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ABSTRACT: Fungi are ubiquitous in the marine environment, but their role in carbon and nitrogen
cycling in the ocean, and in particular the quantitative significance of fungal biomass to ocean biogeochemistry, has not yet been assessed. Determination
of the biochemical and stable isotope composition of
marine fungi can provide a basis for identifying fungal patterns in relation to other microbes and detritus, and thus allow evaluation of their contribution to
the transformation of marine organic matter. We
characterized the biochemical composition of 13 fungal strains isolated from distinct marine environments in the eastern South Pacific Ocean off Chile.
Proteins accounted for 3 to 21% of mycelial dry
weight, with notably high levels of the essential
amino acids histidine, threonine, valine, lysine and
leucine, as well as polyunsaturated fatty acids, ergosterol, and phosphatidylcholine. Elemental composition and energetic content of these marine-derived
fungi were within the range reported for bacteria,
phytoplankton, zooplankton and other metazoans
from aquatic environments, but a distinct pattern of
lipids and proteins was identified in marine planktonic fungi. These biochemical signatures, and an
elemental composition indicative of a marine planktonic source, have potential applications for the
assessment of fungal contribution to marine microbial biomass and organic matter reservoirs, and the
cycling of carbon and nutrients.
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Photographs of epifluorescence microscopy of an environmental sample showing filaments of marine fungus (top left),
and of confocal microscopy of strains of marine fungi (bottom
left, right).
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1. INTRODUCTION
In terrestrial environments, fungi contribute some
35 to 76% of the microbial biomass present within
soils (Joergensen & Wichern 2008) and their pivotal
role in nutrient and carbon cycling is widely recognized (Gadd 2006, Crowther et al. 2012, Overy et
al. 2014). Although marine fungi are less intensively
studied than their terrestrial counterparts, recent
research has demonstrated that fungi are present
in a wide a variety of marine environments and has
unraveled novel aspects of their ecology and bio© The authors 2020. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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geochemical role in the ocean (Gutiérrez et al.
2010, 2011, 2016, Richards et al. 2012, Burgaud et
al. 2013, Wang et al. 2014, Fuentes et al. 2015,
Bochdansky et al. 2016, Taylor & Cunliffe 2016,
Tisthammer et al. 2016, Wang et al. 2017, Jephcott
et al. 2017, Grossart et al. 2019). These findings
support inclusion of fungi in models of the marine
microbial loop and the oceanic carbon cycle
(Gutiérrez et al. 2011, 2016, Cunliffe et al. 2017,
Jephcott et al. 2017), but critical gaps in our knowledge have hindered a complete understanding of
the role of fungi in marine ecosystems. Information
on the elemental and biochemical composition of
marine fungi is particularly lacking.
In marine ecosystems, transfer of carbon from primary producers to higher trophic levels involves
complex interactions, with microbes playing a central role in the mobilization of dissolved and particulate organic carbon through the microbial loop
(Pomeroy 1974, Azam 1998). Indeed, microbial biomass represents a major conduit for organic carbon,
with prokaryotes shown to be significant contributors
to pelagic trophic webs and carbon fluxes in the
ocean (e.g. Azam 1998, Azam & Malfatti 2007,
Falkowski et al. 2008). The few available estimates of
fungal biomass have shown it to be similar to that of
prokaryotes in surface waters of productive coastal
ecosystems (Gutiérrez et al. 2011), and suggest that
fungi are therefore significant contributors to living
microbial carbon and a potential source of energy for
the marine trophic web. Terrestrial fungi are recognized producers of essential organic substrates such
as proteins, lipids, vitamins, and other molecules of
nutritional value (Feeney et al. 2014), and in aquatic
environments fungi have been proposed as potential
sources of food for benthic and planktonic organisms
(Raghukumar 2002, Kagami et al. 2014). For example, due to the presence of polyunsaturated fatty
acids, zoospores of chytrid parasites on phytoplankton could contribute to zooplankton nutrition in
freshwater bodies (Kagami et al. 2011) and in the
ocean (Gutiérrez et al. 2016).
In order to understand the significance of fungi as
reservoirs of organic carbon and nitrogen, and as a
source of energy for trophic webs in the ocean, we
analyzed the elemental and biochemical composition
of marine fungal isolates from several distinctive
coastal and oceanic environments of the eastern
South Pacific Ocean off Chile. This highly heterogeneous marine environment includes one of the most
productive coastal marine ecosystems in the world
(Daneri et al. 2000), under the influence of an extensive oxygen minimum zone (Quiñones et al. 2010)

and several large rivers (Dávila et al. 2002). In addition, oligotrophic conditions can be observed in the
open ocean region, whereas Chilean Patagonia
encompasses one of the world’s most extensive fjord
ecosystems with glacial influence (Pantoja et al.
2011). The variety of environments found in these
large Pacific Ocean ecosystems supports different
communities of microorganisms (e.g. Quiñones et al.
2009, Ulloa et al. 2012, Gutiérrez et al. 2018), including fungi (Gutiérrez et al. 2015, 2017, Vera et al.
2017). The study is therefore expected to provide a
wide range of variability in fungal diversity and, thus,
in their elemental and biochemical composition.

