTC-3=) and NS3 (5=-GCAAGTCTG
GTGCCAGCAGCC-3=) and reverse primers NS6 (5=-AACTTAAAGGAA
TTGACGGAA-3=) and SR6 (5=-AAGTAGAAGTCGTAACAAGG-3=)
(22). For ITS and long-subunit (LSU) rDNA, primers ITS1, ITS4 (22),
and LR6 (23) were used. The D1/D2 region of 26S rDNA was sequenced
using NL1 on the ITS5-NL4 fragments and NL4 on the NL1-LR6 frag-
ments (1). Sequences were obtained by use of the BigDye Terminator
technology (Applied Biosystems) on a Biogenouest sequencing platform
at the Station Biologique de Roscoff (http://www.sb-roscoff.fr
/plateformes-techniques/genomique-sbr.html). The chromatograms ob-
tained were translated into nucleotide sequences with BioNumerics soft-
ware (version 6.6; Applied Maths). After the sequences were cleaned, they
were imported into MEGA (version 5.0) software (24). Each sequence was
analyzed using the BLASTn program to determine the nearest relatives in
GenBank (25). Similarities between sequences were assessed using pair-
wise distances calculated with the MEGA (version 5.0) program. The se-
quences were trimmed to ensure that all sequences had the same start
point and endpoint and were aligned using ClustalW (version 1.83)
software (26). Phylogenetic analyses were performed by the use of
maximum likelihood criteria with 500 bootstrap replicates in the
MEGA (version 5.0) program (24). Shannon indices were calculated
on the basis of the number and abundance of species for each depth
using the vegan package in R.

Ecophysiological characterization. Ecophysiological characteriza-
tion was performed as described by Joubert et al. (27). Briefly, suspensions
of conidia from selected isolates and dilutions of those isolates were made
using PDB to achieve a final concentration of suspended spores of be-
tween 1 � 105 and 5 � 105 per ml. A 96-well plate was filled with the
calibrated suspensions (300 �l/well) and incubated in a Laser nephelom-
eter (NEPHELOstar Plus; BMG Labtech) for at least 33 h at 15, 25, 30, and
35°C. All experiments were performed in triplicate. Growth rates (kilo-
relative nephelometric units [RNU] per hour) were determined for each
culture condition, which included 0, 1.5, 3, and 4.5% sea salts at each
temperature for detection of adaptation of these fungal isolates to subsur-
face in situ conditions (3% salinity all along the core and increasing tem-
peratures, i.e., about 30 to 50°C per kilometer).

Occurrence of type I and III PKS, NRPS, hybrid PKS-NRPS, and TPS
genes. The presence of genes involved in the biosynthetic pathways of
secondary metabolites was investigated. Type I polyketide synthase (PKS
I), type III polyketide synthase (PKS III), nonribosomal peptide synthe-
tase (NRPS), PKS-NRPS hybrid, and terpene synthase (TPS) genes were
amplified using the following degenerate primer pairs with D-inosine
modifications (indicated by i): (i) primers KAF1 (GARKSiCAYGGiACiG
GiAC) and KAR1 (CCAYTGiGCiCCRTGiCCiGARAA) (28) were used
for amplification of type I PKS genes, (ii) primers XKS1 (TTYGAYGCiB
CiTTYTTYRA) and XKS2 (CRTTiGYiCCiCYDAAiCCAAA) (27) were
used for amplification of PKS-NRPS hybrid genes, (iii) primers AUG003
(CCGGCACCACCGGNAARCCHAA) and AUG007 (GCTGCATGGCG
GTGATGSWRTSNCCBCC) (29) were used for amplification of NRPS
genes, (iv) primers TPS1 (GCiTAYGAYACiGCiTGGGT) and TPS2 (RA
AiGCATiGCiGTRTCRTC) (30) were used for amplification of TPS genes,
and (v) primers CHS1 (GAYTGGGCiVTNCAYCCBGGiGGD) and
CHS2 (YTCNAYNKTRAKVCCiGGVCCRAA) were used for amplifica-
tion of type III PKS genes. Primers targeting type III PKS genes were
specifically designed for this study using ClustalW (version 1.83) (26). We
selected 18 fungal strains from the NCBI database known to have those
genes. Each degenerate primer was designed against two conserved do-
mains of the C terminus of the protein [DWALHPGG and FGPG(L/I)(N
/T/S)(M/V/I)E]. All PCRs were performed in 25-�l reaction mixtures
including 1� GoTaq buffer, 2 mM MgCl2, 0.4 mM each dNTP (Pro-
mega), 0.6 �M each primer (Eurogentec) (except for 1 �M each primers
KAF1/KAR2 and XKS1/XKS2), 1 U of GoTaq polymerase (Promega), and
100 ng of genomic DNA. Amplification of type I PKS and PKS-NRPS
hybrid genes included an initial denaturation step at 98°C for 2 min,
followed by 5 cycles of 98°C for 1 min, 45°C for 1 min, and 72°C for 2 min,

