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ABSTRACT
In this study, sediments from whale-fall chemosynthetic ecosystems (two different sites, one 
naturally occurring at 4200 m water depth in South Atlantic Ocean and one artificially immersed 
at 100 m water depth in Kagoshima Bay, Japan) were investigated by Ion Torrent PGM sequencing 
of the ITS region of ribosomal RNA to reveal fungal communities in these unique marine environ-
ments. As a result, a total of 107 (897 including singletons) Operational Taxonomic Units (OTUs) 
were obtained from the samples explored. Composition of the 107 OTUs at the phylum level 
among the five samples from two different whale-fall sites was assigned to Ascomycota (46%), 
Basidiomycota (7%), unidentified fungi (21%), non-fungi (10%), and sequences with no affiliation to 
any organisms in the public database (No-match) (16%). The high detection of the unidentified 
fungi and unassigned fungi was revealed in the whale-fall environments in this study. Some of 
these unidentified fungi are allied to early diverging fungi and they were more abundant in the 
sediments not directly in contact with whalebone. This study suggests that a cryptic fungal 
community exists in unique whale-fall ecosystems.
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Introduction

Fungi are major ecological players in both terrestrial 
and aquatic environments that cycle organic matter 
and channel nutrients across trophic levels. High- 
throughput sequencing studies of fungal communities 
are redrawing the map of the fungal kingdom by hint-
ing at its enormous and largely uncharted taxonomic 
and functional diversity (Nilsson et al. 2019). The pre-
sence of fungi in deep-sea environments with their 
taxonomic novelty and ecological importance in eco-
systems is recently recognised with much interest. 
Many fungi have been isolated and reported from 
various deep-sea environments, including deep marine 
subsurface from more than 50 years ago (Roth et al. 
1964; Kohlmeyer 1969, 1977; Raghlukumar et al. 2004; 
Burgaud et al. 2009, 2010, 2016; Damare et al. 2006; 
Nagahama et al. 2008; Dupont et al. 2009; Le Calvez 
et al. 2009; Nagano and Nagahama 2012; Singh et al. 
2012; Redou et al. 2015; Nagano et al. 2016, 2019; Wei 
et al. 2018). Culture-independent environmental DNA- 
based techniques, especially using high-throughput 

sequencing, revealed comprehensive fungal diversity, 
including many novel fungal phylotypes (Bass et al. 
2007; Lai et al. 2007; Nagano et al. 2010, 2017; 
Edgcomb et al. 2011; Singh et al. 2011, 2012; Orsi 
et al. 2013; Redou et al. 2014; Xu et al. 2014, 2018, 
2019; Zhang et al. 2014, 2016; Barone et al. 2018; 
Vargas-Gastelum et al. 2019). Novel phylotypes 
affiliated with basal fungal lineages have been abun-
dantly detected, especially in unique deep-sea chemo-
synthetic ecosystems, such as hydrothermal vents and 
hydrocarbon seeps (Le Calvez et al. 2009; Nagahama 
et al. 2011; Xu et al. 2017).

Sunken whale carcases, so-called “whale-falls”, are 
another type of sulfogenic habitat that supports che-
mosynthetic communities in deep-sea environments 
similar to hydrocarbon seeps and hydrothermal vent 
systems. Whale-falls produces unique organic and sul-
phide-rich habitat islands at the seafloor. Giant body 
sizes and especially high bone-lipid content allow great 
whale carcases to support a sequence of heterotrophic 
and chemosynthetic microbial assemblages in the 
energy-poor deep sea (Smith et al. 2015; Onishi et al. 
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2020). Since the first recognition of the whale-fall che-
mosynthetic ecosystems in deep sea off California by 
Smith et al. (1989), it is known that metazoan commu-
nities in whale-fall ecosystems contain many new spe-
cies and evolutionary novelties, including bone-eating 
worms and snails with faunal overlap with other deep- 
sea chemosynthetic communities, such as hydrother-
mal vents, cold seeps and wood falls (Fujiwara et al. 
2010; Sumida et al. 2016). Prokaryotic communities in 
whale-fall chemosynthetic environments have been 
well investigated and documented (Deming et al. 
1997; Smith et al. 1998; Goffredi et al. 2008; Miyazaki 
et al. 2008, 2010; Goffredi and Orphan 2010; Danise 
et al. 2012; Cavalett et al. 2017). However, to the best of 
our knowledge, one of the most important component 
groups of organisms in many ecosystems, fungi, has 
never been investigated in whale-fall chemosynthetic 
environments.

The aim of this study was to investigate fungal 
diversity in sediments associated with whale-fall che-
mosynthetic ecosystems in order to increase our 
knowledge of fungal communities in deep-sea envir-
onments, especially in unique chemosynthetic ecosys-
tems. In this study, sediments of whale-fall 
chemosynthetic ecosystems from two different sites, 
one naturally occurring at 4200 m water depth in South 
Atlantic Ocean (Sumida et al. 2016) and one artificially 
immersed at 100 m water depth in Kagoshima Bay, 
Japan (Fujiwara et al. 2007; Tsubouchi et al. 2015) 
were investigated by Ion Torrent PGM targeting ITS 
region of ribosomal RNA to reveal fungal community 
in these unique marine environments.

Materials and methods

Site description and sediment sampling

Five sediment samples were collected at two geologi-
cally and physiologically different whale-fall chemosyn-
thetic sites. Three sediment samples were collected as 
a core sample at Kagoshima Bay, Japan (Site 1: 31° 
39.746ʹ N, 130°48.050ʹ E, Water depths = 101 m) during 
the NT12-09 cruise with the remotely operated vehicle 
(ROV) Hype-Dolphin (Dive no. 1368) operated on 
12 April 2012. The sediment core sample was collected 
from just below the whalebone, which was heavily 
colonised by tubeworms (Lamellibrachia satsuma) 
(Figure 1(a)), and cut into layers at different depths 
(Sample ID, 1: 0–5 cm, 2: 5–10 cm, 3: 10–15 cm) from 
the surface of the seafloor. The whalebone at this site 
was artificially immersed for research purposes during 
the NT05-12 leg1 cruise on 28 July 2005 and placed for 
almost 7 years until sampled in 2012. The other two 
sediment samples were collected at the São Paulo 
Ridge, off Brazil (Site 2: 28° 31.1191ʹ S, 41° 39.4097ʹ W, 
Water depths = 4,204 m) during the YK13-04 leg1 of 
the Iata-piuna cruise by using the human-occupied 
vehicle (HOV) Shinkai 6500 operated on 23 April 2013. 
Surface sediment samples were collected from just 
below the whalebone (Sample ID: A) and approxi-
mately one metre away from the bone (Sample ID: B) 
(Figure 1(b)). Whalebones at this site were found as the 
first record of a natural whale fall in the deep Atlantic 
Ocean and as the deepest record to date (Sumida et al. 
2016). Details of the collected samples are described in 
Table 1.

Figure 1. Whale-fall sites investigated in this study. (a) Kagoshima Bay, Japan (Water depths = 101 m) (b) The Sao Paulo Ridge, off 
Brazil (Water depths = 4,204 m).
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DNA extractions, PCR amplifications and 
sequencing

DNA was extracted from 0.5 g of each sediment sam-
ple by the employment of ISOIL for beads beating kit 
(Nippon Gene, Japan), in accordance with the manu-
facturer’s instructions. Extracted DNA was stored at 
−20°C, prior to PCR amplification. For extractions, 
a negative extraction control containing all reagents 
minus sediment was performed. Fungal DNA was 
amplified with the primer set ITS-1FS (5ʹ- 
CTTGGTCATTTAGAGGAAGTAA-3ʹ)/ITS4 (5ʹ- 
TCCTCCGCTTATTGATATGC-3ʹ) as a primary primer set 
and ITS1 (5ʹ-TCCGTAGGTGAACCTGCGG-3ʹ)/ITS2 (5ʹ- 
GCTCCGTTCTTCATCGATGC-3ʹ) as a nested primer set 
(White et al. 1990; Gardes and Bruns 1993). PCR reac-
tion mixes (20 µl) contained: 10 µl of SYBR Premix Ex 
Taq (TaKaRa, Japan), 0.4 µM (each) of a pair of primers 
and 1–2 µl of DNA template (10–100 ng). For the 
nested PCR, 0.5 µl of primary PCR product was used 
as a DNA template. The 7500 Real-Time PCR System 
(Applied Biosystems) was used to determine the opti-
mal cycle number by reference to cycle threshold (Ct) 
values for Ion Torrent PGM analysis. The real-time PCR 
conditions used were 95°C for 30 sec, 40 cycles of 95°C 
for 5 sec, 60°C for 34 sec, and 95°C for 15 sec, followed 
by 60°C for 60 sec. Ct values were defined as the 
number of cycles required for normalised fluores-
cence to reach a manually set threshold of 20% total 
fluorescence. PCR amplification was performed in 
a GeneAmp® PCR system 9700 (Applied Biosystems) 
with calculated Ct value, which was 19 for all samples, 
with the same conditions as the real-time PCR. The 
PCR products were purified using the Agencourt 
AMPure XP Reagent (Beckman Coulter, Brea, CA, 
USA). The purified PCR amplicons were end-repaired 
using the Ion Plus Fragment Library Kit (Life 
Technologies Inc., Grand Island, NY, USA), following 
the manufacturer’s protocol. The end-repaired ampli-
cons were purified using the Agencourt AMPure XP 
Reagent. Sequencing adapters with the sample iden-
tification barcoding key were ligated using an Ion 
Xpress Fragment Library Kit, following the manufac-
turer’s protocol. The adapter-ligated and nick- 
translated amplicons were purified using the 
Agencourt AMPure XP Reagent. The concentrations 
of the prepared libraries were determined by quanti-
tative PCR using the Ion Library Quantitation Kit (Life 
Technologies Inc.). The amount of library required for 