2. MATERIALS AND METHODS
2.1. Strain collection, phylogenetic analysis, and
preparation of biomass for analysis
Twelve strains of fungi isolated from the water
column and one strain isolated from sediment were
obtained from the culture collection of the Marine
Organic Geochemistry Laboratory at the University
of Concepción, Chile (Table 1), and are available
upon request. Isolation of fungal strains was carried
out in glucose-yeast extract agar (Johnson & Sparrow 1961, Kohlmeyer & Kohlmeyer 1979) prepared
with sterile natural seawater. Biomass for elemental
and biochemical analysis was obtained by growing
fungal mycelia in liquid Emerson’s YpSs media prepared in sterile seawater containing yeast extract,
soluble starch, dipotassium phosphate, and magnesium sulfate (Kohlmeyer & Kohlmeyer 1979). Incubations were conducted at 20°C in a shaker until
mycelia were clearly distinguishable (7 d). Strains
were selected from areas with contrasting oceanographic conditions (Fig. 1): the surface waters of the
productive coastal upwelling ecosystem of central
Chile, the oxygen minimum zone off northern and
central Chile, oligotrophic oceanic waters near Easter
Island, and estuarine waters of the Patagonian
fjords.
Isolation of fungi, DNA extraction and amplification are described in Vera et al. (2017), and are
based on White et al. (1990) and Gardes & Bruns
(1993). PCR products, including ITS 1, 5.8 S and
ITS 2 regions, were sequenced using the Automated DNA Sequencing Service of MACROGEN
(http://dna.macrogen.com/eng). Genera and species
were identified by matching sequences with those
stored in GenBank, based on previous definitions
of ITS rDNA in fungi using BLAST (National Center
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Table 1. Elemental and C and N stable isotopic composition, caloric content and abundance of major classes of organic molecules in marine
fungal strains (%: % dry weight, ‰: delta notation, dw: dry weight, ND: no data)
Strain
GOM
ID

Taxonomy

BR1

Penicillium sp.

BR11
BR5
BR71
BR74
CH113
CH114
CH115
CH131
CH132
CH58
CH92
CH82
Average
SD
Culture
medium

Latitude
Longitude

Sampling
site

Depth of
collection
(m)

20.83° S
Upwelling
5
70.80° W
north Chile
Penicillium sp.
20.83° S
Upwelling
5
70.80° W
north Chile
Penicillium
20.83° S
Upwelling
70
brevicompactum
70.80° W
north Chile
Unidentified yeast
26.14° S Oligotrophic ocean 1000
103.57° W near Easter Island
Rhodotorula
26.14° S Oligotrophic ocean
400
mucilaginosa
103.57° W near Easter Island
Lecanicillium sp.
36.5° S
Upwelling
5
3.1° W
central Chile
Fusarium sp.
36.5° S
Upwelling
80
73.1° W
central Chile
Penicillium
36.5° S
Upwelling
80
73.1° W
central Chile
Cladosporium
36.38° S
Upwelling
10
sphaerospermum
72.89° W
central Chile
Mucor circinelloides
36.5° S
Upwelling
Surface
73.1° W
central Chile
sediment
Penicillium sp.
36.5° S
Upwelling
5
73.1° W
central Chile
Penicillium sp.
47.41° S
Patagonian
0
73.57° W
fjord
Penicillium sp.
47.41° S
Patagonian
0
73.57° W
fjord

δ13C
(‰)

N
(%)

δ15N
(‰)

18.4 −25.7

2.0

0.20

10.8

3.6

60.2

0.43

0.07

31.6

26.3 −26.2

3.0

0.25

10.3

3.8

44.6

2.77

0.11

12.6

16.9 −26.0

1.1

0.02

17.3

3.5

59.4

1.14

0.02

17.5

ND

ND

ND

ND

ND

ND

0.73

0.09

6.4

31.2 −24.4

4.4

4.88

8.2

4.2

187.4

0.61

0.10

6.3

25.7 −25.8

4.0

–0.04

7.5

3.9

209.5

0.39

0.50

13.3

19.4 −25.9

2.3

0.91

9.8

3.1

79.6

3.00

0.12

15.7

21.0 −26.0

1.8

0.10

13.4

3.2

37.9

1.03

0.59

13.2

23.4 −25.3

2.5

3.23

10.9

3.5

32.3

0.78

0.09

13.5

23.8 −25.4

3.4

0.47

8.3

3.4

64.0

1.51

0.33

10.8

23.7 −26.3

2.3

–0.15

12.2

3.3

125.8

0.15

0.37

9.1

30.5 −26.5

2.8

0.27

12.9

3.7

57.0

0.03

0.01

3.5

25.3 −26.0

1.6

0.18

18

3.4

87.2

0.28

0.06

23.8 −25.8
4.4
0.6
40.3 −25.5

2.6
1.0
7.2

0.9
1.6
0.02

12
3
6.5

3.6
0.3

87.1
57.8

0.99
0.94

0.19
0.19

C
(%)

ND

Fig. 1. Sampling areas in the eastern South Pacific Ocean off Chile. A: Oxygen
Minimum Zone off Iquique, northern Chile, B: South Pacific subtropical gyre
near Easter Island, C: Coastal upwelling ecosystem of central Chile off Concepción, and D: Baker Fjord in Chilean Patagonia

C/N kcal THAA FAMEs Sterols IPLs
(mg
(mg
(mg
molar g−1 dw (mg
g−1 dw) g−1 dw) g−1 dw) g−1 dw)

for Biotechnology Information, NCBI).
Sequences with 99 % nucleotide
identity with sequences from GenBank were considered to represent
the same species, and sequences with
a 97% match were considered to be
from the same genus (Kurtzman &
Robnett 1998, Gao et al. 2008). Sequences larger than 600 bp and their
matched sequences from GenBank
were aligned with ClustalW (Thompson et al. 1994). A Bayesian tree was
computed using MrBayes v.3.2.5
(Ronquist et al. 2012) to identify evolutionary relationships among individual sequences. Analysis was performed using a GTR (General Time
Reversible) model selected in PhyML
3.0 (Guindon et al. 2010) run for
30 000 000 generations until standard
deviation of split frequencies was
under 0.01. Two parallel runs were
computed with 4 chains each, sam-

12.8
7.2
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pling every 200 generations, with diagnostics calculated every 1000 generations. Bayesian probabilities were considered reliable when higher than
0.95 pp (posterior probabilities) (Murphy et al.
2001, Wilcox et al. 2002, Alfaro & Holder 2006,
Houbraken et al. 2011). Sequences have been submitted to the NCBA GenBank database with accession numbers MH231237–MH231248.

solution for 5 min between injections. Identification
and quantification of amino acids was carried out
by co-injection of samples with THAA standard
Pierce 20088. Analytical error of determination
(coefficient of variation) for duplicate samples was
9.4% for amino acid analysis.