followed by 30 cycles of 98°C for 1 min, 50°C for 1 min, and 72°C for 2 min
and a final extension step for 10 min at 72°C. Amplification of type III PKS
and TPS genes included an initial denaturation step at 98°C for 2 min,
followed by 5 cycles of 98°C for 1 min, 48°C for 1 min, and 72°C for 2 min,
followed by 30 cycles of 98°C for 1 min, 51°C for 1 min, and 72°C for 2 min
and a final extension step for 10 min at 72°C. Amplification of the NRPS
gene included an initial denaturation step at 2 min at 98°C, followed by 35
cycles of 1 min at 98°C, 1 min at 50°C, and 2 min at 72°C and a final
extension step for 10 min at 72°C. For each experiment, we included two
positive controls and two negative controls. For positive controls, we used
DNA extracted from Aspergillus flavus (UBOCC-A-101081) and Penicil-
lium chrysogenum (CBS 306.48), both of which are known to have PKS I,
PKS III, NRPS, PKS-NRPS hybrid, and TPS genes in their genomes. For
negative controls, we used DNA extracted from Saccharomyces cerevisiae
(UBOCC-A-201006), as no PKS I, PKS III, NRPS, PKS-NRPS hybrid, or
TPS gene has ever been detected in its genome (31). The other negative
control was sterile water instead of DNA.

Nucleotide sequence accession numbers. All fungal isolates have
been deposited in the Université de Bretagne Occidentale Culture Collec-
tion (UBOCC) and can be found in GenBank under accession numbers
KM222200 to KM222349 and KM232435 to KM232507.

RESULTS
Culturable fungi isolated. A total of 11 samples from 4 to 1,884
mbsf (Table 1) were tested for culturable fungi. Almost all samples
(10 of 11, 91%) yielded fungal isolates (Fig. 1). Under the expected
in situ hydrostatic pressures, 24 syringe cultures were processed
per sample, with different conditions varying by temperature (1
temperature per sample according to the expected in situ temper-
ature), salinity (0% and 3%), and nutrients (3 different media)
with and without antibiotics being tested. Each combination of
conditions was tested in duplicate. Under atmospheric pressure,
120 petri dishes were processed per sample, with different condi-
tions varying by temperature (3 temperatures per sample accord-
ing to the expected in situ temperature), salinity (0% and 3%), and
nutrients (5 different media) with and without antibiotics being
tested in duplicate. The final number of fungal isolates obtained
was 183, and their distribution across the sediment core is shown
in Table 1. The greatest number of isolates was obtained from
sediments at 4 and 12 mbsf and from sediments at 25 to 37 mbsf.
Only one isolate was obtained from the deepest layers, between
1,478 and 1,884 mbsf, the sedimentary rock (Fig. 1). Results were
analyzed using two-way analysis of variance (ANOVA) to assess
the effect of depth on isolation abundance. The effect of depth was
highly significant (F � 3.48, P � 0.001). The Shannon index,
which is a well-known parameter used to express the diversity of
communities, was calculated for each depth and corroborates
these findings, showing that the sample from 34 mbsf produced
the most diverse culture collection. Thus, sediment depth clearly
influenced the isolation rate and confirms that culturable fungi are
present primarily at specific depths along the core. Additionally, it
was more difficult to obtain positive cultures of samples from
deeper layers. Indeed, only one isolate was obtained from 1,884
mbsf, and no fungus was ever isolated from a sample from 1,478
mbsf. This strong statistical evidence for the uniqueness of com-
munities at different depths supports the idea that our isolates
were not contaminants.

