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SHORT COMMUNICATION

Fungal communities from methane
hydrate-bearing deep-sea marine
sediments in South China Sea

Xintian Lai"?, Lixiang Cao', Hongming Tan, Shu Fang, Yali Huang and Shining Zhou
State Key Laboratory for Biocontrol and Department of Biochemistry, College of Life Sciences, Zhongshan
(Sun Yatsen) University, Guangzhou, PR China

To elucidate fungal diversity in methane hydrate-bearing deep-sea marine sediments in the South
China Sea, internal transcribed spacer (ITS) regions of rRNA genes from five different sediment DNA
samples were amplified and phylogenetically analyzed. Total five ITS libraries were constructed and
413 clones selected randomly were grouped into 24 restriction patterns by Amplified Ribosomal
DNA Restriction Analysis (ARDRA). ITS sequences of 44 representative clones were determined and
compared with the GenBank database using gapped-BLAST. The phylogenetic analysis showed that
the ITS sequences (71-97% similarity) were similar to those of Phoma, Lodderomyces, Malassezia,
Cryptococcus, Cylindrocarpon, Hortaea, Pichia, Aspergillus and Candida. The remaining sequences
were not associated to any known fungi or fungal sequences in the public database. The results
suggested that methane hydrate-bearing deep-sea marine sediments harbor diverse fungi. This is
the first report on fungal communities from methane hydrate-bearing deep-sea marine sediments in

South China Sea.
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Introduction

Marine fungi are ubiquitous in the ocean and have
been isolated from a variety of detritus environ-
ments (Rappé et al., 1998; Buchan et al., 2002).
Many marine fungi could tolerate and adapt to
extreme conditions like prokaryotes and some fungi
have been isolated from the deep-sea mud (Takami
et al., 1997; Nagahama et al, 2003). Deep-sea
sedimentary environments have occurred continu-
ously throughout the Earth’s history and have the
potential to harbor diverse novel sequences that may
be relevant to the early evolution of eukaryotes.
However, current models of deep-sea eukaryotic
evolution have relied on comparisons among a few
microbes, reconstructing the phylogenetic relations
from such ecological environments is necessary for
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us to understand better the origin and evolution of
early eukaryotes on this planet.

Methane hydrates are typically found in marine
sediments on continental margins or hundreds of
meters below the ground in circumpolar permafrost
regions where low temperature and high pressure
favor the formation of hydrates (MacDonald et al.,
1994; Sassen et al., 1999). Methane is predominantly
of biological origin in marine sediments that are
frequently rich in organic matter. Some novel
archaeal and bacterial clones have been observed
in hydrate-bearing sediments (Reed et al., 2002).
Small eukaryotes in deep sea seems to be involved
in decomposition of organic matter, which may play
important roles in flows of energy in deep-sea
biosphere. However, there are few investigations of
the fungal communities associated with methane
hydrate-bearing sediments.

Although diverse eukaryotic microbes were found
in deep-sea sediments by cultivation and micro-
scopy, the abundance and diversity of naturally
occurring fungi have not been well characterized.
Most microbes resisted cultivation, and microscopic
descriptions do not discriminate similar organisms
that are physiologically different. Culture-indepen-
dent methods based on the rRNA genes of microbes
were usually used to study the microbial commu-
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nities in natural habitats. The internal transcribed
spacer (ITS) regions of fungal rRNA genes have been
identified as discriminative targets for molecular
analysis of fungal communities and their high
sequence variability relative to the flanking se-
quences makes them valuable for genus- and
species-level identification (Buchan et al., 2002).
To describe more fully fungal diversity in methane
hydrate-bearing deep-sea marine sediments and find
new sequences useful for phylogenetic studies,
fungal ITS regions of rRNA genes from five different
sediment DNA samples were amplified and phylo-
genetically analyzed.