template preparation was calculated using the tem-
plate dilution factor calculation described in the pro-
tocol. Diluted libraries were pooled for library 
amplification using the Ion One Touch and ES systems 
(Life Technologies Inc.). Emulsion PCR to incorporate 
the library to the sequencing beads was performed 
using the Ion OneTouch instrument with an Ion 
OneTouch OT2 400 Kit (Life Technologies Inc.). 
Finally, the library sample was sequenced on an Ion 
Torrent Personal Genome Machine using an Ion 318 
chip and the Ion PGM 400 sequencing Kit (Life 
Technologies Inc.), following the manufacturer’s pro-
tocols. The raw sequence data (.fastq file) are available 
in the DNA Data Bank of Japan (DDBJ) under acces-
sion number DRA010220.

Data processing and analyses

The sequence data were analysed using the Mothur 
pipeline (v. 1.32.1) following a modified standard 
operating procedure (Schloss et al. 2009, 2011). In 
brief, the data were subjected to quality control, 
whereby each sequence was screened for a match 
to the sequencing primer and thresholds for average- 
Phred quality score (Q ≥ 20), ambiguous bases 
(count = 0), and homopolymers (length ≤8). 
Sequences shorter than 100 bp after quality trimming 
were not considered. All potentially chimeric 
sequences were identified using Mothur-embedded 
UCHIME (chimera.uchime) (Edgar et al. 2011) and 
were removed. The sequence dataset was normalised 
to 40,703 sequences per sample (the smallest sample 
size) to reduce bias associated with different numbers 
of reads in the different samples (Gihring et al. 2012). 
Unique sequences were pairwise aligned (Needlema 
and Wunsch 1970) and the resultant distance matrix 
clustered into operational taxonomic units (OTUs) 
using the nearest neighbour algorithm at >97% simi-
larity. Singleton OTUs (n = 790) were removed as most 
next-generation sequencing (NGS) singletons are 
considered to be artefacts (Tedersoo et al. 2010). 
Classification of the sequences was performed using 
the UNITE + International Nucleotide Sequence 
Databases (INSD: NCBI, EMBL, DDBJ) ITS reference 
database (v.6; released on 10 September 2014) with 
the BLASTn algorithm (Abarenkov et al. 2010). Results 
were then confirmed by using the top-100 best 
BLASTn analyses, which were performed manually in 
2019 (https://blast.ncbi.nlm.nih.gov/). Some results 
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were modified when confirmed by manual analysis. 
Sequences, which the majority (>80%) of top-100 
BLASTn analyses showed similarity (even though 
with low query coverage) to non-fungal organisms, 
were treated as “non-fungi”. In the same way, 
sequences affiliated with uncultured fungi or uniden-
tified fungi without lower taxonomic level classifica-
tion were treated as “unidentified fungi”. Sequences 
with no affiliation to any organisms were treated as 
“non-match”. The diversity of fungal communities in 
each sample was compared using multiple metrics for 
rarefaction, observed OTU richness, Good’s coverage 
(complement of the ratio between local singleton 
OTUs and the total sequence count)(Good and 
Toulmin 1956), Simpson diversity index (1/D) 
(Simpson 1949), Shannon diversity index (H) 
(Shannon 1948), calculated in Mothur software pack-
age. Community similarities across the samples were 
visualised using nonmetric multidimensional scaling 
(NMDS) based on the Morisita-horn metrics in R (R 
Core Team 2015). NMDS was selected as a preferred 
ordination procedure because it makes few 

assumptions about the distribution of the species. 
Morisita-horn metrics was chosen because sample 
size and diversity of the sample have little influence 
in its calculation (Morisita 1959; Wolda 1981) and 
these methods are commonly used in microbial ecol-
ogy studies (Tedersoo et al. 2014). Ordination plots 
were created using the “metaMDS” function in the 
R vegan package (Oksanen et al. 2013), which incor-
porated relative abundance (transformation first 
square-root then Wisconsin double standardisation) 
or presence–absence of OTU data.

Results

Sequence analysis

A total of 3,123,023 sequences with an average read 
length of 157 bp were generated by an Ion Torrent 
PGM for 5 sediment samples collected from two dif-
ferent whale-fall chemosynthetic sites. After quality 
control, a total of 401,404 sequences (13%) were 
used for analysis. The numbers of sequences for 
each sample are listed in Table 2. Clustering at 97% 
identity produced 897 unique OTUs across the 5 sedi-
ment samples, of which 790 OTUs were singletons. 
The remaining 107 OTUs were used in further ana-
lyses. Good’s coverage was higher than 99.9% (Table 
2) throughout the samples. This data indicates an 
excellent overall OTU coverage afforded by the deep 
sequencing.

Fungal diversity and communities

Rarefaction curves were shown in Figure 2 and 
a number of observed OTUs in each sample are 
shown in Table 2 (including non-fungal OTUs) and 
Figure 3 (excluding non-fungal OTUs). The highest 
number of OTUs (67 OTUs: 63 fungal and 4 non- 
fungal) was obtained in sample 2, followed by sample 

Table 2. Details of the obtained sequence reads, fungal OTU richness, coverage, and diversity indices in each sample.

Sample 
Name

Sequence data filtering Diversity

No. of reads

% of high quality 
reads

Number of observed OTUs 
(97%)

Good’s coverage 
(%)

Shannon 
(H)

Simpson (1/ 
D)

Before 
filtering

After 
filtering

1 927,048 158,426 17.09 20 99.98% 0.08 1.02
2 490,476 58,963 12.02 67 100.00% 2.68 10.04
3 527,403 85,766 16.26 25 99.98% 0.47 1.28
A 520,567 57,546 11.05 43 99.99% 1.74 3.86
B 657,529 40,703 6.19 38 99.98% 0.78 2.03

Figure 2. Rarefaction curves of the observed fungal OTU richness 
at 97% sequence similarity in each sample.
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A (43 OTUs: 39 fungal and 4 non-fungal), sample B (38 
OTUs: 32 fungal and 6 non-fungal), and sample 3 (25 
OTUs: 21 fungal and 4 non-fungal). The lowest num-
ber of OTUs (20 OTUs: 19 fungal and 1 non-fungal) 
was observed in sample 1. Both Shannon and 
Simpson diversity indices showed the highest diver-
sity in sample 2 and the lowest diversity in sample 1.

A total of 107 OTUs were recovered from 5 marine 
sediments associated with whale-fall chemosynthetic 
ecosystems. Composition of the 107 OTUs at the phy-
lum level among the 5 samples from two different 
sites of whale fall was assigned to Ascomycota (46%), 

Basidiomycota (7%), unidentified fungi (21%), non- 
fungi (10%) and sequences with no affiliation to any 
organisms in the public database (No-match)(16%) 
(Figure 4(a)). Classification of the observed 96 fungal 
OTUs (11 non-fungal OTUs were excluded, OTU16, 26, 
33, 47, 67, 68, 71, 87, 90, 93, 94) are shown in Table 3. 
The majority of non-fungal OTUs showed similarity to 
Metazoa, such as deep-sea marine arrow worms, 
siphonophores and cnidarians, but most are with 
very low query coverage. Assignable fungal OTUs 
were dominated by Dothideomycetes (31%), followed 
by Saccharomycetes (5%), Eurotiomycetes (4%), 

Figure 3. Proportion of detected OTUs assigned to class level in each sample.

Figure 4. Proportion of obtained 107 OTUs assigned to (a) phylum level (b) class level.
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Table 3. Classification of obtained 107 OTUs with overall abundance. Phylum rank: (A: Ascomycetes, B: Basidiomycetes, U: 
unidentified, -: No match).