Morphological characteristics allowed us to separate filamen-
tous fungal forms from unicellular yeasts. Observations revealed
branching hyphae and spores for filamentous fungi (124 isolates)
and budding cells for yeasts (59 isolates). Eighty-six isolates were
obtained on culture media amended with 3% sea salts, and 97
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were isolated on culture media without sea salts. Thirty-seven iso-
lates were obtained under atmospheric pressure, and 146 were
obtained after enrichment under hydrostatic pressure. Among the
different conditions used to isolate deep-sea fungi, hydrostatic
pressure appeared to be important for the retrieval of fungal iso-
lates.

Clustering and phylogenetic diversity. As a dereplication
strategy, the MSP-PCR fingerprinting method was performed. We
used similarity clusters to generate two dendrograms, one for fil-
amentous fungi and one for yeasts. Using this strategy, 57 clusters,
48 for filamentous fungi and 9 for yeasts, were established as
shown in Fig. S1 and S2 in the supplemental material. The minor
fingerprint variability found within MSP-PCR clusters was de-
fined as intraspecific heterogeneity. Several representatives from
each cluster were selected for identification using SSU, ITS, and
partial LSU rRNA sequencing; 72 filamentous fungi and 40 yeast
isolates, or about 60% of the whole culture collection, were se-
quenced. Sequence analysis validated the MSP-PCR parameters
used (cutoff of 75%).

Filamentous fungi. On the basis of the gene encoding SSU
rRNA, representatives from each cluster were taxonomically as-
signed using the BLASTn program (25), and phylogenetic analy-
ses integrating the closest relatives in GenBank were performed.

When sequences from our culture collection could not be identi-
fied using 18S rRNA genes, complementary genetic analyses were
performed using ITS and partial 28S rRNA genes. Filamentous
fungal isolates were distributed among the Ascomycota and Ba-
sidiomycota, with the Ascomycota representing more than 89% of
our culture collection. On the basis of 18S rRNA, ITS, and 28S
rRNA gene sequence analysis, isolates belonging to the Ascomy-
cota were clustered into 15 genera (Acremonium, Aspergillus, Cla-
dophialophora, Cladosporium, Cordyceps, Eurotium, Exophiala,
Fusarium, Microascus, Oidiodendron, Paecilomyces, Penicillium,
Phialophora, Purpureocillium, and Sarocladium), isolates belong-
ing to the Basidiomycota were clustered into 3 genera (Bjerkan-
dera, Sistotrema, and Trametes), and 1 uncultured Agaricomycetes
isolate was found (Fig. 2).

Yeasts. Phylogenetic analysis of the D1/D2 domain of the 26S
rRNA gene revealed that cultured yeasts were distributed among
the ascomycetous genus Meyerozyma and basidiomycetous genera
Rhodotorula and Bullera. With 45 isolates, members of the Basidio-
mycota phylum represented more than 76% of our yeast culture
collection (Fig. 3).

Ecophysiological characterization. Laser nephelometry was
used as a high-throughput screening method for the ecophysi-
ological characterization of fungal isolates obtained from deep-

FIG 1 Species richness along the core. Shannon diversity indices allow the identification of the relative complexity of fungal communities at different depths.
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FIG 2 Phylogenetic tree of deep-sea fungal isolates (red) and 454 pyrotags (gray) obtained by analysis of SSU rRNA genes. The tree topology is based on
maximum likelihood criteria and a ClustalW (version 1.83) alignment. Bootstrap values greater than 50% are shown at the nodes. Phylogenetic data of Ciobanu
et al. (15) were integrated as 454 pyrotags. Mucor luteus (GenBank accession number FJ605511), which belongs to the phylum Glomeromycota, was used as an
outgroup. Dark and light gray boxes, Basidiomycota and Ascomycota, respectively. OTU, operational taxonomic unit.
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subsurface sediments. Different filamentous fungal isolates that
were from the same cluster (on the basis of the 18S rRNA, ITS, and
28S rRNA gene sequences) but that were obtained from different
depths were selected: 5 Fusarium spp. from 4 to 765 mbsf, 4 Pen-
icillium spp. from 12 to 403 mbsf, 3 Paecilomyces spp. from 4 to 34
mbsf, 2 Exophiala spp. from 12 to 34 mbsf, and 1 Acremonium sp.
at 25 mbsf. Maximum specific growth rates (�max) were calculated
for each isolate under all sets of conditions (4 temperatures and 4
salinities).