Materials and methods

Sediment samples

Sediment samples for DNA extraction were col-
lected from the subsurface sediments at water
depths of 350m (A), 884m (C), 1123 m (D), 2965 m
(F) and 3011m (G) in South China Sea by the
Department of Guangzhou Marine Geological Sur-
vey. These samples were considered to be associated
with gas hydrate based on the signatures of bottom
simulating reflector (BSR), amplitude blanking zone
with high velocity above BSR, drilling results and
hydrate data (Zhang et al., 2002; Liu et al., 2005).
The samples were frozen at —20°C before being
processed. To minimize contamination, the super-
ficial parts exposed to the air were discarded when
processed. DNA extractions were conducted under
sterile conditions and the manipulation of each
sample was performed separately to avoid cross
contamination.

DNA extraction

DNA extraction was performed using combined
physical and chemical treatments (Miller, 2001;
Gabor et al., 2003; Robe et al., 2003). Two grams
(wet weight) of sediments was added to 10ml
polypropylene tubes. Then 3.6 ml of the extraction
buffer (0.25M NaH,PO,, 0.1M Tris-HCl (pH 8.0),
0.1M EDTA (pH 8.0), 1% hexadecylmethylammo-
nium bromide (CTAB)), 0.4ml of 20% SDS solution
and equal amounts of glass beads (250-400 mesh)
were added. The mixture was homogenized for
1min using a Vortex, frozen in liquid nitrogen for
1min and incubated at 68°C for 1 h by inverting the
tube at intervals of 15 min. The tube was centrifuged
at 13000 g for 15 min, and then the supernatant was
transferred into a new 10-ml tube. Potassium acetate
(6M, 300ul) and 40% polyethylene glycol 8000
(1ml) solutions were added, precipitated at —20°C
for 15min and centrifuged at 13000g for 15 min.
The pellets were dissolved in 1ml 2 x CTAB (2%
CTAB, 1.4M NaCl, 0.1 M EDTA, pH 8.0) solution and
incubated at 68°C for 15min. One milliliter of
chloroform was added and the solution was gently
mixed, then centrifuged at 13000g for 10min.
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Aqueous DNA was precipitated by 1 ml isopropanol
at —20°C for 15 min. After centrifugation at 13000g
for 15 min, supernatant was removed carefully and
the pellet was washed with 1ml of 70% ethanol.
The DNA was resolved in 100 ul of TE buffer for
further studies. The DNA of each sample was
extracted in duplicate.

ITS amplification

The ITS region was amplified using fungal-specific
ITS 1F (5’-CTTGGTCATTTAGAGGAAGTAA-3') and
universal ITS 4 (5-TCCTCCGCTTATTGATATGC-3')
primers (White et al., 1990; Gardes and Bruns,
1993). The PCR products are about 600bp long,
including ITS 1, 5.8 S and ITS 2 regions of the rRNA
operon. Approximately 10—100 ng of template DNA,
2.5 ul 10 x PCR buffer (500 mM KCI, 100 mM Tris-HCI
(pH 9.0), 15mM 1%, (w/v) MgCl,, Triton X-100),
0.2U Taq DNA polymerase (Takara Biotechnology
(Dalian) Co., Ltd., Dalian, China), 1uM ITS 1F
primer, 1 uM ITS 4 primer and 200 uM dNTPs were
combined in a total volume of 25 ul. The reaction
mixtures lacking template DNA in parallel were
performed as negative controls. PCR was carried out
with PTC-100 cyclers (M] Research, Inc., Waltham,
MA, USA). The initial 5 min at 94°C was followed by
30 cycles of 50 at 94°C, 50s at 55°C and 1.5 min at
72°C. A final step of 10min at 72°C was included to
complete any partial polymerizations. All the
PCR procedures were repeated once. PCR products
were purified using EZNA Cycle-Pure Kits (Omega
Bio-tek Inc., Doraville, GA, USA).