2.4. Fatty acid methyl esters (FAMEs) and sterols
2.2. Organic carbon and nitrogen content, C and N
stable isotopic composition, and caloric content
The C and N content and stable isotope composition of organic matter in fungal mycelia and dry
culture medium were measured using a continuous
flow isotope ratio mass spectrometer coupled to an
on-line elemental analyzer at the UC Davis Stable
Isotope Facility. The long-term standard deviation
was 0.2 ‰ for δ13C and 0.3 ‰ for δ15N, and the limits
of detection were 20 µg N and 100 µg C. The
caloric content of mycelia was measured in triplicate using a Parr 6725 Semi-micro Oxygen Bomb
Calorimeter following the manufacturer’s standard
methodology (Parr Instrument Company). The edible fungus Agaricus bisporus and the crustacean
Euphausia pacifica were used for comparison. The
coefficient of variation for replicate measurements
of caloric content was 0.3%.

2.3. Total hydrolysable amino acids (THAA)
THAA were determined according to the method
of Lindroth & Mopper (1979). Freeze-dried mycelia
(100 mg) were suspended in 2 ml of hydrolysis
solution (7 N HCl, 1% phenol, 10% trifluoroacetic
acid) and purged for 1 min under a pure nitrogen
stream. Aliquots of samples were hydrolyzed at
150°C for 1.5 h, neutralized (pH 6.5−7.5) with
NaOH, and derivatized using ortho-phthalaldehyde
and mercaptoethanol. Aliquots of derivatized samples were then diluted to 1 ml 40% methanol and
water and analyzed through high performance
liquid chromatography (HPLC) using a Shimadzu
chromatograph with fluorescence detector, autosampler, oven, and binary pump. Amino acids were
separated on a Kromasil 100–5 C18 column (4.6 ×
250 mm) at a constant temperature of 40°C. A gradient of 25–30% methanol in 35 min, 30–50% in
7 min, 50–60% in 18 min, 60–100% in 12 min at a
flow rate of 1 ml min−1 was used. The column was
re-equilibrated with sodium acetate/tetrahydrofuran

Extraction of lipids from ca. 1 g dry fungal mycelia (exact weight determined on a micro-analytical
balance) was carried out with dichloromethane/
methanol (3:1 v/v) using sonication and centrifugation. The organic phase was separated by adding
water and hexane to the extract, and the hexane
phase was then concentrated with a rotary evaporator (Bligh & Dyer 1959). Lipid extracts were split for
fatty acid and sterol analyses.
For analysis of fatty acids, extracts were saponified
with 15 ml 0.5 N KOH:MeOH (Christie 1998) and
non-saponifiable lipids then separated with hexane.
Remaining aqueous extracts were acidified with 6 N
HCl and fatty acids extracted with hexane. The solvent was removed by rotary evaporation and the
fatty acids converted to methyl esters (FAMEs) with
1 ml 10% BF3/MeOH for 1 h at 70°C (Christie 1998,
Tolosa et al. 2004, Méjanelle & Laureillard 2008).
Milli-Q water (1 ml) was added to the mixture and
FAMEs were extracted with hexane and dried
under a stream of nitrogen. FAME fractions were
re-dissolved in 200 µl hexane and then injected into
a gas chromatograph-mass spectrometer (GC-MS)
with a HP5-MS column (30 m × 0.25 mm, 0.25 µm
film thickness, Agilent Technologies). FAMEs were
identified based on retention times (FAME mix,
Supelco Analytical), referring to mass spectra in the
internal library of the mass spectrometer and electronic database www.lipidhome.co.uk/ms/methesters/
me-arch/index.htm. Quantification was carried out
using a calibration curve with serial dilutions of
FAME standard mix. The coefficient of variation for
fatty acid analysis, measured in 5 replicate analyses,
was 14%.
For analysis of sterols, extracts were separated into
4 fractions by column chromatography using
columns of 10 cm length, 0.5 cm ID, filled with
approximately 0.9 g deactivated silica gel. Aliphatic
hydrocarbons were eluted with 40 ml hexane,
ketones were eluted with 50 ml toluene/hexane
(1:3 v/v), alcohols with 50 ml ethyl-acetate/hexane
(1:9 v/v), and polar compounds were eluted with
35 ml ethyl acetate/methanol/hexane (4:4:1 by vol-
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ume). Alcohol fractions were derivatized with 80 µl
BSTFA (N,O-bis(trimethylsilyl) trifluoracetamide)
and 40 µl TMCS (trimethylchlorosilane) at 70°C for
1 h before analysis. Derivatized solutions were injected (1 µl) into a GC-MS equipped with a HP5-MS
chromatographic column (30 × 0.2 mm, 0.25 µm film
thickness, Agilent Technologies). Identification of
sterols was achieved by analyzing mass spectra and
referring to available mass spectrometry data of
sterols (online lipid library: www.chemspider.com).
Sterol concentration was determined using internal
standards of 1-nonadecanol (5 µg). The coefficient of
variation for sterol analysis, measured in 10 replicate
analyses, was 12%.