OTU No. Phylum Class Species Accession No. Identity(%) Coverage(%) Overall abundance(%)

1 A Dothideomycetes Leptosphaeria sp. AB693792 98 100 23.502
2 U Unidentified Uncultured fungus HM030613 97 30 17.882
3 U Unidentified Uncultured fungus HM240101 98 18 11.010
4 A Saccharomycetes Uncultured fungus (DSF-G1) KJ194363 97 100 10.451
5 B Microbotryomycetes Rhodosporidium diobovatum JQ993385 99 100 8.566
6 A Dothideomycetes Cyclothyrium sp. KP309921 88 74 4.152
7 A Dothideomycetes Periconia sp. JX868735 97 100 3.354
8 U Unidentified Uncultured fungus JX915310 100 29 3.284
9 A Dothideomycetes Phoma sp. KT199712 100 100 2.747
10 U Unidentified Uncultured fungus JN905953 100 20 2.530
11 U Unidentified Uncultured fungus AB615563 94 88 1.469
12 A Leotiomycetes Ciboria shiraiana JN033430 99 100 1.087
13 A Dothideomycetes Phoma multirostrata KJ686366 100 100 1.041
14 A Dothideomycetes Pleosporales sp. HQ631052 99 100 0.960
15 A Dothideomycetes Paraphaeosphaeria angularis JX496047 95 100 0.912
17 A Saccharomycetes Candida sp. AJ549823 98 100 0.740
18 A Dothideomycetes Pleosporales sp. HQ631002 96 100 0.726
19 U Unidentified Uncultured fungus JF945481 97 19 0.631
20 A Eurotiomycetes Penicillium citreonigrum LN808957 99 100 0.464
21 U Unidentified Uncultured fungus AB507841 95 24 0.433
22 A Dothideomycetes Microsphaeropsis arundinis EU664487 98 100 0.344
23 - - - - - - 0.257
24 A Dothideomycetes Capnodium sp. HQ631045 98 100 0.241
25 U Unidentified Uncultured fungus FJ626929 83 42 0.228
27 - - - - - - 0.196
28 A Leotiomycetes Leohumicola sp. AF461659 90 100 0.155
29 U Unidentified Uncultured fungus JX974807 97 27 0.151
30 B Agaricomycetes Melanotus caricicola AY129365 93 100 0.149
31 A Dothideomycetes Pleosporales sp. AB809634 76 100 0.130
32 - - - - - - 0.125
34 A Saccharomycetes Uncultured fungus G57 (DSF-G1) DQ279844 83 100 0.096
35 A Dothideomycetes Pleosporales sp. HQ631052 88 100 0.092
36 - - - - - - 0.091
37 A Eurotiomycetes Exophiala equina JX681045 99 100 0.078
38 A Dothideomycetes Teichospora melanommoides KU601585 92 100 0.065
39 B Agaricomycetes Gyrodontium sacchari KR867661 98 100 0.062
40 - - - - - - 0.042
41 A Dothideomycetes Phaeosphaeria oryzae KM434269 97 100 0.039
42 A Dothideomycetes Pleosporales sp. HQ696074 99 99 0.034
43 B Agaricomycetes Lycoperdon perlatum KP340200 99 100 0.030
44 A Dothideomycetes Paraconiothyrium brasiliense JQ936270 99 100 0.028
45 U Unidentified Uncultured fungus JN904206 93 22 0.025
46 A Dothideomycetes Hortaea werneckii KP341543 99 100 0.022
48 A Dothideomycetes Pleosporales sp. KP269045 99 100 0.021
49 A Eurotiomycetes Aspergillus pseudoglaucus KP670428 98 100 0.019
50 A Leotiomycetes Cadophora malorum KF053555 96 100 0.014
51 - - - - - - 0.011
52 A Dothideomycetes Paraphaeosphaeria michotii JX629110 91 100 0.011
53 A Dothideomycetes Paraconiothyrium hawaiiense KF498872 99 100 0.010
54 U Unidentified Uncultured fungus KC966068 97 100 0.010
55 U Unidentified Uncultured fungus KC491368 89 100 0.008
56 U Unidentified Uncultured fungus JX387630 100 9 0.008
57 U Unidentified Uncultured fungus JQ666760 84 35 0.007
58 U Unidentified Uncultured fungus AB507841 85 96 0.007
59 U Unidentified Uncultured fungus JF94548 97 20 0.006
60 U Unidentified Uncultured fungus JX345842 100 21 0.006
61 - - - - - - 0.005
62 - - - - - - 0.005
63 - - - - - - 0.004
64 A Dothideomycetes Lophiostoma corticola EU770246 92 98 0.004
65 A Dothideomycetes Paraconiothyrium hawaiiense EU715661 98 100 0.004
66 U Unidentified Uncultured fungus FJ265946 100 19 0.004
69 A Dothideomycetes Pleosporales sp. HE584879 88 97 0.003
70 U Unidentified Uncultured fungus KC491368 94 100 0.003
72 - - - - - - 0.002
73 - - - - - - 0.002
74 - - - - - - 0.002
75 A Dothideomycetes Coniothyrium glycines KF251211 88 100 0.002
76 - - - - - - 0.001
77 - - - - - - 0.001

(Continued)
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Leotiomycetes (4%), Agaricomycetes (4%), 
Sordariomycetes (2%), Microbotryomycetes (2%) and 
Pucciniomycetes (1%) (Figure 4(b)). The most fre-
quently detected OTU genera were Paraconiothyrium 
(4 OTUs) and Phoma (4 OTUs), followed by Candida 
(2), Exophiala (2), Lycoperdon (2), Paraphaeosphaeria 
(2), Penicillium (2) and Rhodosporidium (2). The top-ten 

most abundant OTUs were Leptosphaeria sp. (23.5% 
of the sequences), unidentified fungi (17.9%), uniden-
tified fungi (11.0%), DSF-Group1 (10.5%), 
Rhodosporidium diobovatum (8.6%), Cyclothyrium sp. 
(4.2%), Periconia sp. (3.4%), unidentified fungi (3.3%), 
Phoma sp. (2.7%), and unidentified fungi (2.5%). The 
majority of OTUs (n = 82 out of 96) accounts for less 

Table 3. (Continued).
OTU No. Phylum Class Species Accession No. Identity(%) Coverage(%) Overall abundance(%)

78 - - - - - - 0.001
79 U Unidentified Uncultured fungus KC215961 100 10 0.001
80 A Eurotiomycetes Exophiala xenobiotica JX681049 98 100 0.001
81 B Agaricomycetes Lycoperdon perlatum KF551247 98 100 0.001
82 A Dothideomycetes Arthopyreniaceae sp. KC218451 95 100 0.001
83 B Pucciniomycetes Thekopsora areolata KJ546897 97 14 0.001
84 A Saccharomycetes Uncultured fungus G57 (DSF-G1) DQ279844 78 96 0.001
85 - - - - - - 0.001
86 A Sordariomycetes Periconia sp. JX868735 91 100 0.001
88 - - - - - - 0.001
89 A Sordariomycetes Gibellulopsis sp. KC287233 94 97 0.001
91 A Dothideomycetes Perisporiopsis sp. HM031459 95 100 0.001
92 A Saccharomycetes Candida sp. AJ549823 95 100 0.001
95 A Leotiomycetes Helotiales sp. JX507731 93 34 0.001
96 U Unidentified Uncultured fungus JX387630 94 13 0.001
97 B Microbotryomycetes Rhodosporidium diobovatum KP329705 95 100 0.001
98 A Eurotiomycetes Penicillium corylophilum AF033450 95 100 0.001
99 A Dothideomycetes Camarosporium psoraleae KF777143 98 71 0.001
100 A Dothideomycetes Periconia sp. JX868735 92 100 0.001
101 A Dothideomycetes Peyronellaea combreti KJ869134 95 100 0.001
102 A Dothideomycetes Phoma herbarum KF251212 95 100 0.001
103 A Dothideomycetes Periconia sp. KP890580 93 100 0.001
104 A Dothideomycetes Phoma herbarum KF251212 93 100 0.001
105 U Unidentified Uncultured fungus JF945688 84 72 0.001
106 U Unidentified Uncultured fungus JF945688 86 61 0.001
107 A Dothideomycetes Paraconiothyrium brasiliense JQ936270 96 100 0.001

Figure 5. Abundance of detected fungal sequences at the class level in each sample.
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than 1.0% of the sequences (Table 3). Classification of 
OTUs revealed that 35 out of 96 (36.5%) fungal OTUs 
exhibited >98% sequence similarity, and 46 (48.0%) 
exhibited >97% similarity, to pre-existing ITS 
sequences in public databases.

Distribution and abundance of fungal OTUs at the 
class level in each sample are shown in Figure 5.

Although the composition of fungal communities 
throughout all five samples showed a similar pattern 
(Figure 3), the abundance of each fungal class showed 
a significant difference in each sample (Figure 5). 
Dothideomycetes and Microbotryomycetes dominate 
in sample A. Saccharomycetes and the sequences with 
no affiliation to any organisms in the public database 
(Unassigned) dominate in sample B. Dothideomycetes 
dominates in sample 1. Dothideomycetes and No- 
match dominate in sample 2. No-match dominates in 
sample 3 (Figure 5). NMDS ordination of the fungal 
community structure (abundance-based metrics) did 
show that the similarity of each sample is low, but 
there was some inclination between samples from 
the two sampling sites (Figure 6).

Discussion

Fungal communities in marine sediments 
associated with whale-fall

A total of 107 OTUs were detected in this study. 
This is similar to the number of OTUs detected in 
deep-sea samples from the São Paulo Plateau, 
which also used the same study design (113 
OTUs, 97% similarity: Nagano et al. 2017). 
However, this number is considerably less in com-
parison with the recently reported samples from 
several deep-sea environments analysed by use of 
the Illumina high-throughput sequencing system 
(four sediments, 420 OTUs, 97% similarity: Zhang 
et al. 2016; 9 sediments, 1742 OTUs, 98.5% similar-
ity: Barone et al. 2018; 7 sediments, 723 OTUs, 97% 
similarity: Xu et al. 2018; 42 sediments, 890 OTUs, 
97% similarity:, 2019; 29 sediments, 4421 OTUs, 
97% similarity: Vargas-Gastelum et al. 2019). It is 
difficult to compare the fungal diversities analysed 
by different study designs (especially, sampling size 
and data processing methods). Also, the detection 
rate using different sequencing platforms should 
be clarified.