Construction of ITS libraries and ARDRA analyses
Purified PCR products were cloned into the pGEM-T
easy vector (Promega Corporation, Madison, WI,
USA), and then transformed into Escherichia coli
DH50 according to the manufacturer’s instructions.
Clones were screened according to o-complemen-
tation on Luria—Bertani agar medium containing
100 ugml~" ampicillin, 5-bromo-4-chloro-3-indolyl-
f-D-galactopyranoside (X-gal) (800 ugml™") and iso-
propyl p-D-thiogalactopyranoside (IPTG) (800 ug ml ).
To identify unique ITS, the inserted DNA sequence
was amplified in reaction mixtures described above
using T7 and SP6 primers flanking the multiclone
sites of the vector. The PCR conditions were
presented as follows: the initial 5min at 94°C was
followed by 30 cycles of 30s at 94°C, 30s at 54°C
and 90s at 72°C, final extension at 72°C for 10 min.
Amplified products were selected according their
size in 1% (w/v) agarose gels. The resulting products
were further used for restriction analysis by the
restriction enzymes Haelll and Tagl, respectively.
Digested products were size-fractioned on 2%
agarose gels for 1.5h at 5Vcm™ and grouped
according to their restriction patterns. Clones with
identical patterns were considered as the same
operational taxonomic unit (OTU).
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Accumulation curves and diversity analysis

Library coverage was calculated using the relative
distribution of OTUs and the equation described
previously (Good, 1953). Rarefaction curves were
drawn using the freeware program EcoSim 7.0
(Gotelli and Entsminger, 2005). The Shannon—
Weaver index of general diversity (H') was cal-
culated for each library using the equation
H =->PilnPi. P; was calculated as follows:
P;=n,/N, where n; is the number of clones belonging
to the same OTU pattern and N is the total number
of library clones (Shannon and Weaver, 1949).

Sequencing and phylogenetic analysis

One to four clones of each OTU were selected
randomly for sequencing, using the Applied Biosys-
tems 377 sequencer in Invitrogen Biotechnology Co.
(Guangzhou, China). All sequences were analyzed
using the TRNA Database Project CHECK_CHIMERA
program to remove chimeric sequences (Maidak
et al., 2001). The retained sequences were compared
with the sequences of GenBank database using
gapped-BLAST (Altschul et al, 1997). Multiple
alignments were obtained using the CLUSTALX
1.80 program. Phylogenetic relationships were
inferred by the neighbor-joining method. Evolu-
tionary distances were calculated with the
Kimura two-parameter model (transition/transver-
sion ratio=2.0). To avoid potential biases, ordering
of taxa was randomized.

Nucleotide sequence accession numbers

The GenBank accession numbers of the nucleotide
sequences determined in this study are presented in
Table 2.

Results

ITS libraries and ARDRA analysis

Total 413 positive clones of the five ITS libraries
(designated as A, C, D, G and E) were analyzed by
ARDRA analysis (Table 1). Sequence divergence was
not found among randomly selected 10 pairs of clones

that were considered as one ARDRA pattern. The
results indicated that the clones belonged to one
single pattern. Therefore, one OTU pattern was
considered as a single and unique OTU. Library
coverage ranged from 76 to 95%. Sample A showed
the highest coverage but the lowest number of OTU
patterns. Rarefaction curve of Sample A showed a
plateau, which indicated that library A covered almost
phylotypes (Figure 1). Sample A also contained the
least diversity of fungi. Sample D represented the
highest OTU patterns but the lowest coverage value.
Rarefaction curve of Sample D did not reach a plateau.
The fungal diversity of Sample D was not assessed.
The other three samples showed high coverage values
(>0.83) and decreasing slopes of accumulation
curves. No samples showed high diversity of ITS
sequences. Calculation of H indicated different fungal
diversities among the five samples. The OTU patterns
also revealed genetic variability of fungi in methane
hydrate-bearing sediments (Table 2). For example,
each sample contained different OTU patterns, and
only the OTU1 and OTU3 were found from all the five
samples (Table 1). The numbers of clones belonging to
OTU1 and OTU3 accounted for over 75% of total
clones from Samples A, C, F and G, and 55% from
Sample D.

Phylogenic analysis
Forty-four ITS clones representing total 24 OTU
patterns were sequenced and compared with the
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Figure 1 Rarefaction curves constructed for ITS clone libraries
from each of the five sampling sites. ITS, internal transcribed
spacer.