2.5. Intact polar lipids (IPLs)
Freeze-dried fungal isolates were amended with
1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine
(PAF, Avanti Polar Lipids, Alabaster, USA) as an
internal standard and lipids were extracted by sonication for 15 min with a methanol, dichloromethane,
and phosphate buffer (2:1:0.8 by volume) at pH 7.4,
repeated 4 times. Phase separation was improved by
adding dichloromethane and buffer to reach ratios of
1:1:0.8 (Bligh & Dyer 1959, Sturt et al. 2004). Combined extracts were washed with distilled water, the
organic phase was evaporated under a stream of
nitrogen, and lipids were then stored at −20°C.
IPLs were analyzed using reversed phase UHPLC
and a high-resolution quadrupole time-of-flight
mass spectrometer (Q-TOF) with electrospray ionization (Wörmer et al. 2013). Extracts were dissolved in dichloromethane/methanol (1:9 v/v) and
lipids separated using an Acquity UPLC BEH C18 RP
column (1.7 µm, 2.1 × 150 mm, Waters). Eluent A
was methanol/water (85:15 v/v) with 0.04% HCOOH
and 0.1% 14.8 M NH3aq, and eluent B was isopropyl alcohol/methanol (50:50 v/v) with 0.04%
HCOOH and 0.1% 14.8 M NH3aq. The gradient was
100% eluent A for 2 min, followed by a linear gradient ramp to 85% eluent B at 18 min, washing
with 100% eluent B for 8 min and equilibration for
6 min at 0.4 ml min–1. A full scan was obtained at
2 scans per second, then the 5−10 dominant ions
from the MS full scan were subjected to fragmentation to create MS2 spectra (data dependent mode,
cf. Wörmer et al. 2013).
IPLs were identified according to retention time,
exact precursor ion mass and characteristic fragmentation patterns, and then quantified by comparison of
signal intensity to intensity of the internal standard
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added. No response factors were used for individual
IPL classes. Standard deviation of signal intensity
was below 10% in 4 replicate analyses of one sample
spiked with standard C16 Lyso PAF.

2.6. Statistical analyses
Principal component analysis for amino acid and
fatty acid composition of fungi and planktonic
components was carried out in R (version 3.1.2; R
Core Team) using the package ggbiplot. Nonparametric Mann-Whitney U-tests were applied to
test for statistical differences in elemental composition, energetic content and concentration of organic
molecules across depth classes and geographic
regions. Due to the low number of observations for
some depths and regions, statistical tests were
not applicable in all cases. The Spearman correlation index was used to analyze associations between
elemental composition and concentration of organic
molecules.

3. RESULTS
3.1. Taxonomic identification of fungal strains
Topology of the Bayesian tree indicated that
most strains analyzed belonged to the phylum
Ascomycota, whereas only one strain was found to
belong to each of the phyla Basidiomycota and
Zygomycota (Fig. 2). Among the Ascomycota, most
isolates belonged to the genus Penicillium, with
one member recovered from subsurface suboxic
waters of the coastal ocean off northern Chile
identified as P. brevicompactum (strain BR5, Fig. 2)
in a well-supported branch (1.00 pp). In contrast,
strains CH82, CH92, CH58, CH115, BR1, and
BR11, isolated from diverse areas and depths of
the eastern South Pacific Ocean, showed low probability values (< 0.95), providing insufficient support
for identification at species level within the genus
Penicillium (Fig. 2). Other strains belonging to the
phylum Ascomycota included isolates from waters
of the coastal upwelling ecosystem of central-south
Chile, identified as Cladosporium sphaerospermum
(strain CH131), Fusarium sp. (CH114) and Lecanicillium sp. (CH113) in strongly supported clades
(1.00 pp, Fig. 2).
Among the Basidiomycota and Zygomycota, strain
BR74 — isolated from the deep waters of the South
Pacific subtropical gyre near Easter Island (Site B
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Fig. 2. Bayesian tree inferred from ITS sequences of fungi
isolated from the eastern South Pacific Ocean off Chile. The
tree was validated using Outgroup Orpinomyces sp.
AJ864475. Strains used in this study are shown in blue.
Strain BR71 was cultured and analyzed for content of
FAMEs, sterols and IPL, but not for DNA

in Fig. 1) — was affiliated with the yeast Rhodotorula mucilaginosa in a strongly supported
branch (1.00 pp). Strain CH132 from sediment of
the coastal upwelling ecosystem off central Chile
was affiliated (1.00 pp) with Mucor circinelloides
(Fig. 2).

3.2. Carbon, nitrogen, caloric content and stable
isotope compositions of C and N in fungal isolates

Carbon content of fungal strains ranged from 17 to
31% and nitrogen content ranged from 1.1 to 4.4% of
dry weight (dw) (Table 1). The highest C (31%) and
N (4%) content was found in the yeast R. mucilaginosa, isolated from the deep water near Easter Island
(Table 1, Site B in Fig. 1). In contrast, P. brevicompactum, isolated from coastal subsurface waters of
northern Chile (Site A in Fig. 1) showed the lowest C
and N content (Table 1). Molar C to N ratio averaged
11.7 ± 3.4, with the highest ratios observed for Peni-