Most of the isolates were determined to be nonhalophiles (for
which the maximal growth rate was observed in the absence of sea
salts and decreasing growth rates were observed with increasing
concentrations of sea salts in the media) or halotolerant (in which
the isolates were able to grow in the absence as well as in the
presence of sea salts) at 25°C and 30°C (Fig. 4). No useful infor-
mation was obtained from incubations at 15°C, as most of the
isolates were still in lag phase after 35 h. Only one Fusarium sp.
collected at 4 mbsf was able to grow at 15°C in less than 35 h, and
this organism displayed the same general trend at 15°C as it did at
25°C.

Isolates affiliated with Fusarium spp. were defined as nonhalo-

philes at 25 and 30°C, regardless of the depth from which the
sample was obtained. Isolates affiliated with Penicillium spp. were
defined as halotolerant at 25°C, with better growth being observed
in the presence of 3% sea salts. Isolates affiliated with Paecilomyces
spp., Exophiala spp., and Acremonium spp. displayed the same
nonhalophilic pattern at 25°C. Interestingly, at 30°C, these isolates
were halotolerant and even halophilic in the case of the deepest
Exophiala spp. and Acremonium spp. This ecophysiological shift
was clearly observed at 35°C, where all isolates selected for
ecophysiological characterization were defined as halophiles or
halotolerant, in the case of the Paecilomyces spp. from 25 mbsf.
This shift toward halophily was much more significant for Peni-
cillium spp. recovered from deeper sediments (137 and 403 mbsf).

Different yeasts from the same cluster but from different sam-
pling depths were also selected for ecophysiological analysis. Us-
ing the same methodology, their maximum specific growth rates
at one temperature (30°C) and 4 salinities were calculated. All
isolates affiliated with Rhodotorula spp. (n � 8) were defined as
nonhalophiles. Indeed, growth rates decreased when the sea salt
concentration increased. Isolates affiliated with Meyerozyma spp.
were much more diverse, on the basis of their responses. Isolates

FIG 3 Phylogenetic tree of deep-sea yeast isolates (red) obtained by analysis of the D1/D2 domain of the 26S rRNA gene. The topology is based on the maximum
likelihood method and a ClustalW (version 1.83) alignment. Bootstrap values greater than 50% are shown at the nodes. Mucor flavus (GenBank accession number
EU071390), which belongs to the phylum Zygomycota, was used as an outgroup. Clusters highlighted with an asterisk were also retrieved in molecular analysis
data sets (15, 19).
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obtained from between 4 and 25 mbsf were nonhalophiles, isolates
obtained from between 37 and 137 mbsf were halotolerant, and
one isolate obtained from 21 mbsf was a halophile (no growth
without sea salts).

The screening strategy allowed us to assess ecophysiological
differences between isolates using temperature and salinity as im-
portant in situ parameters. Our results suggest the adaptation of

some fungal isolates, possibly of terrestrial origin, to deep-subsur-
face conditions.

Presence of genes involved in the synthesis of bioactive com-
pounds. All fungal isolates were investigated for genes coding for
type I and type III PKSs, NRPSs, PKS-NRPS hybrids, and TPS
(Fig. 5 and 6). Among the 124 filamentous fungi isolated, all har-
bored at least one of those genes for bioactive compounds: 6 iso-

FIG 4 Physiological analysis of filamentous fungi (A) and yeast (B) isolates. Growth was measured at different temperatures (25°C, 30°C, and 35°C) and
different sea salt concentrations (0, 1.5, 3, and 4.5%), and the general growth trend is shown as 3-part bars representing minimum, medium, and
maximum growth. Blank cells indicate that the results were not determined. Red, green, and blue dots represent, respectively, nonhalophilic, halotolerant,
and halophilic fungal isolates.
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lates (4.8%) had 1 gene, 23 (18.5%) had 2 genes, 30 (24.2%) had 3
genes, 53 (42.7%) had 4 genes, and 12 (9.7%) had all targeted
genes (Fig. 5). Among the 59 yeasts isolated, 52 harbored at least
one of those genes: 16 isolates (27.1%) had 1 gene, 7 (11.8%) had
2 genes, 12 (20.3%) had 3 genes, and 17 (28.8%) had 4 genes.
Seven yeasts did not show evidence of having any of the targeted
genes (Fig. 6). Contrary to the results from filamentous fungi,
genes coding for PKS-NRPS hybrids were not detected in any of

our yeast isolates. This result appears to be consistent with a pre-
vious report indicating the absence of PKS-NRPS hybrid genes in
yeast genomes (31). Filamentous fungal isolates from deep-ma-
rine subsurface sediments appear to have a greater potential for
synthesis of bioactive compounds than yeasts.