The most OTU-rich assignable phylum was 
Ascomycota (46%), followed by Basidiomycota (6%), 
which was consistent with most of the previous stu-
dies on fungal diversity in deep-sea sediments 
(Nagano and Nagahama 2012; Xu et al. 2014, 2018, 
2019; Nagano et al. 2017; Vargas-Gastelum et al. 
2019). Dothideomycetes (31%) was the most domi-
nant OTUs in whale-fall sediments. Dothideomycetes 
are one of the common fungal classes to be reported 
from deep-sea environments (Nagahama and Nagano 
2012). However, Eurotiomycetes and Sordariomycetes 
are generally the most dominant fungal classes in 
deep-sea sediment samples, previously reported by 
NGS (Zhang et al. 2016; Xu et al. 2018, 2019). 
Furthermore, the abundance of Dothideomycetes 
was quite low in the deep-sea sediment samples, 
which were taken from the Sao Paulo Plateau around 
the same time and analysed by the same methods 
(Nagano et al. 2017). In this study, domination by 
Dothideomycetes was shown in all the five samples 
examined. Higher domination was significantly pre-
sent in samples taken closer to the whalebone. This 
suggests that domination by Dothideomycetes could 
be a characteristic feature of the whale-fall fungal 
composition. However, a larger number of samples 

Figure 6. NMDS ordination of the fungal community structure. 
Open symbols represent samples from Kagoshima Bay and filled 
symbols represent samples from the Sao Paulo Ridge. The 
numbers beside the open symbols represent the sample depths 
from the seafloor (1: 0–5cmbsf, 2: 5–10cmbsf, 3: 10–15cmbsf). 
The alphabetical letters beside filled symbols represent A: sam-
ple collected from just below the whalebone, B: sample col-
lected approximately 1 m away from the whalebone. Presence- 
absence based, 2D stress was 0.03.
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with more suitable controls are needed to be investi-
gated to claim this conclusion.

High detection rate of unidentified and unassigned 
fungal OTUs
The high detection of the unidentified fungi (21%) 
and unassigned (No-match)(16%) OTUs was 
revealed in the whale-fall environments in this 
study. It is known that a majority of deep-sea 
inhabiting fungal taxa still remain undescribed 
(Nagano et al. 2017) and deep-sea sediments can 
harbour a high number of novel fungal taxa 
(Barone et al. 2018). However, the detection rate 
of unassigned OTUs from deep-sea sediments 
remains much lower than 16%, for example, 2.4% 
in Zhang et al. (2016), 7.1% in Nagano et al. (2017), 
0.03% in Xu et al. (2018), except Xu et al. (2019), 
which reported a relatively high detection rate 
(19.98%) of unassigned OTUs from the deep-sea 
hadal sediments of the Yap Trench. Also, it should 
be noted that there have been some studies 
reporting a high detection rate of unidentified 
fungi in shallow marine habitats (Jeffries et al. 
2016; Picard 2017), but similarly this is not always 
the case. Therefore, there may be a hotspot for 
highly novel fungi (or other organisms) in marine 
environments including deep-sea, although it is 
not yet clear about the relationship between the 
high detection rate of unassigned OTUs and envir-
onmental factors. Furthermore, whale-fall chemo-
synthetic environments are certainly a unique 
organic- and sulphide-rich environment at the sea-
floor and are known to create remarkable habitats, 
as well as places of evolutionary novelty and bio-
diversity (Sumida et al. 2016). The same may apply 
for fungi as well.

High abundance of unidentified fungi
Another interesting feature of fungal communities 
in whale-fall environments was the high abun-
dance of unidentified fungi. Within the top 10 
detected most abundant OTUs, 4 OTUs were 
assigned to unidentified fungi and the second 
and the third most abundant OTUs were assigned 
to an unidentified fungus clone with very low cov-
erage (Table 3). Due to the short length of 
sequence reads by Ion Torrent PGM and variability 
of ITS region, it was difficult to perform reliable 
phylogenic analysis for those unclassified 

sequences. However, some of these unidentified 
fungi are likely to be affiliated into early diverging 
fungi. For example, OTU2 showed 83% similarity 
(67% query coverage) with JX898611, which is sug-
gested as a putative early-diverging fungal lineage 
in Zhang et al. (2014). OTU3 was assigned to 
uncultured basal lineage fungus clone 
(HM240101) by blastn search, but also showed 
98% similarity (19% query coverage) with 
AB507855 and AB507858 that were reported as 
unknown sequences from methane cold-seep in 
Sagami Bay by Nagano et al. (2010). In the report, 
these sequences were grouped within the 
Kingdom Rhizaria, though with low support. Their 
phylogenetic position remained unclear, as there 
are no known organisms with similar sequences 
and these sequences could be early-diverging fun-
gal lineages but also non-fungal or completely new 
lineages. OTU11 also showed 86% similarity (51% 
query coverage) with JX898611, which is suggested 
as putative early-diverging fungal lineage in Zhang 
et al. (2014). As these OTUs are abundant in the 
environment, they may play an important ecologi-
cal role in whale-fall ecosystems, especially as 
OTU2 were detected in all the samples examined 
in this study. However, as OTU2 was detected at 
a distinctly higher rate in sample 3 (sample A: 27 
sequences, sample B: 66, sample 1: 40, sample 
2:322, sample 3:35599) and OTU3 was detected at 
a distinctly higher rate in sample B (sample A: 4, 
sample B: 22181, sample 1: 0, sample 2: 14, sample 
3: 0), it may be interesting to investigate the cor-
relation between their abundance and environ-
mental features or the correlation between other 
organisms by co-analysis. It should be noted that 
unknown basal fungal lineages abundantly 
appeared from other deep-sea chemosynthetic 
environments, such as hydrocarbon seep sedi-
ments (Nagahama et al. 2011), hydrothermal eco-
systems (Le Calvez et al. 2009) and anoxic 
sediment around a submarine caldera (Takishita 
et al. 2005). These unknown basal fungal lineages 
may have adapted and play a key role in those 
unique deep-sea chemosynthetic environments. 
Later, some of these unknown basal fungal 
lineages reported from deep-sea environments 
were affiliated within a novel fungal phylum, 
Cryptomycota (Jones et al. 2011) and NCLC (Novel- 
Chytrid-Like-Clade) groups (Richards et al. 2015). 
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The presence of Cryptomycota and unknown basal 
fungal lineages, such as NCLC are more recognised 
and have been reported in recent years from many 
environments, including land, freshwater, sea ice, 
shallow to deep marine, with more extensive 
reporting from aquatic environments (both fresh 
and marine) (Jones et al. 2011; Lazarus and James 
2015; Ishii et al. 2015; Richards et al. 2015; Comeau 
et al. 2016; Hassett and Gradinger 2016; Picard 
2017; Rojas-Jimenez et al. 2017; Wang et al. 2018; 
Lepere et al. 2019). Picard (2017) reported that 
marine benthic sediments harboured high propor-
tion of novel sequences, which were assigned to 
early-diverging fungal groups and could not be 
assigned beyond phylum with statistical support, 
suggesting they belong to unknown lineages.

Richards et al. (2015) suggested that some unknown 
basal fungal groups, such as NCLC1, have only been 
detected in marine environments, which encompasses 
a significant marine radiation of this group. It is difficult 
to determine if unidentified and unassigned ITS 
sequences from our study are also affiliated into these 
unknown basal fungal groups, such as Cryptomycota 
and NCLC. Although it has been suggested as more 
advantageous to target the ITS regions for PCR analysis 
in detecting fungal DNAs in deep-sea sediments 
(Nagano et al. 2010), targeting the more conserved 
18S r RNA and 28S r RNA regions may be a more 
effective method for locating DNA libraries with many 
unknown sequences. Further investigation on whale- 
fall fungal communities by targeting the 18S r RNA and 
28S rRNA will be needed to reveal the cryptic fungal 
communities detected in this study. Also, revealing the 
ITS sequences of those basal fungal groups and build-
ing up the public database will help the taxonomic 
annotation of unidentified fungi. Some of these works 
may be available to do by employing a walking PCR 
method on unknown ITS sequences and detecting 
known 18S rRNA and 28S rRNA sequences. 
Furthermore, as Hassett et al. (2020) reported that 
only 50% of marine fungal taxa have a nucleotide 
sequence and only ~12% are represented in NCBI’s 
RefSeq database, it is essential to expand the collection 
of reference sequence data for a better understanding 
of the ecology of marine fungi.