cillium isolated from waters of Patagonian fjords
(Site D in Fig. 1). The lowest ratios were observed for
strains of R. mucilaginosa from deep waters, Lecanicillium sp. and Fusarium sp. from coastal waters, and
M. circinelloides from coastal sediments (Table 1).
Carbon and nitrogen stable isotopic composition of
fungal isolates averaged −25.8 ± 0.6 ‰ and 0.9 ±
1.6 ‰, respectively (Table 1). Even though δ13C and
δ15N composition of isolates were on average comparable to those of the food source (dry culture medium,
δ13C: −25.5 ‰ and δ15N: 0.02 ‰), R. mucilaginosa and
C. sphaerospermum showed fractionation of 3−5 ‰
for δ15N (Table 1). Energetic content of isolates averaged 3.6 ± 0.3 kcal g−1 dw, with the highest value
observed in R. mucilaginosa (Table 1).
Although some variability in C and N content, C/N
ratio, and energetic content was observed across
depths (surface, subsurface and deep) and geographic regions, no significant differences were
detected (Mann-Whitney p > 0.05, see Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/a084
p075_supp.pdf).
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3.3. Amino acids, fatty acids and sterols in
culturable marine fungi
Content of total hydrolysable amino acids (THAA)
averaged 87.1 ± 57.8 mg g−1 dw (Table 1), accounting
for 3% (C. sphaerospermum) to 21% (Lecanicillium
sp.) of mycelial dry weight. Relative molar proportions of lysine, alanine, aspartic acid, glutamine,
valine, leucine and threonine accounted for ~60% of
THAA (Fig. 3A).
Concentrations of fatty acid methyl ester (FAMEs)
ranged from < 0.1 to 3 mg g−1 dw (Table 1), with max-
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imum values observed in Fusarium sp. isolated from
subsurface waters off central Chile, and in Penicillium sp. isolated from surface waters of the coastal
region off northern Chile (Table 1). Two individual
FAMEs, C18:2ω6, 9c (linoleic acid) and C18:1ω9c
(oleic acid), accounted for 61% of FAMEs; together
with C16:0 (hexadecanoic acid), C18:3ω3, 6, 9c (αlinolenic acid) and C18:0 (octadecanoic acid), they
represented over 90% of FAMEs (Fig. 3B). Half of the
detected FAMEs were polyunsaturated FAMEs
(PUFA, 2 or more double bonds), with monounsaturated (MUFA) and saturated (SAT) compounds

Fig. 3. Average molecular composition of (A) amino acids, (B) fatty acids, (C) sterols and (D) intact polar lipids in 13 marine fungal strains. Mol% and weight% refer to fraction of compound with respect to sum of all detected amino acids, fatty acids,
sterols and intact polar lipids. Error bars represent 1 SD
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accounting for ~25% each (Fig. 3B). Sterol contents
ranged from 10 to ca. 600 µg g−1 dw, with the higher
values observed in strains isolated from waters and
sediments off central Chile (Table 1, Site C in Fig. 1,).
Most sterols were C-28 (> 90%), with ergosterol
(C28Δ5, 7, 22) and its isomer dehydrostellasterol (isomer-C28Δ5, 7, 22) accounting on average for 85% of
sterols (Fig. 3C).

3.4. Abundance and composition of
intact polar lipids
According to their headgroups, 4 main classes of
IPLs were identified: (1) glycolipids, represented
by monoglycosyldiacylglycerol (MGDG) and diglycosyldiacylglycerol (DGDG); (2) nitrogen bearing
betaine diacylglyceryl-trimethyl-homoserine (DGTS)
lipids; (3) glycerophospholipids, which included
phosphatidyl-ethanolamine (PE), phosphatidyl-Nmethylethanolamine (PME), phosphatidyl-N-dimethylethanolamine (PDME), phosphatidyl-choline
(PC), phosphatidic acid (PA), phosphatidyl-inositol
(PI) phosphatidyl-glycerol (PG), and phosphatidylserine (PS); and (4) ceramide sphingolipids
(Fig. 3D). The summed fatty acid chains of IPLs
averaged 35 carbon atoms and contained up to 6
double bonds. IPL headgroups were dominated
(ca. 95%) by PC, PE, PA, betaine and DGDG.
IPL content ranged from 4 to 32 mg g−1 dw across
the fungal strains (Table 1), with PC accounting for
78% of IPLs, followed by 6% of each betaine-DGTS
and PE (Fig. 3D). The highest IPL content was found
in a Penicillium strain isolated from the coastal
waters off northern Chile (Table 1, Site A in Fig. 1).
Relative abundance of IPLs showed considerable
variability between sampling regions, but no significant differences were detected (Mann-Whitney
p > 0.05, see Fig. S1C in the Supplement).

4. DISCUSSION
4.1. Taxonomy of marine-derived fungi
Of the 12 taxonomically identified isolates of marine
fungi (Fig. 2) in the present study, 7 strains from the
upwelling and fjord regions of the eastern South Pacific Ocean off Chile were identified as Penicillium
brevicompactum, Penicillium sp., Lecanicillium sp.,
Fusarium sp., and Cladosporium sphaerospermum
from the phylum Ascomycota. The phylum Zygomycota
was represented by Mucor circinelloides, isolated from

surface sediments off central Chile, and the phylum
Basidiomycota by Rhodotorula mucilaginosa, along
with an uncharacterized yeast (BR71), recovered from
deep waters off Easter Island. Since strain BR71 is
morphologically similar to BR74 (colored yeast R. mucilaginosa, Table 1), which was collected at 1000 m
depth in the same sampling site and had similar contents of FAMEs, sterols, and IPLs, we classified it in
the genus Rhodotorula, although we presently lack
genomic information to confirm this classification.
Our results are consistent with previous findings
showing wide representation of the genus Penicillium in isolates from waters of coastal and oceanic
regions off Chile (Vera et al. 2017), and a high diversity of culturable (Vera et al. 2017) and ambient
(Gutiérrez et al. 2017) taxa off the coast of central
Chile, likely associated with the high degree of heterogeneity of this environment. Rhodotorula yeasts
frequently appear in marine samples (e.g. Wirth &
Goldani 2012), and the filamentous fungus Lecanicillium sp. has been previously recovered from
hydrothermal vents (Le Calvez et al. 2009). The genera Cladosporium and Mucor have been found in
coastal environments, typically associated with marine sponges (Batista-García et al. 2017).
To date, published information on the diversity of
marine fungi is scarce (e.g. Richards et al. 2012,
Amend et al. 2019) and in our study area in the eastern South Pacific Ocean, prior studies have been
restricted to the culturable ascomycetes (Vera et al.
2017) which cannot be considered representative of
environmental diversity in this area. However, the
selected strains in the present study did include several isolates identified as Penicillium sp., which were
the predominant taxa in prior work (Vera et al. 2017).