Table 1 Distribution of representative clone types of ITS in various sediment samples from the South China Sea

No. of Coverage Shannon-Weaver Number of

Number of clones per OTU (ARDRA pattern®)

libraries (%) index (H') clones

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A 94.79 0.94 96 5 —*"39 — — — 3 — 2 — — — — — — — — — — — — 1 — —
C 87.80 1.43 82 38 1272 —2 — 2 ——m—6 2 ——1T-——1 — = — —
D 76.47 2.06 68 22116611911 —13 ——1 ———315 —— —1
F 88.37 1.35 86 41 1 29 4 — 2 2 1 —— — — — — — — — 1 — 2 — — 3 —
G 83.95 1.65 81 2813241 ~—5—11——3 —11 2 ———1 — — —

Abbreviations: ITS, internal transcribed spacer; OTU, operational taxonomic unit.
*Representative ITS clones grouped by restriction fragment length polymorphism analysis.

"None.
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Table 2 Sequence-based identification of species from each ARDRA pattern

ARDRA patterns Fungal species with most similar sequence

(GenBank accession no.)

Fragment size (bp) % similarity GenBank accession no.

OTU1 Phoma glomerata (AY183371)

0TU2 ?

OTU3 Phoma glomerata (AY183371)

OTU4 Lodderomyces elongisporus (AY391845)
OTU5 Fungal sp. R55 (AY699699)

OTU6 Phoma glomerata (AY183371)

OoTu7 Aspergillus versicolor (AY373883)
OTUs8 Malassezia restricta (AJ437695)

OTU9 Cryptococcus longus (AB035577)
OTU10 Emericella nidulans (AY452983)
0OTU11 Pichia ohmeri (AY168786)

OTU12 Cryptococcus longus (AB035577)
OTU13 Phoma glomerata (AY183371)

0TU14 Hortaea werneckii (AY213656)

OTU15 Pichia ohmeri (AY168786)

OTU16 Aspergillus versicolor (AY373882)
OTU17 Cladosporium sp. MA 4762 (AJ971409)
OTU18 Phoma glomerata (AY183371)

0TU19 Phoma glomerata (AY183371)

0OTU20 Cladosporium sp. MA 4762 (AJ971409)
OTU21 Candida parapsilosis (AY939803)
OTU22 Cryptococcus longus (AB035577)
0OTU23 Phoma glomerata (AY183371)

0OTU24 Pichia ohmeri (AY168786)

579 97.24 DQ279832
526 — DQ279844
577 97.92 DQ279848
590 80.09 DQ279835
616 62.75 DQ279836
573 82.18 DQ279830
588 76.83 DQ279829
677 85.33 DQ279840
539 76.07 DQ279842
605 93.88 DQ279843
446 83.86 DQ279834
539 76.44 DQ300279
578 97.40 DQ300278
585 93.16 DQ300280
446 83.63 DQ300281
606 89.68 DQ279847
591 87.35 DQ279846
578 97.75 DQ279838
581 97.07 DQ279833
526 71.08 DQ279839
559 92.13 DQ279845
542 75.83 DQ279828
572 81.83 DQ279837
446 83.86 DQ300282

Abbreviation: OTU, operational taxonomic unit.

GenBank database (Figure 2). The composition
indicated that most of the ITS sequences that can
be included in the order of Ascomycota and
Basidomycota originated from fungi. ITS sequences
from seven OTU patterns (OTU1, OTU3, OTUS,
OTU13, OTU18, OTU19 and OTU23) were most
closely related to the cultivable fungi Phoma
glomerata. Sequences from OTU1, OTU3, OTU13,
0OTU18 and OTU19 showed about 97% identity
with Phoma glomerata. They represented 331 fungal
clones and accounted for 80% of the total 413
clones. However, OTU6 and OTU23 showed low
identity to the most related sequences in the
GenBank (<83%). The two sequences formed a
separate clade with 95% bootstrap percentages,
so they were not associated to any currently
documented sequences.