The relative occurrence of PKS I, PKS III, NRPS, PKS-NRPS
hybrid, and TPS genes at depths ranging from 4 to 1,884 mbsf was
analyzed (see Table S2 in the supplemental material). No trend

FIG 5 Presence/absence of genes encoding type I and III PKSs, NRPSs, PKS-NRPS hybrids, and TPS in filamentous fungi. Filamentous fungal MSP-PCR
fingerprints coupled with type I PKS gene (light blue), type III PKS gene (pink), NRPS gene (light green), PKS-NRPS hybrid gene (dark blue), and TPS gene (dark
green) occurrences are presented using an aligned multivalue bar chart (short bar, only one gene; long bar, several genes). This figure was generated using
Interactive Tree of Life (version 2) (59).

Rédou et al.

3578 aem.asm.org May 2015 Volume 81 Number 10Applied and Environmental Microbiology

http://aem.asm.org


was evident for yeasts, but filamentous fungal isolates from deeper
layers seemed to harbor fewer genes for bioactive compounds
than isolates from shallower depths.

DISCUSSION

The aim of this study was to assess deep-marine subsurface sedi-
ments for the presence of culturable fungi and to determine their
genetic potential for bioactive compound synthesis. We examined
subsurface sediments collected from the Canterbury Basin at 11
depths ranging from 4 mbsf to 1,884 mbsf. The culture collection
of filamentous fungi and yeasts obtained provides insights into the
culturable fraction of in situ fungal communities colonizing the
subseafloor at this site.

Controlling contamination. The potential for microbiologi-
cal contamination of samples was monitored carefully during the

IODP Leg 317 Expedition and during subsequent laboratory pro-
cedures (described above). The sampling procedures and contam-
ination controls used during this expedition have been previously
described (15). One of our samples (from 1,478 mbsf) did not
produce cultivable fungi (Fig. 1), in spite of the fact that the same
methods were applied for sampling and organism isolation by
culture for samples from all depths. Although we cannot defini-
tively rule out the possibility that one or more of our cultured
isolates represents a contaminant, the fact that one of our samples
did not produce cultivable fungi is further support for the absence
of contamination during our sampling and culturing efforts. Our
ANOVA analysis and Shannon diversity indices also clearly indi-
cate that the distribution of our isolates was dependent on the
sampling depth. This strongly supports the idea that the recovered
fungi were not contaminants. The high rate of recovery of fungal

FIG 6 Presence/absence of genes coding type I and III PKSs, NRPSs, PKS-NRPS hybrids, and TPS in yeasts. Yeast MSP-PCR fingerprints coupled with type
I PKS gene (light blue), type III PKS gene (pink), NRPS gene (light green), PKS-NRPS hybrid gene (dark blue), and TPS gene (dark green) occurrences
are presented using an aligned multivalue bar chart (short bar, only one gene; long bar, several genes). This figure was generated using the Interactive Tree
of Life (version 2) (59).
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isolates using enrichments under elevated hydrostatic pressure
conditions further indicates that these fungi are able to grow un-
der in situ pressure and suggests that our established culture col-
lection consists of indigenous taxa.