4.2. Elemental composition of and organic
compounds in marine fungal mycelia
The organic carbon and nitrogen contents that we
measured for fungal mycelia were comparable with
those of other planktonic organisms, although C to N
molar ratios were almost double the typical Redfield
ratios reported for marine plankton (Table 2). Organic
carbon and energetic contents of fungal isolates varied little among taxonomic groups (coefficient of
variation < 20%), with relatively high carbon and
caloric contents measured in unrelated taxa such as
the basidiomycete Rhodotorula and the ascomycete
Penicillium. Organic carbon contents for the marine
fungi reported here are lower than those of fungi isolated from terrestrial environments (38−57%, Zhang
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Table 2. Carbon, nitrogen and caloric content per gram dry weight (dw) for a wide range of pelagic marine organisms, and
marine and terrestrial fungi
Group of
organisms

Carbon
(% dw)

Nitrogen
(% dw)

Caloric content
(kcal g−1 dw)

Phytoplankton

34.1−50.8a
16.5−34.7

4.6−6.9
5.1−11.6a
1.1−6.3

2.5−4.8

Copepods
Euphausiids/Mysiids
Chaetognatos
Fish/Fish Larvae
Polychaetes
Siphonophores
Hydromedusae
Pteropods
Ctenophores

25.9−67.5
34.8−54.0
21.9−47.7
32.6−46.5
15.9−43.9
3.0−16.0
5.4−10.4
17.0−29.0

4.4−14.9
7.3−12.1
6.3−12.6
8.27−10.6
4.37−11.2
0.98−4.4
1.34−6.9
1.5−4.2

Crustacean zooplankton

42.5−64.2

5.2−12.7

Walve & Larson (1999)

Mixed net plankton

14.0−21.5

2.38−4.1

Hedges et al. (2002)

Mixed zooplankton

18.5−40.0
25.5−44.9
5.1−48.0

2.4−9.4
6.2−12.7
1.1−10.4

1.37−4.2

Goswami et al. (1981),
Ikeda & McKinnon (2012),
Kiørboe (2013)

Bacteria

29.0−50.4

4.0−12.9

4.6−6.3b

Prochazka et al. (1970),
Bratbak & Dundas (1984),
Nagata (1986), Vrede et al. (2002)

38−57

0.23−15

3.6−5.7

Gray & Staff (1967),
Zhang & Elser (2017)

23.8 ± 4.4

2.6 ± 1

3.6

5.6−7.2
0.9−6.0
1.2−6.7
3.3−9.3

Platt & Irwin (1973),
Whyte (1987),
Peltomaa et al. (2017)a
Beers (1966), Omori (1969),
Davis (1993), Ventura (2006),
Schaafsma et al. (2018)

0.7−3.5

Terrestrial fungi
Marine fungi
a

2.1−3.7

References

This study

b

Boreal and Sub-Arctic lakes; Values reported per ash-free dry weight

& Elser 2017). In contrast, the nitrogen contents of
these marine fungi were within the published range
for terrestrial fungi (0.23−15%, Zhang & Elser 2017),
with R. mucilaginosa and Lecanicillium sp. having
the highest observed nitrogen content (≥4%). Average elemental composition and energetic content of
marine-derived fungi (Table 1) were within the published ranges for bacteria, phytoplankton, zooplankton and other metazoans from aquatic environments
(Table 2). Caloric contents of marine fungi were
lower than those of krill Euphausia pacifica and
Thysanoessa inermis, and higher than those of zooplanktonic Cnidaria, Ctenophora, and Gastropoda
(Table 2). Considering that biomass of filamentous
fungi can be as high as that of prokaryotes in the
coastal upwelling ecosystem off central Chile
(Gutiérrez et al. 2011), we suggest that fungal
mycelia can represent a sizable reservoir of extant
carbon and nitrogen in the pelagic ecosystem. As
such, marine fungi may play a significant role in
organic carbon and nutrient mobilization in the
ocean. Improvement of quantitative methods of de-

tection and expansion of sampling coverage should
reduce the current large uncertainty (e.g. Bar-On
et al. 2018) in estimates of marine fungal biomass.
Elemental stoichiometry is not well constrained
for marine fungi. Our data showed C to N molar
ratios (C/N ~12) lower than those of terrestrial
fungi (C/N ~16, Zhang & Elser 2017) but within the
ample range reported for fungi isolated from freshwater environments (C/N ~7−31, Danger et al.
2016). Our average C/N values were almost double
that of the Redfield ratio for marine plankton (Redfield 1958), but in isolates from 3 diverse environments (upwelling, coastal water and sediment, and
deep oceanic waters) ratios approached the Redfield value (C/N ~8, Table 1). Aquatic hyphomycete
fungi are not homeostatic for elemental composition
except under conditions of unlimited nutrient supply (Danger & Chauvet 2013, Danger et al. 2016).
Since C/N ratios among our studied strains were
rather homogeneous (coefficient of variation of
29%) for replete culture conditions, we hypothesize
that our C/N values represented intrinsic properties
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of the analyzed strains. Observed variations in elemental composition of strains across depths and
regions of collection may indicate a potential environmental effect; however, statistical analysis of a
larger suite of strains would be required to further
support this hypothesis. An understanding of the
natural variability of elemental ratios among
mycoplankton species would help in assessing the
role of fungi in modification of C/N ratios during
diagenesis in the ocean; the Redfield ratio could increase or decrease depending on fungal contribution to microbial biomass and reworking of planktonic organic matter.
Analysis of the composition of individual organic
molecules within mycelia indicated the presence of
several essential amino acids, and the predominance
of PUFAs, ergosterol in the sterol fraction, and phosphatydylcoline in the intact polar lipids fraction. On
average, protein (as THAA) accounted for 9 ± 6% of
fungal mycelia, followed by intact polar lipids (including head group plus core fatty acids), which accounted for 1.3 ± 0.7% of fungal biomass. Fatty acids
accounted for 0.1 ± 0.1% and sterols 0.02 ± 0.02% of
mycelial dry weight. THAA (protein) content of fungal mycelia (3−21% mycelial dry weight) was lower
than observed in plankton (20−40%; Lee et al. 1988),
freshwater zooplankton (>50%; Dabrowski & Rusiecki
1983), marine phytoplankton (12−35%; Brown et al.
1991), marine zooplankton (4−55%, Raymont et al.
1973), and marine bacteria (~60%; Simon & Azam
1989). These results suggest that marine fungal
proteins are generally less abundant than those
from plankton. However, marine fungal strains
were generally richer in the essential amino acids
histidine, threonine, valine, lysine and leucine (Fig.
3A) than are soil fungi (Wallis et al. 2012), and may
therefore represent a source of particular molecules critical to the diet of metazoans in the marine
environment.
Hydrolyzable amino acids (protein) accounted for
as low as 20% and as high as 78% of fungal nitrogen,
indicating that up to 80% nitrogen (e.g. in C. sphaerospermum) is stored in other N-containing molecules in fungal mycelia. Chitin, a principal polymer
present in fungal cell walls (Latgé 2007), represents a
large reservoir of carbon and nitrogen in the ocean
(Souza et al. 2011) produced by crustaceans at a rate
of ca. 2 million metric tons per year (Jeuniaux & VossFoucart 1991). The cell walls of marine fungi could be
an important previously unaccounted pool of chitin
and particulate organic nitrogen in the marine environment, and thus may play an important role in
nutrient cycling. In support of our hypothesis, fungal