Clones of OTU5 were phylogenetically associated
with Cylindrocarpon species and fungal sp. R55
(AY699699). Clones of OTU14 were clustered with
Hortaea werneckii and clones of OTU17 clustered
with Cladosporium species. These three OTU
patterns belonged to Pezizomycotina, which is a
subphylum of the ascomycota. Clones of OTU10 and
OTU16 were associated with genus Emericella and
Aspergillus. Clones of OTU7 were distantly related
to Aspergillus versicolor (76.83%), and apparently
represented another type of heterotrophic diver-
gence (98% of bootstrap value).

There are diverse yeasts in methane hydrate-
bearing deep-sea marine sediments. A small portion
(7.5%) of total clones belongs to yeast (9 OTUs
representing 31 clones). Clones of OTU8, OTU9,
OTU12 and OTU22 were assigned to the order of

Basidomycota. Phylogenetic analyses strongly sup-
ported the affinity between clones of OTU8 and
Malassezia restricta, although their sequence iden-
tity reached only 85.33%. Clones of OTU9, OTU12
and OTU22 were grouped with Cryptococus congus.
Sequence identity of the three OTUs with Crypto-
cocus congus was low (<77%). It indicated novel
ITS sequences of Cryptococus genera from the
marine sediment. The most closely related sequence
of OTU20 was Cladosporium sp. MA4762 with low
sequence identity (71.08%). OTU20 formed a sepa-
rate clade in basidomycota clade; its exact phyloge-
netic position was not clear (low bootstrap values).
Five OTU patterns (OTU4, OTU11, OTU15, OTU21
and OTU24) were included in yeasts belonging to
ascomycetes. Clones of OTU4 and OTU21 were well
supported with genera Lodderomyces and Candida,
respectively. A second clade of yeasts in ascomy-
cetes was formed by clones of OTU11, OTU15 and
0TU24, together with Pichia ohmeri.

Discussion

Communities of bacteria, archaea, protists and fungi
account for most of the oceanic biomass. These
microscopic factories are responsible for 98% of
primary production and mediate all biogeochemical
cycles in the oceans (Sogin et al., 2006). Marine
fungi have been isolated from a variety of detritus
materials: decaying woods, leaves, seaweeds, man-
groves, sea grasses, sediments, calcareous and
chitinous substrates (Rappé et al., 1998; Buchan
et al., 2002). Some marine fungi tolerating and
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Figure 2 Neighbor-joining tree obtained from analysis of the
rDNA ITS showing the relationships of the 24 representative
sequences in five libraries. The tree was rooted by using two
stramenopiles sequences (Ectocarpus siliculosus and Kuckuckia
sp.). Bootstrap values (n=1000 replicates) of >50% are reported
as percentages. The scale bar represents the number of changes
per nucleotide position. ITS, internal transcribed spacer.

adapting to the deep-sea extreme conditions were
also isolated (Takami et al., 1997; Nagahama et al.,
2003). Culture-independent analysis has produced a
very different view of fungal community structure
than culture-based methods (Viaud et al., 2000).
Therefore, the molecular techniques were adopted
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to investigate the community structure of marine
fungi in the study.

Previous studies showed that 18S rRNA approach
is a valuable tool in assessing the global diversity of
aquatic eukaryotes (L6pez-Garcia et al., 2001; Moon-
van der Staay et al., 2001; Stocek and Epstein, 2003;
Stocek et al., 2003). However, the 18S rRNA genes
are problematic because identification is commonly
limited to genus or family level. This is primarily
due to the relative lack of variation within 18S rRNA
genes between closely related fungal species (An-
derson and Cairney, 2004). The ITS regions of fungal
rDNA are stretches of DNA between 18S, 5.8S and
28S rRNA genes and exhibit a high degree of
polymorphism between species but are thought to
be highly conserved within species. These charac-
teristics make them valuable for genus- and species-
level identification (Buchan et al., 2002). Therefore,
ITS sequences can provide better taxonomic resolu-
tion than 18S rRNA genes (Anderson and Cairney,
2004). Surveys based on 18S rRNA genes indicated
that most marine picoplanktons can be assigned to
microalgae, flagellates and ciliates (Lopez-Garcia
et al., 2001; Moon-van der Staay et al, 2001).
However, the ITS 1F primer conjunction with ITS4
primer could specifically amplify fungal templates
from mixed community DNA samples and proved to
be extremely useful for unraveling the systematic
and phylogeny of the dominant salt marsh fungi
(Buchan et al., 2002; Chen and Cairney, 2002;
Anderson et al., 2003a,b; Anderson and Cairney,
2004).