High abundance of DSF-group1
DSF-group1 was first described by Nagano et al. 
(2010) and it has been recognised as uncultured 

taxa related to Metschnikowia/Candida, frequently 
and widely detected from deep-sea sediments, e.g. 
hydrocarbon seeps in Sagami Bay (Nagano et al. 2010; 
Nagahama et al. 2011), Gulf of Mexico (Thaler et al. 
2012; Vargas-Gastelum et al. 2019), the Izu-Ogasawara 
Trench (Nagano et al. 2010) and the Mariana Trench 
(Xu et al. 2014) of the Pacific Ocean and the Chinese 
Seas (Li et al. 2016). Generally, this group is found in 
oxygen-depleted deep-sea sediments and this group 
was detected also in the whale-fall sediments exam-
ined in this study (OTU4, OTU34, OTU84). OTU4 was 
detected as the 4th abundant OTU and was detected 
in all the five samples (sample A: 441 sequences, 
sample B: 17467, sample 1: 330, sample 2:220, sample 
3:2613). Our results provide further evidence to sup-
port that DSF-Group1 is commonly present in deep- 
sea environments and more abundantly present in 
oxygen-depleted deep-sea environments. Although 
this group has been reported often from deep-sea 
sediment samples, there is no successful culture strain 
yet. It would be interesting to know their physiologi-
cal features.

Fungal community difference between each sample

Highest fungal diversity in the sample 2 (sediment 
5–10 cm below the whale bone)
The highest fungal diversity was detected in sedi-
ment 5–10 cm below the whalebone rather than 
the surface sediment. This may be related to the 
chemical environment of the whale-fall sediments. 
It has been reported that the total organic carbon 
(TOC) was elevated above background levels from 
the sediment surface to 11 cm in depth with 
a peak of 6 cm (Treude et al. 2009). The strong 
correlation between the TOC and the richness of 
fungal diversity has been reported previously (Orsi 
et al. 2013; Tedersoo et al. 2014) and was consis-
tent with the results from this study.

Unidentified and unassigned fungi are more 
abundant in sediments located away from the whale 
bone
The OTUs composition of fungal communities at the 
class level throughout all the five samples showed 
a similar pattern (Figure 3). This result was very inter-
esting, as the samples were collected in completely 
different settings, geologically (Brazil, Japan) and phy-
siologically, e.g., depths (4204 m, 101 m). It is 
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suggested that fungal communities are more sensi-
tive to the chemical and biological environments cre-
ated by whale-falls than by geological or depth 
settings. There have been some studies reporting 
the absence of significant correlation between fungal 
composition and depth (Nagano et al. 2017; Vargas- 
Gastelum et al. 2019), and our results were consistent 
with their analysis.

The most interesting result from this study was that 
the abundance of each fungal class showed 
a significant difference between each sample, but 
showed some interesting inclination (Figure 5), that 
is a higher abundance of unknown fungal commu-
nities (unidentified fungi and unassigned fungi), 
which are likely related to basal fungi, and were 
more abundant in sediments deeper from the surface, 
as well as in sediment farther from the whalebone. In 
contrast, Ascomycetous fungi and Basidiomycetous 
yeasts are dominated in the sediments just below 
the whalebone. This may be explained by 
Ascomycetous fungi, such as Dothidiomycetes and 
Basidiomycetous yeasts, such as 
Mycrobotryomycetes being saprophytic fungi and 
degrading the remaining whale carcases, which are 
more abundant in the sediments in contact with wha-
lebone. Although the reason for this inclination can-
not be determined from our experiments, it is a very 
interesting phenomenon and further investigation 
will be needed to elucidate the relationship between 
cryptic basal fungal communities and whale-fall che-
mosynthetic environments and their ecological role.

Conclusions

This study suggests that unknown fungal commu-
nities exist abundantly in unique whale-fall chemo-
synthetic ecosystems from two investigated sites, 
one naturally occurring at 4200 m water depth in 
South Atlantic Ocean, and one artificially immersed 
at 100 m water depth in Kagoshima Bay, Japan. 
Interestingly, unidentified and unassigned fungi, 
which are implicated to be early diverging fungi, 
were more abundant in the sediments not directly 
in contact with whalebone. As a short ITS region, 
which was used in this study, it is not sufficient to 
perform phylogenetic analysis. Further study tar-
geting a longer and more conserved region, such 
as 18S rRNA and 28S rRNA, will be needed to 
reveal unknown fungal community in whale-fall 

ecosystems. Although our knowledge on fungal 
diversity in deep-sea environments has significantly 
increased in the last decade, it is still fragmentary 
and limited within the vast expanse of the deep 
sea. The true diversity and ecological role of deep- 
sea fungi remains unclear, especially for those 
unknown basal fungal groups frequently detected 
from these environments. Thus, it is important to 
understand the ecological and physiological signif-
icance of these fungi, especially those that are 
possibly endemic in deep-sea environments. 
Efforts to isolate culture strains of these unknown 
basal fungal groups should be made as well. This 
will help provide key insights into the phylogenetic 
histories of fungi and their mechanisms of adapta-
tion to extreme environments, and should provide 
a better understanding of unique deep-sea 
ecosystems.

Acknowledgements

We would like to thank to the operating team of the ROV 
Hyper-Dolphin and the HOV Shinkai 6500, the crew of the R/ 
V Natushima and Yokosuka and everyone who was involved 
in NT05-12 leg1, NT12-09 and YK13-04 (Quelle 2013) cruises 
for their great help in collecting the samples. We also 
would like to thank Robert Collins for his kind help with 
proofreading the manuscript. This work was supported by 
Grant-in-Aid for Young Scientists, Japan Society for the 
Promotion of Science (No. 23770098, 15K18601).

Disclosure statement

The authors declare that they have no conflict of interest, 
financial or otherwise, to report in relation to the publication 
of this manuscript.

Funding

This work was supported by the Japan Society for the 
Promotion of Science [23770098, 15K18601].

References

Abarenkov K, Henrik Nilsson R, Larsson KH, Alexander IJ, 
Eberhardt U, Erland S, Hoiland K, Kjoller R, Larsson E, 
Pennanen T, et al. 2010. The UNITE database for molecular 
identification of fungi–recent updates and future perspec-
tives. New Phytol. 186(2):281–285. doi:10.1111/j.1469- 
8137.2009.03160.x.

274 Y. NAGANO ET AL.

https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.1111/j.1469-8137.2009.03160.x


Barone G, Rastelli E, Corinaldesi C, Tangherlini M, Danovaro R, 
Dell’Anno A. 2018. Benthic deep-sea fungi in submarine 
canyons of the Mediterranean Sea. Prog Oceanogr. 
168:57–64. doi:10.1016/j.pocean.2018.09.011.

Bass D, Howe A, Brown N, Barton H, Demidova M, Michelle H, 
Li L, Sanders H, Watkinson SC, Willcock S, et al. 2007. Yeast 
forms dominate fungal diversity in the deep oceans. Proc 
Biol Sci. 274(1629):3069–3077. eng. doi:10.1098/ 
rspb.2007.1067.

Burgaud G, Arzur D, Durand L, Cambon-Bonavita MA, Barbier G. 
2010. Marine culturable yeasts in deep-sea hydrothermal 
vents: species richness and association with fauna. FEMS 
Microbiol Ecol. 73(1):121–133. eng. doi:10.1111/j.1574- 
6941.2010.00881.x.

Burgaud G, Coton M, Jacques N, Debaets S, Maciel NOP, 
Rosa CA, Gadanho M, Sampaio JP, Casaregola S. 2016. 
Yamadazyma barbieri f.a. sp. nov., an ascomycetous ana-
morphic yeast isolated from a Mid-Atlantic Ridge hydro-
thermal site (−2300 m) and marine coastal waters. 
Int J Syst Evol Microbiol. 66(9):3600–3606. doi:10.1099/ 
ijsem.0.001239.

Burgaud G, Le Calvez T, Arzur D, Vandenkoornhuyse P, 
Barbier G. 2009. Diversity of culturable marine filamen-
tous fungi from deep-sea hydrothermal vents. Environ 
Microbiol. 11(6):1588–1600. eng. doi:10.1111/j.1462- 
2920.2009.01886.x.

Cavalett A, Silva M, Toyofuku T, Mendes R, Taketani RG, Pedrini J, 
Freitas R, Sumida PYG, Yamanaka T, Nagano Y, et al. 2017. 
Dominance of Epsilonproteobacteria associated with a whale 
fall at a 4204 m depth – South Atlantic Ocean. Deep Sea Res 
Part II. 146:53–58. doi:10.1016/j.dsr2.2017.10.012.

Comeau AM, Vincent WF, Bernier L, Lovejoy C. 2016. Novel 
chytrid lineages dominate fungal sequences in diverse mar-
ine and freshwater habitats. Sci Rep. 6:30120. doi:10.1038/ 
srep30120.

Damare S, Raghukumar C, Raghukumar S. 2006. Fungi in 
deep-sea sediments of the Central Indian Basin. Deep Sea 
Res Part I. 53(1):14–27. doi:10.1016/j.dsr.2005.09.005.

Danise S, Cavalazzi S, Dominici F, Westall S, Monechi S, Guioli S. 
2012. Evidence of microbial activity from a shallow water 
whale fall (Voghera, northern Italy). Palaeogeogr 
Palaeoclimatol Palaeoecol. 317–318:13–26. doi:10.1016/j. 
palaeo.2011.12.001.