Distribution pattern of fungal communities. The phyloge-
netic diversity of fungi revealed in this study is relatively low com-
pared to that in well-characterized organic matter-rich terrestrial
or marine habitats (i.e., soils, plants, mangroves, etc.). Despite
that fact, there was a greater diversity from the upper sediment
layers down to 37 mbsf, with 25 different species representing
more than 92% of the whole diversity within our fungal culture
collection being recovered. In samples from greater depths from
137 to 1,884 mbsf, only 8 different species, representing about
30% of the recovered diversity, were observed in our culture col-
lection (Fig. 1). This could be explained by a reduction in accessi-
ble organic matter with depth. Indeed, the organic matter quality
changed from relatively labile material in shallow sediments to
more stable protokerogen at greater sediment depths (15). Among
the 27 species recovered in our cultures, some were isolated from
a unique depth and several species were shared between 2 or more
depths. The highest rate of occurrence of a species along the core
was reported for Rhodotorula mucilaginosa, isolated at 9 depths
ranging from 4 to 765 mbsf. A maximal overlap between 2 depths
was observed for samples from 34 and 37 mbsf, with 7 shared
species, i.e., an Acremonium sp., Cladophialophora bantiana, Pen-
icillium chrysogenum, a Penicillium sp., Sistotrema brinkmannii,
and the yeasts Meyerozyma guilliermondii and Rhodotorula muci-
laginosa. Interestingly, a Phialophora sp., Purpureocillium lilaci-
num, Trametes versicolor, and some species of the Agaricomycetes
were isolated only from the sample from 34 mbsf and seemed to be
depth dependent. Beyond 765 mbsf, the diversity within our cul-
ture collection decreased considerably, with only 4 different spe-
cies being recovered, including isolates belonging to the Fusarium
genus, one isolate identified as Oidiodendron griseum that was iso-
lated only from 765 mbsf, and the red yeast Rhodotorula mucilagi-
nosa. One isolate, Sistotrema brinkmannii, was obtained from
1,884 mbsf, and it was also retrieved from samples recovered at 34
and 403 mbsf.

Diversity of fungal communities. The Ascomycota domi-
nated our filamentous fungal culture collection, whereas the Ba-
sidiomycota dominated our yeast collection. This result appears
to be consistent with the findings of another phylogenetic analysis
of culturable fungi from deep-sea sediments of the Central Indian
Basin (32). In our study, among the yeasts, Rhodotorula mucilagi-
nosa was the most abundant species isolated from samples from
depths ranging from 4 to 765 mbsf. The red yeast Rhodotorula
mucilaginosa is widely distributed and has already been isolated
from deep-sea sediments and basaltic crust (32–34). Bullera unica,
isolated from 12 mbsf in our study, was the only isolate belonging
to the Tremellomycetes. Interestingly, Bullera unica was previ-
ously isolated from New Zealand seawater (35). Meyerozyma guil-
liermondii was the only ascomycetous yeast in our culture collec-
tion isolated from 4 to 137 mbsf. Culturable representatives of this
opportunistic pathogen have been detected in marine environ-
ments, including hydrothermal vents (2) and deep-sea volcanoes
(36), and from Canterbury Basin sediments by culture-indepen-
dent methods (19). Yeasts were previously suggested to be the
dominant marine fungal forms on the basis of fungus-specific
clone libraries from marine water column and sediment environ-
ments (37). Here, yeasts appeared to be able to adapt to and col-

onize the deep subseafloor, but our results suggest that filamen-
tous fungi are more diverse in marine habitats than previously
suggested (37). In agreement with the findings of molecular stud-
ies, the classes Eurotiomycetes and Sordariomycetes are the fungal
taxa most frequently detected from deep-sea environments (14).

Among the Sordariomycetes, Fusarium oxysporum is the most
abundant taxon. F. oxysporum has already been shown to grow
under marine conditions (38) and was described to be a denitri-
fying fungus in marine sediments (39). The other well-repre-
sented members of the Sordariomycetes were (i) Fusarium solani,
recently detected from Canterbury Basin sediments using culture-
independent methods (19), (ii) representatives of Acremonium
spp. already reported from several marine environments, includ-
ing deep-sea sediments (10, 32, 38), (iii) Sarocladium spp. previ-
ously isolated from brine sediments (40), (iv) representatives of
Paecilomyces spp. formerly isolated from deep-sea coral (41) and
from the first centimeter of coastal marine sediments off Goa,
India (39), and (v) Microascus spp. that may be opportunistic
pathogens of deep-sea animals, such as corals (42). Phialophora
spp., Purpureocillium lilacinum, Cordyceps confragosa, and Oidio-
dendron griseum were less represented in our culture collection.

Among the Eurotiomycetes, Penicillium was the most fre-
quently isolated genus. Molecular signatures of this genus were
previously found in the Canterbury Basin deep sediments (19).
Fourteen fungal isolates of Penicillium chrysogenum were ob-
tained. This species was described to be the dominant phylotype
among the Ascomycota in a DNA-based clone library prepared
from deep-sea methane cold-seep sediments (9). The other well-
represented Eurotiomycetes were (i) Aspergillus fumigatus and
Aspergillus terreus, known to be able to germinate under hydro-
static pressure (5), and (ii) Eurotium herbariorum, previously iso-
lated from other extreme environments, including hypersaline
waters of solar salterns (43), the hypersaline Dead Sea (44), hydro-
thermal sediments (2), and deep-sea sediments (11).