Fungal communities in methane hydrate-bearing
marine sediments assessed by ITS sequences appear
to be composed mostly of Phoma glomerata and
yeasts, even though PCR does not allow us to
quantify accurately cell numbers because of differ-
ences in the number of gene copy per cell and PCR
biases. Phoma is found as parasites of seaweeds, sea
grasses, mollusks and sponges, so it is often isolated
from marine and estuarine environment (Kohlmeyer
and Volkmann-Kohlmeyer, 1991). There is some
evidence that terrestrial microorganisms accumulate
in deep-sea sediments (Baross et al., 1975; Pivkin,
2000). Moreover, the isolation of terrestrial fungus
Cladosporium sp. from sediments below 4,400m
indicates that sedimentation is probably the most
important factor responsible for the accumulation of
facultative marine fungi in deep-sea sediments
(Takishita et al., 2006; Shao and Sun, 2007). We
therefore reconsider the general notion that the role
of facultative marine fungi in ecology is of little
importance. It is assumed that the marine bacteria
present in deep sea have drastically reduced growth
and metabolic rates due to the combination of low
temperature and high pressure (Baross et al., 1975).
Therefore, it is quite likely that some facultative
fungi would remain viable but in an inactive state
for an indeterminable period.

In general, basidiomycetous and ascomycetous
yeasts often account for the majority of the total



yeast population in oligotrophic oceanic waters, and
among the basidiomycetous yeasts, some species of
Cryptococcus and its teleomorphs have been found
to be widespread across various oceanic regions
including the deep-sea environment (Takishita
et al., 2006). In deep-sea sediments, there is less
organic debris available to be utilized by yeasts than
in sediments in shallow regions. Marine sediments
associated with gas hydrates or hydrocarbon seeps
are characterized by a rapid increase in consump-
tion of oxygen with depth (Yan et al., 2006). The
sulfate-reducing bacteria and methanotrophic ar-
chaea are the metabolically active fraction of the
microbial community in hydrate-bearing sediments
(Mills et al., 2005). These consortia are principally
responsible for anaerobic methanotrophy and
may contribute significantly to the carbon flux in
anaerobic microbial communities fueled by
methane. The anaerobic methanotrophy plays a
crucial role in the establishment and success of
methane-seep communities by converting methane
into more readily accessible carbon and energy
substrates (Orphan et al, 2002). Most known
methanol-assimilating yeast belong to the genera
Pichia and Candida and methylotrophic yeasts have
attracted interest since they were first isolated for
both physiological study and industrial applications
(Gellissen, 2000). Methylotrophic yeasts from ex-
treme environments have certain advantages over
mesophiles in industrial processes. Consumption of
methane hydrate hydrocarbons by associated micro-
bial consortia could play a significant role in global
methane and carbon cycles and in diagnostic
processes.

Molecular characterization of fungal community
from hydrate-bearing sediments has provided evidence
for new taxonomic group having no known closely
related cultivated isolates. This clade lacks a cultivated
isolates and, therefore, the specific physiology is
unknown. Attempts will be made to cultivate these
fungi identified in the clone libraries to determine their
specific physiology and metabolic traits.

Our data suggest that previously unidentified
fungal communities occur widely in organic-rich
deep-sea marine sediments associated with methane
hydrate in South China Sea. Some fungi that we
detected represent uncultivated and physiologically
uncharacterized assemblages. Nevertheless, the re-
cognition of fungal communities that consistently
occur in the presence of methane hydrates serves as
a starting point for defining their ecological and
biogeochemical significances. Future studies will
determine how these fungi affect the cycling of
carbon and establish the physiological properties
that permit their survival at depth.
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