Deming JW, Reysenbach A-L., Macko SA, Smith CR. 1997. 
Evidence for the microbial basis of a chemoautotrophic 
invertebrate community at a whale fall on the deep seafloor: 
Bone-colonizing bacteria and invertebrate endosymbionts. 
Microscopy Research and Technique 37:162–170. doi: 
doi.10.1002/(ISSN)1097-0029 2

Dupont J, Magnin S, Rousseau F, Zbinden M, Frebourg G, 
Samadi S, de Forges BR, Jones EB. 2009. Molecular and 
ultrastructural characterization of two ascomycetes found 
on sunken wood off Vanuatu islands in the deep Pacific 
ocean. Mycol Res. 113(Pt 12):1351–1364. doi:10.1016/j. 
mycres.2009.08.015.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. 2011. 
UCHIME improves sensitivity and speed of chimera 

detection. Bioinformatics. 27(16):2194–2200. doi:10.1093/ 
bioinformatics/btr381.

Edgcomb VP, Beaudoin D, Gast R, Biddle JF, Teske A. 2011. 
Marine subsurface eukaryotes: the fungal majority. Environ 
Microbiol. 13(1):172–183. eng. doi:10.1111/j.1462- 
2920.2010.02318.x.

Fujiwara Y, Kawato M, Noda C, Kinoshita G, Yamanaka T, 
Fujita Y, Uematsu K, Miyazaki J. 2010. Extracellular and mix-
otrophic symbiosis in the whale-fall mussel Adipicola paci-
fica: a trend in evolution from extra- to intracellular 
symbiosis. PLoS One. 5(7):e11808. doi:10.1371/journal. 
pone.0011808.

Fujiwara Y, Kawato M, Yamamoto T, Yamanaka T, Sato-Okoshi 
W, Noda C, Tsuchida S, Komai T, Cubelio SS, Sasaki T, et al. 
2007. Three-year investigations into sperm whale-fall eco-
systems in Japan. Mar Ecol. 28(1):219–232. doi:10.1111/ 
j.1439-0485.2007.00150.x.

Gardes M, Bruns TD. 1993. Its primers with enhanced specificity 
for basidiomycetes - application to the identification of 
mycorrhizae and rusts. Mol Ecol. 2(2):113–118. doi:10.1111/ 
j.1365-294X.1993.tb00005.x.

Gihring TM, Green SJ, Schadt CW. 2012. Massively parallel rRNA 
gene sequencing exacerbates the potential for biased com-
munity diversity comparisons due to variable library sizes. 
Environ Microbiol. 14(2):285–290. doi:10.1111/j.1462- 
2920.2011.02550.x.

Goffredi SK, Orphan VJ. 2010. Bacterial community shifts in taxa 
and diversity in response to localized organic loading in the 
deep sea. Environ Microbiol. 12(2):344–363. doi:10.1111/ 
j.1462-2920.2009.02072.x.

Goffredi SK, Wilpiszeski R, Lee R, Orphan VJ. 2008. Temporal 
evolution of methane cycling and phylogenetic diversity of 
archaea in sediments from a deep-sea whale-fall in 
Monterey Canyon, California. Isme J. 2(2):204–220. 
doi:10.1038/ismej.2007.103.

Good IJ, Toulmin GH. 1956. The number of new species, and 
the increase in population coverage, when a sample is 
increased. Biometrica Trust. 43(1/2):45–63. doi:10.1093/bio-
met/43.1-2.45.

Hassett BT, Gradinger R. 2016. Chytrids dominate arctic marine 
fungal communities. Environ Microbiol. 18(6):2001–2009. 
doi:10.1111/1462-2920.13216.

Hassett BT, Vonnahme TR, Peng X, Jones EBG, Heuze C. 2020. 
Global diversity and geography of planktonic marine fungi. 
Bot Marina. 63(2):121–139. doi:10.1515/bot-2018-0113.

Ishii N, Ishida S, Kagami M. 2015. PCR primers for assessing 
community structure of aquatic fungi including 
Chytridiomycota and Cryptomycota. Fungal Ecol. 13:33–43. 
doi:10.1016/j.funeco.2014.08.004.

Jeffries TC, Curlevski NJ, Brown MV, Harrison DP, Doblin MA, 
Petrou K, Ralph PJ, Seymour JR. 2016. Partitioning of fungal 
assemblages across different marine habitats. Environ 
Microbiol Rep. 8(2):235–238. doi:10.1111/1758-2229.12373.

Jones MD, Forn I, Gadelha C, Egan MJ, Bass D, Massana R, 
Richards TA. 2011. Discovery of novel intermediate forms 
redefines the fungal tree of life. Nature. 474(7350):200–203. 
doi:10.1038/nature09984.

MYCOLOGY 275

https://doi.org/10.1016/j.pocean.2018.09.011
https://doi.org/10.1098/rspb.2007.1067
https://doi.org/10.1098/rspb.2007.1067
https://doi.org/10.1111/j.1574-6941.2010.00881.x
https://doi.org/10.1111/j.1574-6941.2010.00881.x
https://doi.org/10.1099/ijsem.0.001239
https://doi.org/10.1099/ijsem.0.001239
https://doi.org/10.1111/j.1462-2920.2009.01886.x
https://doi.org/10.1111/j.1462-2920.2009.01886.x
https://doi.org/10.1016/j.dsr2.2017.10.012
https://doi.org/10.1038/srep30120
https://doi.org/10.1038/srep30120
https://doi.org/10.1016/j.dsr.2005.09.005
https://doi.org/10.1016/j.palaeo.2011.12.001
https://doi.org/10.1016/j.palaeo.2011.12.001
https://doi.org/doi.10.1002/(ISSN)1097-0029
https://doi.org/doi.10.1002/(ISSN)1097-0029
https://doi.org/10.1016/j.mycres.2009.08.015
https://doi.org/10.1016/j.mycres.2009.08.015
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1111/j.1462-2920.2010.02318.x
https://doi.org/10.1111/j.1462-2920.2010.02318.x
https://doi.org/10.1371/journal.pone.0011808
https://doi.org/10.1371/journal.pone.0011808
https://doi.org/10.1111/j.1439-0485.2007.00150.x
https://doi.org/10.1111/j.1439-0485.2007.00150.x
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.1111/j.1462-2920.2011.02550.x
https://doi.org/10.1111/j.1462-2920.2011.02550.x
https://doi.org/10.1111/j.1462-2920.2009.02072.x
https://doi.org/10.1111/j.1462-2920.2009.02072.x
https://doi.org/10.1038/ismej.2007.103
https://doi.org/10.1093/biomet/43.1-2.45
https://doi.org/10.1093/biomet/43.1-2.45
https://doi.org/10.1111/1462-2920.13216
https://doi.org/10.1515/bot-2018-0113
https://doi.org/10.1016/j.funeco.2014.08.004
https://doi.org/10.1111/1758-2229.12373
https://doi.org/10.1038/nature09984


Kohlmeyer J. 1969. Deterioration of wood by marine fungi in 
the deep sea. Material performance and the deep sea. Spec 
Tech Publ. 445:20–30.

Kohlmeyer J. 1977. New-Genera and species of higher fungi 
from deep-sea (1615–5315 M)-(1). Revue Mycologie. 41 
(2):189–206.

Lai X, Cao L, Tan H, Fang S, Huang Y, Zhou S. 2007. Fungal 
communities from methane hydrate-bearing deep-sea mar-
ine sediments in South China Sea. Isme J. 1(8):756–762. 
doi:10.1038/ismej.2007.51.

Lazarus KL, James TY. 2015. Surveying the biodiversity of the 
Cryptomycota using a targeted PCR approach. Fungal Ecol. 
14:62–70. doi:10.1016/j.funeco.2014.11.004.

Le Calvez T, Burgaud G, Mahé S, Barbier G, Vandenkoornhuyse P. 
2009. Fungal diversity in deep-sea hydrothermal ecosystems. 
Appl Environ Microbiol. 75(20):6415–6421. eng. doi:10.1128/ 
AEM.00653-09.

Lepere C, Domaizon I, Humbert JF, Jardillier L, Hugoni M, 
Debroas D. 2019. Diversity, spatial distribution and activity 
of fungi in freshwater ecosystems. PeerJ. 7:e6247. 
doi:10.7717/peerj.6247.

Li W, Wang MM, Wang XG, Cheng XL, Guo JJ, Bian XM, Cai L. 
2016. Fungal communities in sediments of subtropical 
Chinese seas as estimated by DNA metabarcoding. Sci Rep. 
6:26528. doi:10.1038/srep26528.

Miyazaki M, Nagano Y, Fujiwara Y, Hatada Y, Nogi Y. 2010. 
Aquimarina macrocephali sp. nov., isolated from sediment 
adjacent to sperm whale carcasses. Int J Syst Evol Microbiol. 
60(Pt 10):2298–2302. doi:10.1099/ijs.0.018747-0.

Miyazaki M, Nogi Y, Fujiwara Y, Horikoshi K. 2008. Psychromonas 
japonica sp. nov., Psychromonas aquimarina sp. nov., 
Psychromonas macrocephali sp. nov. and Psychromonas ossi-
balaenae sp. nov., psychrotrophic bacteria isolated from sedi-
ment adjacent to sperm whale carcasses off Kagoshima, 
Japan. Int J Syst Evol Microbiol. 58(Pt 7):1709–1714. 
doi:10.1099/ijs.0.65744-0.