The class Dothideomycetes was represented in our culture
collection by 3 isolates belonging to the genus Cladosporium.
Among the Basidiomycota, Agaricomycetes were the most fre-
quently recovered, with isolates being affiliated with Bjerkandera
spp., Sistotrema brinkmannii, Trametes versicolor, and uncultured
Agaricomycetes. Although the cultivable representatives of Agari-
comycetes appear to be rare in marine environments (36), the
molecular signatures of Agaricomycetes have been detected in
deep-sea environments (3, 9, 11, 45) and Agaricomycetes have
been identified to be the dominant fungal class in mangrove hab-
itats (46).

All of the fungal taxa isolated from Canterbury Basin are well-
known in terrestrial environments, raising intriguing ecological
questions regarding the abilities of terrestrial fungi to adapt to
deep-subsurface conditions that include confinement, pressure,
temperature, access to only refractory organic matter, etc. The
fungal taxa detected here using culture-dependent methods can
be compared with fungal 454 pyrotags previously obtained from
the same sediment core (15, 19). The two methods provided dif-
ferent pictures of diversity. Only fungal signatures and isolates
belonging to the genera Exophiala, Fusarium, Penicillium, Rho-
dotorula, and Meyerozyma were detected by both culture-inde-
pendent and culture-dependent methods. Culture-based and mo-
lecular diversity survey approaches appear here to provide two
complementary sources of information. The fact that some iso-
lates have not been detected by molecular methods could be ex-
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plained by several reasons, including the fact that fungal spores are
lysis resistant, bias in universal primers, and the use of a limited
(or insufficient) sequencing depth. Efficient nucleic acid extrac-
tion from vegetative spores may be an important factor to con-
sider. Indeed, previous results obtained by molecular analysis
based on RNA suggest that few persistent subsurface fungal taxa
are able to colonize the deep subsurface of the Canterbury Basin
(19). Our results strongly support the importance of applying a
polyphasic approach using culture-dependent and culture-inde-
pendent methods, which together generate a general and compre-
hensive view of deep-subsurface fungal diversity. One of the main
advantages of handling fungal cultures is that the specific adapta-
tions that they use to cope with different stresses can be assessed.
Ecophysiological analyses provide concrete and relevant data that
may be used to estimate their adaptations and understand the role
of fungal communities in the deep subsurface.

Adaptation. In our study, we decided to examine the effect of
elevated hydrostatic pressure, since this is likely to be one of the
most significant physical challenges for microbiota living in the
abyss (47). We specifically examined whether cultivation under
increased pressure enhanced culture efficiency. We also per-
formed ecophysiological analyses to examine the impacts of tem-
perature and salinity.

Hydrostatic pressure enhanced the growth of a number of fun-
gal isolates in our culture collection. About 80% of our isolates
were obtained with a preliminary enrichment under elevated hy-
drostatic pressure. Thus, the elevated hydrostatic and lithostatic
pressures in deep sediments do not curb the germination and
growth of all fungi in the deep subseafloor. Previous studies have
demonstrated efficient culturing of filamentous fungi and yeasts
under elevated hydrostatic pressure (5, 11, 32, 48, 49). Although
no true piezophilic fungi have been reported to date, some fungi
are able to develop mechanisms of adaptation. For example, even
the well-known yeast Saccharomyces cerevisiae is able to modify its
membrane composition to tolerate high hydrostatic pressure (50),
revealing the potential of fungi, including terrestrial ones, to adapt
to deep-sea conditions.

