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ABSTRACT
Despite recent studies, relatively few are known about the diversity of fungal communities
in the deep Atlantic Ocean. In this study, we investigated the diversity of fungal commun-
ities in 15 different deep-sea sediments from the South Atlantic Ocean with a culture-
dependent approach followed by phylogenetic analysis of ITS sequences. A total of 29
fungal strains were isolated from the 15 deep-sea sediments. These strains belong to four
fungal genera, including Aspergillus, Cladosporium, Penicillium, and Alternaria. Penicillium,
accounting for 44.8% of the total fungal isolates, was a dominant genus. The antiaflatoxi-
genic activity of these deep-sea fungal isolates was studied. Surprisingly, most of the strains
showed moderate to strong antiaflatoxigenic activity. Four isolates, belonging to species of
Penicillium polonicum, Penicillium chrysogenum, Aspergillus versicolor, and Cladosporium clado-
sporioides, could completely inhibit not only the mycelial growth of Aspergillus parasiticus
mutant strain NFRI-95, but also the aflatoxin production. To our knowledge, this is the first
report to investigate the antiaflatoxigenic activity of culturable deep-sea fungi. Our results
provide new insights into the community composition of fungi in the deep South Atlantic
Ocean. The high proportion of strains that displayed antiaflatoxigenic activity demonstrates
that deep-sea fungi from the Atlantic Ocean are valuable resources for mining bioactive
compounds.
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1. Introduction

Marine fungi are microorganisms widely distributed
in the ocean and are particularly associated with
sediment, seawater, marine habitants, submerged
plants, and algae [1]. They are a rich source of nat-
ural products [2–4]. The deep sea is one of the least
explored regions of the earth and one of the least
studied habitats of fungi. It is an environment char-
acterized by the absence of sunlight irradiation, low
temperature (except for hydrothermal vents), high
hydrostatic pressure, and extreme pH [5]. The
extreme environment has created a variety of unique
organisms. However, compared to the increasing
knowledge about the biodiversity and ecological
importance of deep-sea bacteria and archaea, rela-
tively little is now known about deep-sea fungi.

Since the first report of the isolation of deep-sea
fungi from the South Atlantic Ocean at a depth of
4450 m [6], there have been many more studies not-
ing the isolation of deep-sea fungi from various
deep-sea environments and their diversity [7–15]. It
is now well known that diverse fungal communities
are abundant in deep-sea environments. Fungi have

been found in different deep-sea samples, such as
sediments from the Mariana Trench [8,16], Chagos
Trench [17], the Central Indian Basin [18,19], the
South China Sea [10,14], Peru Trench [9], Gulf of
Mexico [20], Pacific Ocean [21,22], and the
Antarctica Ocean [23]. Fungal diversity in deep-sea
sediments has been analyzed by either culture-
dependent [24] or culture-independent [19,21]
methods. Using culture-independent molecular tech-
niques, culturable and unculturable fungi in the
environmental DNA samples could both be directly
detected, thus acquiring abundant information about
their biodiversity. In contrast, the culture-dependent
approach is only applicable to cultivable fungi,
which may underestimate the real diversity of fungal
communities; however, the isolated fungi could be
subjected to physiological and biochemical tests and
bioactivity screening.

The potent mycotoxin aflatoxin B1 is a secondary
metabolite mainly produced by Aspergillus flavus
and Aspergillus parasiticus [25]. It is extremely toxic,
carcinogenic, and mutagenic to both humans and
animals. Aflatoxin contamination can occur during
the transport and storage of food products, and
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even before the harvest of crops. To prevent and
manage aflatoxin contamination, approaches such as
chemical fungicides and biological control are sug-
gested. Biocontrol agents could be good alternative
to chemical fungicides, as they are beneficial to both
people and the environment. During the last decade,
some bacteria and fungi have been reported for
their ability in the control of aflatoxin producing
fungi. For example, Bacillus pumilus, isolated from
Korean soybean sauce, was reported to exhibit
strong antifungal activity against the aflatoxin-pro-
ducing fungi As. flavus and As. parasiticus [26]. B.
megaterium, an offshore bacterium isolated from the
Yellow Sea of East China, was reported to be able to
inhibit the growth of As. flavus in vitro and in vivo
[27]. Recently, our group also reported that a deep-
sea bacterium B. circulans could inhibit both the
mycelial growth of As. parasiticus mutant strain
NFRI-95 and accumulation of norsolorinic acid, a
precursor for aflatoxin production [28].