Morisita M. 1959. Measuring of interspecific association and 
similarity between communities. Mem Fac Sci Kyushu Univ 
Ser E Bio. 3:65–80.

Nagahama T, Abdel-Wahab MA, Nogi Y, Miyazaki M, 
Uematsu K, Hamamoto M, Horikoshi K. 2008. Dipodascus 
tetrasporeus sp nov., an ascosporogenous yeast isolated 
from deep-sea sediments in the Japan Trench. Int J Syst 
Evol Microbiol. 58:1040–1046. doi:10.1099/ijs.0.65471-0.

Nagahama T, Nagano Y. 2012. Cultured and uncultured fungal 
diversity in deep-sea environments. Prog Mol Subcell Biol. 
53:173–187.

Nagahama T, Takahashi E, Nagano Y, Abdel-Wahab MA, 
Miyazaki M. 2011. Molecular evidence that deep-branching 
fungi are major fungal components in deep-sea methane 
cold-seep sediments. Environ Microbiol. 13(8):2359–2370. 
doi:10.1111/j.1462-2920.2011.02507.x.

Nagano Y, Fujiwara Y, Nishimoto A, Haga T, Fujikura K. 2019. 
Deep-sea endemic fungi? The discovery of Alisea longicolla 
from artificially immersed wood in deep sea off the Nansei 
Islands, Japan. Mycoscience. 60(4):228–231. doi:10.1016/j. 
myc.2019.03.004.

Nagano Y, Konishi M, Nagahama T, Kubota T, Abe F, Hatada Y. 
2016. Fungal Ecology Retrieval of deeply buried culturable 
fungi in marine subsurface sediments, Suruga-Bay, Japan, 
20:256-259. doi:10.1016/j.funeco.2015.12.012

Nagano Y, Miura T, Nishi S, Lima AO, Nakayama C, Pellizari VH, 
Fujikura K. 2017. Fungal diversity in deep-sea sediments 
associated with asphalt seeps at the Sao Paulo Plateau. 
Deep Sea Res Part II. 146:59–67. doi:10.1016/j. 
dsr2.2017.05.012.

Nagano Y, Nagahama T. 2012. Fungal diversity in deep-sea 
extreme environments. Fungal Ecol. 5(4):463–471. 
doi:10.1016/j.funeco.2012.01.004.

Nagano Y, Nagahama T, Hatada Y, Nunoura T, Takami H, 
Miyazaki J, Takai K, Horikoshi K. 2010. Fungal diversity in 
deep-sea sediments - the presence of novel fungal 
groups. Fungal Ecol. 3(4):316–325. doi:10.1016/j. 
funeco.2010.01.002.

Needlema S, Wunsch CD. 1970. A general method applicable to 
search for similarities in amino acid sequence of 2 proteins. 
J Mol Biol. 48(3):443–453. eng. doi:10.1016/0022-2836(70) 
90057-4.

Nilsson RH, Anslan S, Bahram M, Wurzbacher C, Baldrian P, 
Tedersoo L. 2019. Mycobiome diversity: high-throughput 
sequencing and identification of fungi. Nat Rev Microbiol. 
17(2):95–109. doi:10.1038/s41579-018-0116-y.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, 
O’Hara RB. 2013. Helene Wagner. Vegan: Community 
Ecology Package.

Onishi Y, Yamanaka T, Ozaki KI, Nakayama R, Shimamura S, 
Itami R, Fukushima A, Miyamoto M, Fujiwara Y. 2020. 
Relationship between geochemical environments, nutri-
tional resources, and faunal succession in whale-fall 
ecosystems. MEPS. 636:35–46. doi:10.3354/meps13196.

Orsi W, Biddle JF, Edgcomb V. 2013. Deep sequencing of sub-
seafloor eukaryotic rRNA reveals active Fungi across marine 
subsurface provinces. PLoS One. 8(2):e56335. doi:10.1371/ 
journal.pone.0056335.

Picard KT. 2017. Coastal marine habitats harbor novel 
early-diverging fungal diversity. Fungal Ecol. 25:1–13. 
doi:10.1016/j.funeco.2016.10.006.

R Core Team. 2015. R: A language and environment for statis-
tical computing. Vienna (Austria): R Foundation for 
Statistical Computing. http://www.R-project.org/.

Raghlukumar C, Raghukumar S, Sheelu G, Gupta SM, Nath BN, 
Rao BR. 2004. Buried in time: culturable fungi in a deep-sea 
sediment core from the Chagos Trench, Indian Ocean. Deep 
Sea Res Part I. 51(11):1759–1768. doi:10.1016/j.dsr.2004.08.002.

Redou V, Ciobanu MC, Pachiadaki MG, Edgcomb V, Alain K, 
Barbier G, Burgaud G. 2014. In-depth analyses of deep sub-
surface sediments using 454-pyrosequencing reveals 
a reservoir of buried fungal communities at 
record-breaking depths. FEMS Microbiol Ecol. 90 
(3):908–921. doi:10.1111/1574-6941.12447.

Redou V, Navarri M, Meslet-Cladiere L, Barbier G, Burgaud G. 
2015. Species richness and adaptation of marine fungi from 
deep-subseafloor sediments. Appl Environ Microbiol. 81 
(10):3571–3583. doi:10.1128/AEM.04064-14.

276 Y. NAGANO ET AL.

https://doi.org/10.1038/ismej.2007.51
https://doi.org/10.1016/j.funeco.2014.11.004
https://doi.org/10.1128/AEM.00653-09
https://doi.org/10.1128/AEM.00653-09
https://doi.org/10.7717/peerj.6247
https://doi.org/10.1038/srep26528
https://doi.org/10.1099/ijs.0.018747-0
https://doi.org/10.1099/ijs.0.65744-0
https://doi.org/10.1099/ijs.0.65471-0
https://doi.org/10.1111/j.1462-2920.2011.02507.x
https://doi.org/10.1016/j.myc.2019.03.004
https://doi.org/10.1016/j.myc.2019.03.004
https://doi.org/10.1016/j.funeco.2015.12.012
https://doi.org/10.1016/j.dsr2.2017.05.012
https://doi.org/10.1016/j.dsr2.2017.05.012
https://doi.org/10.1016/j.funeco.2012.01.004
https://doi.org/10.1016/j.funeco.2010.01.002
https://doi.org/10.1016/j.funeco.2010.01.002
https://doi.org/10.1016/0022-2836(70)90057-4
https://doi.org/10.1016/0022-2836(70)90057-4
https://doi.org/10.1038/s41579-018-0116-y
https://doi.org/10.3354/meps13196
https://doi.org/10.1371/journal.pone.0056335
https://doi.org/10.1371/journal.pone.0056335
https://doi.org/10.1016/j.funeco.2016.10.006
http://www.R-project.org/
https://doi.org/10.1016/j.dsr.2004.08.002
https://doi.org/10.1111/1574-6941.12447
https://doi.org/10.1128/AEM.04064-14


Richards TA, Leonard G, Mahe F, Del Campo J, Romac S, Jones MD, 
Maguire F, Dunthorn M, De Vargas C, Massana R, et al. 2015. 
Molecular diversity and distribution of marine fungi across 130 
European environmental samples. Proc Biol Sci. 282:1819. 
doi:10.1098/rspb.2015.2243.

Rojas-Jimenez K, Wurzbacher C, Bourne EC, Chiuchiolo A, 
Priscu JC, Grossart HP. 2017. Early diverging lineages within 
Cryptomycota and Chytridiomycota dominate the fungal 
communities in ice-covered lakes of the McMurdo Dry 
Valleys, Antarctica. Sci Rep. 7(1):15348. doi:10.1038/s41598- 
017-15598-w.

Roth FJ, Orpurt PA, Ahearn DJ. 1964. Occurrence and distribu-
tion of fungi in a subtropical marine environment. Can J Bot. 
42:375–383. doi:10.1139/b64-037.

Schloss PD, Gevers D, Westcott SL. 2011. Reducing the effects 
of PCR amplification and sequencing artifacts on 16S 
rRNA-based studies. PLoS One. 6(12):e27310. doi:10.1371/ 
journal.pone.0027310.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, 
Hollister EB, Lesniewski RA, Oakley BB, Parks DH, 
Robinson CJ, et al. 2009. Introducing mothur: open-source, 
platform-independent, community-supported software for 
describing and comparing microbial communities. Appl 
Environ Microbiol. 75(23):7537–7541. doi:10.1128/ 
AEM.01541-09.

Shannon CE. 1948. A mathematical theory of communication. 
Bell Syst Tech J. 27:379–423 and 623–656. doi:10.1002/ 
j.1538-7305.1948.tb01338.x.

Simpson EH. 1949. Measurement of diversity. Nature. 163:688. 
doi:10.1038/163688a0.

Singh P, Raghukumar C, Meena RM, Verma P, Shouche Y. 2012. 
Fungal diversity in deep-sea sediments revealed by 
culture-dependent and culture-independent approaches. 
Fungal Ecol. 5(5):543–553. doi:10.1016/j.funeco.2012.01.001.