debris has been documented in sediment traps in
association with sinking chitin fluxes in the subarctic
Pacific Ocean (Montgomery et al. 1990).
Fatty acid composition showed a predominance of
C-18 molecules, with C18:2ω6, 9c accounting for ca.
38% and C18:1ω, 9c for 23% of fatty acids. Fatty acid
18:2ω6, 9 (linoleic acid) is consistently regarded to be
a fungal marker in terrestrial environments (Vestal &
White 1989, Frostegård & Bååth 1996, Boschker &
Middelburg 2002), and has also been reported as a
major constituent (11−37%) of fatty acids of marine
fungi (Cooney et al. 1993, Devi et al. 2006, Das et al.
2007). Linoleic acid also covaries with the abundance
of fungal filaments in the coastal upwelling ecosystem off Chile (Gutiérrez et al. 2011). PUFAs
accounted for half of the fatty acids present, suggesting that together with other planktonic organisms,
fungi can be an important source of nutritional lipids
for pelagic organisms. In support of this contention,
the proportion of PUFAs in marine-derived fungi
(this study and Das et al. 2007) is within the upper
range of values reported for marine phytoplankton
(Lewis 1969, Zhukova & Aizdaicher 1995, Arendt et
al. 2005), zooplankton (Najdek 1997, Escribano &
Perez 2010), and bacteria (Russell & Nichols 1999,
Das et al. 2007).
Ergosterol, and its isomer dehydrostellasterol
(C28Δ5, 7, 22), were the dominant sterols in all the marine fungal strains analyzed, and this observation is
consistent with their known predominance in most
terrestrial ascomycetes and basidiomycetes (Weete
et al. 2010). Ergosterol has been used to estimate
fungal biomass in soils (Montgomery et al. 2000,
Joergensen & Wichern 2008), rivers (Joergensen &
Wichern 2008), salt and freshwater marshes (Newell
et al. 2000, Buesing & Gessner 2006), and wetlands
(Verma et al. 2003). Ergosterol accounts for more
than 80% of sterols in all fungal strains and is the
predominant sterol in membranes of Dikarya (Weete
et al. 2010), which includes most of the fungi identified in marine environments (Amend et al. 2019).
We therefore suggest that ambient ergosterol concentrations in particulate organic matter could be
an appropriate proxy for a major fraction of extant
fungi biomass in the ocean. Indeed, ambient concentrations of ergosterol were recently used to estimate fungal biomass in Arctic waters (Hassett et al.
2019). Since ergosterol is not present in basal lineages of fungi such as chytridiomycetes, which have
been shown to be abundant in some marine environments (Gutiérrez et al. 2016, Hassett et al. 2019),
specific biomarkers of different groups will be
required for a better assessment of actual contribu-
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tion of marine fungi to microbial biomass in the
ocean.
Consistent with being a major phospholipid of cell
membranes, phosphatidylcholine (PC) was the dominant IPL in marine-derived fungi. Phospholipids,
particularly PC, appear to be beneficial in the diet
of several species of freshwater and marine fish and
crustaceans, improving survival, growth, and resistance to stress (Coutteau et al. 1997, 2000, Wang et
al. 2016). Phospholipids are also utilized as storage
lipids in some species of marine zooplankton
(Hagen & Schnack-Schiel 1996, Lee et al. 2006).
With biomass of marine fungi potentially being as
high as that of prokaryotes in the coastal ocean
(Gutiérrez et al. 2011), we suggest that marinefungi-derived phospholipids could be a significant
nutritional complement in the diet of marine organisms. Indeed, the content of PC in our fungal strains
(Table 1) is comparable to that reported for microalgae (Cañavate et al. 2016). If proven, such a role
for PC in the ocean would provide a nutritional
dimension for studying IPLs in addition to their taxonomic importance (Sturt et al. 2004, Cañavate et
al. 2016) and environmentally driven variability
(Van Mooy et al. 2009, Sebastián et al. 2016). Marine fungi certainly need to be considered when
interpreting water column IPL signatures, and
assigning potential taxonomic sources to PC (e.g.
Schubotz et al. 2018).
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4.3. Biochemical signature of fungi in the
marine ecosystem
The composition of marine organic matter is determined by the accumulation of organic components
from a variety of biological sources. Recognizing patterns of individual components of autochthonous and
allochthonous organic matter is key to understanding
their contribution to biogeochemical cycling, and to
tracing their fate and trophic interactions in marine
ecosystems. The amino acid and fatty acid composition of marine-derived fungi clearly differs from that
of prokaryotes, phytoplankton, zooplankton, and
fish, with lysine, histidine, threonine, alanine, and
mono- and di-unsaturated C18 fatty acids being particularly useful compounds for differentiating among
groups (Fig. 4).
In order to understand fractionation by marine
fungi during heterotrophic growth, and to identify
potential diagnostic signals for geochemical studies
in the ocean, we compared carbon and nitrogen stable isotope composition of the growth substrate with
that of the resulting fungal biomass. Adopting the
general scheme of Meyers (1994), the pattern of marine-fungi-derived C/N and δ13C (Fig. 5) is consistent
with a heterotrophic role proposed for fungi as
degraders of planktonic detritus in the coastal ocean
(Gutiérrez et al. 2011, Cunliffe et al. 2017). However,
these results should be interpreted with caution since