Temperature and salinity are two additional significant param-
eters used to examine the adaptation of fungi to deep-subsurface
conditions. Indeed, the temperature increases along the sediment
core at a rate of 30 to 50°C per kilometer. The temperature at the
bottom of the core hole (at 1,922 mbsf) was estimated to be in the
range of from 60 to 100°C (15). Salinities in sediment samples near
the seafloor are slightly lower than the salinity of normal seawater
at 3.3%, and salinity rapidly declines to 3.0% at 28 mbsf and re-
mains relatively constant at 2.9 to 3.1% over the rest of the core
section analyzed to 1,400 mbsf (18). Our ecophysiological analysis
revealed shifts along the core. Most of the filamentous fungal iso-
lates analyzed shifted from nonhalophilic to halotolerant when
incubation temperatures increased from 25 to 35°C. Only the
deepest Fusarium and Penicillium isolates demonstrated a com-
plete shift to halophily when the temperature increased. Such a
shift from terrestrially adapted to marine-adapted lifestyles along
the core may indicate a transition from shallow layers, where fungi
are not specifically adapted but are able to survive, to deeper lay-
ers, where fungi are more adapted to higher temperatures and
higher salinities. Ecophysiological studies on deep-subseafloor
prokaryotes are scarce. Biddle et al. (51) used a low-salt medium
(R2A) to culture bacterial strains from deep sediments of the Peru
Margin and obtained colonies only from shallow depth layers.

This may indicate the occurrence of nonmarine strains in the first
layers and endemic or adapted strains at deeper layers, even if the
possibility of a decrease in isolation success with depth cannot be
ruled out. However, another study described some generalist sub-
seafloor sediment bacteria to be more adapted to different envi-
ronmental conditions than their surface counterparts (52). Such
results strongly support our conclusions.

Fungi detected by culture-based and molecular approaches in
the deep-subseafloor biosphere may range from those that are
buried alive and are simply dormant to those that adapt to sub-
surface conditions. The same trend is observed for bacterial en-
dospores that are as abundant as vegetative prokaryotic cells in the
deep biosphere (53). Recently, Jørgensen (54) proposed that most
deep-subseafloor microbial cells are on physiological standby and
that only a few cells may be active at any given time. The metabolic
activities of long-buried microbes could be activated due to tec-
tonic activity or if subsurface fluid flows deliver an infusion of new
electron donors and acceptors. This hypothesis fits well with our
finding that some fungi may possess a range of physiological ad-
aptations for handling different physical and chemical stressors,
while others might be microbial zombies (55). Complementary
genomic, transcriptomic, and proteomic analyses are needed to
better understand the metabolic capabilities of deep-subseafloor
fungi.

Biotechnological potential of deep-sediment fungal isolates.
Many marine microorganisms have been screened for novel bio-
active compounds (56, 57), and some research has been specifi-
cally dedicated to marine fungal secondary metabolites (17). In
this study, we examined the secondary metabolite synthesis po-
tential of deep-subsurface fungal isolates under the assumption
that deep-sea sediments represent an untapped reservoir of bio-
and chemodiversity.

Almost all fungal isolates (96%) had at least one gene involved
in a secondary metabolite biosynthesis pathway. This clearly indi-
cates their genetic potential for the synthesis of numerous second-
ary metabolites. Many of these genes might be responsible for the
biosynthesis of natural compounds that may help these fungi to
compete with other microorganisms for available substrates (28).
Isolates affiliated with the genera Penicillium, Fusarium, Paecilo-
myces, and Rhodotorula have genetic differences depending on
sampling depth. Taxa from shallow depths (from 4 to 25 mbsf)
harbored type III PKS genes, while taxa from deeper layers (from
25 to 700 mbsf) did not. These subseafloor fungi may have lost or
gained some of these genes in order to adapt to their environment.
Indeed, as previously demonstrated, secondary metabolism gene
clusters evolve rapidly through multiple rearrangements, duplica-
tions, or losses (58). It may confirm our conclusion that some of
these isolates exhibit evidence of ecophysiological adaptation.
More detailed genome-based and/or phylogenetic analyses should
be performed to determine their evolutionary origin.

Our results (i) demonstrate our success in isolating some rep-
resentatives of fungal taxa occurring within deep-subseafloor
communities, (ii) give insights into their adaptation to subsurface
in situ conditions, with fungi from deeper layers appearing to be
more adapted to deep-subseafloor conditions, and (iii) illustrate
the potential for their synthesis of genes for secondary metabolites
of possible biotechnological importance. While new molecular
methods have recently allowed the genetic capacities of uncul-
tured microorganisms to be studied using single-cell genomics
and metatranscriptomics, many important physiological features

Culturable Fungal Diversity of Subseafloor Sediments

May 2015 Volume 81 Number 10 aem.asm.org 3581Applied and Environmental Microbiology

http://aem.asm.org


remain culture dependent. Our established culture collection of-
fers the possibility for future applied biotechnological investiga-
tions specifically dedicated to the expression of selected genes of
interest.
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