Singh P, Raghukumar C, Verma P, Shouche Y. 2011. Fungal 
community analysis in the deep-sea sediments of the central 
Indian basin by culture-independent approach. Microb Ecol. 
61(3):507–517. eng. doi:10.1007/s00248-010-9765-8.

Smith CR, Baco AR. 1998. Phylogenetic and functional affinities 
between whale-fall, seep and vent chemoautotrophic com-
munities. Cah Biol Mar 39:345–346.

Smith CR, Glover AG, Treude T, Higgs ND, Amon DJ. 2015. 
Whale-fall ecosystems: recent insights into ecology, paleoe-
cology, and evolution. Ann Rev Mar Sci. 7:571–596. 
doi:10.1146/annurev-marine-010213-135144.

Smith CR, Kukert H, Wheatcroft RA, Jumars PA, Deming JW. 
1989. Vent fauna on whale remains. Nature. 341 
(6237):27–28. doi:10.1038/341027a0.

Sumida PY, Alfaro-Lucas JM, Shimabukuro M, Kitazato H, 
Perez JA, Soares-Gomes A, Toyofuku T, Lima AO, Ara K, 
Fujiwara Y. 2016. Deep-sea whale fall fauna from the 
Atlantic resembles that of the Pacific Ocean. Sci Rep. 
6:22139. doi:10.1038/srep22139.

Takishita K, Miyake H, Kawato M, Maruyama T. 2005. Genetic 
diversity of microbial eukaryotes in anoxic sediment around 
fumaroles on a submarine caldera floor based on the 

small-subunit rDNA phylogeny. Extremophiles. 9(3):185– 
196. eng. doi:10.1007/s00792-005-0432-9.

Tedersoo L, Bahram M, Polme S, Koljalg U, Yorou NS, 
Wijesundera R, Villarreal Ruiz L, Vasco-Palacios AM, Thu PQ, 
Suija A, et al. 2014. Fungal biogeography. Global diversity 
and geography of soil fungi. Science. 346(6213):1256688. 
doi:10.1126/science.1256688.

Tedersoo L, Nilsson RH, Abarenkov K, Jairus T, Sadam A, Saar I, 
Bahram M, Bechem E, Chuyong G, Koljalg U. 2010. 454 
Pyrosequencing and Sanger sequencing of tropical mycor-
rhizal fungi provide similar results but reveal substantial 
methodological biases. New Phytol. 188(1):291–301. 
doi:10.1111/j.1469-8137.2010.03373.x.

Thaler AD, Van Dover CL, Vilgalys R. 2012. Ascomycete phylo-
types recovered from a Gulf of Mexico methane seep are 
identical to an uncultured deep-sea fungal clade from the 
Pacific. Fungal Ecol. 5(2):270–273. doi:10.1016/j. 
funeco.2011.07.002.

Treude T, Smith CR, Wenzhöfer F, Carney E, Bernardino AF, 
Hannides AK, Krüger M, Boetius A. 2009. Biogeochemistry 
of a deep-sea whale fall: sulfate reduction, sulfide efflux and 
methanogenesis. Mar Ecol Prog Ser. 382:1–21. doi:10.3354/ 
meps07972.

Tsubouchi T, Mori K, Miyamoto N, Fujiwara Y, Kawato M, 
Shimane Y, Usui K, Tokuda M, Uemura M, Tame A, et al. 
2015. Aneurinibacillus tyrosinisolvens sp. nov., a 
tyrosine-dissolving bacterium isolated from organics- and 
methane-rich seafloor sediment. Int J Syst Evol Microbiol. 
65(Pt 6):1999–2005. doi:10.1099/ijs.0.000213.

Vargas-Gastelum L, Chong-Robles J, Lago-Leston A, Darcy JL, 
Amend AS, Riquelme M. 2019. Targeted ITS1 sequencing 
unravels the mycodiversity of deep-sea sediments from the 
Gulf of Mexico. Environ Microbiol. 21(11):4046–4061. 
doi:10.1111/1462-2920.14754.

Wang Y, Sen B, He Y, Xie N, Wang G. 2018. Spatiotemporal 
distribution and assemblages of planktonic fungi in the 
Coastal Waters of the Bohai Sea. Front Microbiol. 9:584. 
doi:10.3389/fmicb.2018.00584.

Wei X, Guo SS, Gong LF, He GY, Pang KL, Luo ZH. 2018. 
Cultivable fungal diversity in deep-sea sediment of the 
East Pacific Ocean. Geomicrobiol J. 35(9):790–797. 
doi:10.1080/01490451.2018.1473531.

White TJ, Bruns TD, Lee S, Taylor J. 1990. Amplification and 
direct sequencing of fungal ribosomal RNA genes for phy-
logenetics. In: Innis MA, Gelfand DH, editors. PCR protocols: 
a guide to methods and applications for phylogenetics. 
London: Academic Press; p. 315–322.

Wolda H. 1981. Similarity indices, sample size and diversity. 
Oecologia. 50:296–302. doi:10.1007/BF00344966.

Xu W, Gao YH, Gong LF, Li M, Pang LL, Luo ZH. 2019. Fungal 
diversity in the deep-sea hadal sediments of the Yap Trench 
by cultivation and high-throughput sequencing methods 
based on ITS rRNA gene. Deep Sea Res Part I. 145:125–136. 
doi:10.1016/j.dsr.2019.02.001.

Xu W, Gong LF, Pang KL, Luo ZH. 2018. Fungal diversity in 
deep-sea sediments of a hydrothermal vent system in the 

MYCOLOGY 277

https://doi.org/10.1098/rspb.2015.2243
https://doi.org/10.1038/s41598-017-15598-w
https://doi.org/10.1038/s41598-017-15598-w
https://doi.org/10.1139/b64-037
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1038/163688a0
https://doi.org/10.1016/j.funeco.2012.01.001
https://doi.org/10.1007/s00248-010-9765-8
https://doi.org/10.1146/annurev-marine-010213-135144
https://doi.org/10.1038/341027a0
https://doi.org/10.1038/srep22139
https://doi.org/10.1007/s00792-005-0432-9
https://doi.org/10.1126/science.1256688
https://doi.org/10.1111/j.1469-8137.2010.03373.x
https://doi.org/10.1016/j.funeco.2011.07.002
https://doi.org/10.1016/j.funeco.2011.07.002
https://doi.org/10.3354/meps07972
https://doi.org/10.3354/meps07972
https://doi.org/10.1099/ijs.0.000213
https://doi.org/10.1111/1462-2920.14754
https://doi.org/10.3389/fmicb.2018.00584
https://doi.org/10.1080/01490451.2018.1473531
https://doi.org/10.1007/BF00344966
https://doi.org/10.1016/j.dsr.2019.02.001


Southwest Indian Ridge. Deep Sea Res Part I. 131:16–26. 
doi:10.1016/j.dsr.2017.11.001.

Xu W, Guo SS, Pang KL, Luo ZH. 2017. Fungi associated with 
chimney and sulfide samples from a South Mid-Atlantic 
Ridge hydrothermal site: distribution, diversity and 
abundance. Deep Sea Res Part I. 123:48–55. doi:10.1016/j. 
dsr.2017.03.004.

Xu W, Pang KL, Luo ZH. 2014. High fungal diversity and abundance 
recovered in the deep-sea sediments of the Pacific Ocean. 
Microb Ecol. 68(4):688–698. doi:10.1007/s00248-014-0448-8.

Zhang L, Kang M, Huang Y, Yang L. 2016. Fungal communities 
from the calcareous deep-sea sediments in the Southwest 
India Ridge revealed by Illumina sequencing technology. 
World J Microbiol Biotechnol. 32(5):78. doi:10.1007/s11274- 
016-2030-7.

Zhang XY, Tang GL, Xu XY, Nong XH, Qi SH. 2014. Insights into 
deep-sea sediment fungal communities from the East Indian 
Ocean using targeted environmental sequencing combined 
with traditional cultivation. PLoS One. 9(10):e109118. 
doi:10.1371/journal.pone.0109118.

278 Y. NAGANO ET AL.

https://doi.org/10.1016/j.dsr.2017.11.001
https://doi.org/10.1016/j.dsr.2017.03.004
https://doi.org/10.1016/j.dsr.2017.03.004
https://doi.org/10.1007/s00248-014-0448-8
https://doi.org/10.1007/s11274-016-2030-7
https://doi.org/10.1007/s11274-016-2030-7
https://doi.org/10.1371/journal.pone.0109118

	Abstract
	Introduction
	Materials and methods
	Site description and sediment sampling
	DNA extractions, PCR amplifications and sequencing
	Data processing and analyses

	Results
	Sequence analysis
	Fungal diversity and communities

	Discussion
	Fungal communities in marine sediments associated with whale-fall
	High detection rate of unidentified and unassigned fungal OTUs
	High abundance of unidentified fungi
	High abundance of DSF-group1

	Fungal community difference between each sample
	Highest fungal diversity in the sample 2 (sediment 5–10 cm below the whale bone)
	Unidentified and unassigned fungi are more abundant in sediments located away from the whale bone


	Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	References