Fig. 4. Principal component analysis comparing the specific signatures of (A) amino acids and (B) fatty acids of marine-derived fungi
with those of other pelagic organisms (Chuecas & Riley 1969, Lewis 1969, Jeffries 1970, Raymont et al. 1973, Taylor & Parkes 1983, Lee
et al. 1988, Simon & Azam 1989, Brown et al. 1991, Nichols et al. 1993, Zhukova & Aizdaicher 1995, Russell & Nichols 1999, Oren &
Mana 2002, Das et al. 2007, Escribano & Perez 2010, Medina et al. 2014, Wang et al. 2017). Arrows indicate amino acids and fatty acids
that explain singular signatures of each group
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Fig. 5. Stoichiometric and stable isotopic composition of carbon and nitrogen of marine fungi (green diamonds) and dry
culture medium (purple diamond) in the framework of Meyers’ classification of terrestrial and marine organic matter
(blue circles and light blue ovals) taken from Table 1 of
Meyers (1994). δ13C and C/N data for marine fungal strains
are enclosed in a purple dashed oval

δ13C and δ15N are determined by the substrate for
fungal growth. Substrate organic matter in the culture medium had characteristic terrestrial δ13C and
δ15N values (δ13C: −25.5 ‰, δ15N: 0.02 ‰), while its
elemental composition (C/N: 6.5) resembled that of
marine particulate organic matter (6.6, Martiny et al.
2014). Two out of the 12 strains showed fractionation
of 3 and 5 ‰ between δ15N-biomass and source N
(0.02 ‰, Table 1), as also shown for freshwater fungi,
varying by 3.6 to 5.9 ‰ with respect to bulk N litter
(Costantini et al. 2014). Such fractionation is also similar to the range of 2−4 ‰ reported for enrichment of
consumers (Deniro & Epstein 1981, Minagawa &
Wada 1984) and the 3 ‰ reported in the pelagic marine environment (Checkley & Miller 1989, Montoya
et al. 2002). For freshwater (Costantini et al. 2014)
and ectomycorrhizal fungi (Hobbie & Högberg 2012),
the extent of N isotope fractionation is strain-dependent and appears to be associated with metabolic
capabilities and utilization of different forms of
organic matter. Defining the stable isotope signatures of marine fungi is a novel avenue for future
research that should help to explain the stable isotope fractionation of organic molecules in the ocean.
A central role of fungi in terrestrial and aquatic
marsh-type ecosystems is their action as saprotrophs
on detrital organic matter (Hyde et al. 1998, Raghukumar 2005). Marine detritus includes a component of
reworked organic matter with lower nutritional values
than extant biomass (e.g. Dauwe et al. 1999), which is
not available for direct use and transfer through the

marine trophic web (Mann 1988, Lopez & Levinton
2011). Our data on organic and elemental composition
of selected strains suggest that marine fungi are rich
in essential molecules, have a relatively high energetic
content, and have lower C to N molar ratios than marine algae. Thus, as recognized modifiers of organic
detritus in some coastal environments (Hyde et al.
1998, Newell et al. 2000, Raghukumar 2005), fungi
are a potential conduit for repackaging refractory or
low nutritious organics into fresh biomass rich in nutritive molecules available for transfer through the
marine trophic web. This role is equivalent to the action of parasitic fungi on diatoms in freshwater ecosystems, where chytrids infect inedible phytoplankton
and release flagellated zoospores rich in nutritive
molecules that can positively impact the diet of zooplankton (Kagami et al. 2011). Thus, through their variety of roles in the marine ecosystem (Gutiérrez et al.
2011, 2016, Cunliffe et al. 2017, Amend et al. 2019),
fungi can potentially provide otherwise inaccessible
‘fuel’ for trophic webs in the ocean. Our study
provides evidence for C/N molar ratios in the upper
range of those of marine algae, but lower than the
range for terrestrial organic matter (Fig. 5). Occurrence and activity of fungi can clearly impact the C/N
ratios of organic matter, potentially leading to misinterpretation of source of organic matter in detrital and
sedimentary environments. Detailed consideration of
lipid fingerprints of marine fungi could help to elucidate their relative contribution in environments with
mixed sources of organic matter.
In conclusion, our findings suggest that marine
fungi play a hitherto underestimated role in carbon
and nutrient cycling in the ocean, and that their nutritional value is comparable to that of other planktonic organisms. We have also demonstrated that
marine fungi have a distinctive pattern of lipids and
proteins, and that their elemental composition is consistent with a marine source and heterotrophic uptake of phytoplankton-derived organic matter. These
findings open new perspectives for the detection and
study of marine fungi, and for a better understanding
of the contribution of fungi to microbial biomass and
the cycling of carbon and nutrients in the ocean.
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