Since the first report on the metabolites of the
deep-sea fungus Chromocleista sp. [29], more than
200 new biologically active secondary metabolites of
deep-sea fungi have been isolated [30]. The bioactive
metabolites are structurally diverse, and some of
them exhibit potential bioactivities against patho-
genic fungi [31]. For example, Wang et al. identified
versicoloids A and B from the deep-sea fungus As.
versicolor, which shows strong fungicidal effect
against Colletotrichum acutatum [32]. Li et al. iden-
tified a compound from the culture of a deep-sea
fungus As. wentii SD, which exhibits potent inhibi-
tory activities against four plant-pathogenic fungi
[33]. Deep-sea fungi have shown much promise in
terms of novel and unique secondary metabolites,
however, to our knowledge, there has been no
report on the antiaflatoxigenic activity of deep-sea
fungi.

The main objective of this study was to isolate
and characterize the culturable fungi present in
deep-sea sediments of the South Atlantic Ocean and
examine their antiaflatoxigenic activity.

2. Materials and methods

2.1. Sample collection

Fifteen deep-sea sediment samples used in this study
were collected from different sites of the South
Atlantic Ocean (Table 1). They were collected by
SBE-911 plus CTD from a depth of 400–3200m
from July to August 2012 by Cruise DY26 and
maintained at 4 �C on board. After transporting the
samples to the laboratory, isolation was conducted
in October 2012.

2.2. Media

Four cultivation media and their compositions are
as follows: (1) Gause No.1 medium, 20 g of soluble
starch, 1 g of KNO3, 0.5 g of NaCl, 0.5 g of K2HPO4,
0.5 g of MgSO4, 0.01 g of FeSO4, 1000mL of sea-
water, pH 7.2–7.4; (2) ISP2 medium, 4 g of yeast
extract, 10 g of maltose, 4 g of glucose, 1000mL of
seawater, pH 7.2–7.4; (3) seawater PDA medium,
200 g of diced potato was boiled in 1000mL of boil-
ing seawater for 30min; 15 g of glucose, 1 g of yeast
extract, and 3 g of peptone were added to the fil-
trate, and the volume was brought to 1000mL with
deionized water; the final pH was adjusted to 6.5;
(4) GY medium, 5 g of yeast extract, 20 g of glucose,
1000mL of deionized water. Twenty grams of agar
were added to 1 L of the medium when necessary.

2.3. Isolation of deep-sea fungi

Sediment samples from 15 collection sites were seri-
ally diluted up to 10�3 with sterile seawater. One
hundred microliters of each dilution was spread-
plated on agar media made with seawater. PDA,
Gause No.1, and ISP2 media were used for fungal
isolation of the TVG15 sediment sample. The Gause
No.1 medium was used for fungal isolation from all
the sediment samples. The plates were incubated at
28 �C for 1–4 weeks until the morphology of fungi
could be distinguished. During the incubation,
plates were monitored daily for fungal growth,

Table 1. A list of deep-sea sediment samples with details of their sampling information.
Collection site Sampling date Depth of water (m) Sample description Location Number of fungal isolates

TVG01 July 25 2012 3203 Ooze (light yellow) 14.5�W/13.6�S 1
TVG02 July 26 2012 3141 Ooze (reddish-brown) 14.5�W/13.6�S 1
TVG03 July 26 2012 3142 Basalt detritus (black) 14.5�W/13.6�S 0
TVG04 July 27 2012 3149 Sandy mud (reddish-brown) 14.5�W/13.6�S 1
TVG05 July 27 2012 3125 Foraminifera clay (calcareous substances) 14.5�W/13.6�S 0
TVG06 July 27 2012 3059 Lump (yellowish brown) 14.5�W/13.6�S 1
TVG08 July 28 2012 3051 Clay (rock fragment) 14.5�W/13.6�S 1
TVG09 July 29 2012 3073 Ooze (reddish-brown) 14.5�W/13.6�S 0
TVG10 August 02 2012 2770 Chimney debris (sulfide) 14.5�W/13.6�S 1
TVG12 August 03 2012 2721 Multi-metal sulfide 14.5�W/13.6�S 0
TVG13 August 06 2012 2730 Lava (basalt) 14.5�W/13.6�S 5
TVG14 August 07 2012 2796 Ooze (light yellow calcareous substances) 14.5�W/13.6�S 0
TVG15 August 08 2012 1523 Ooze (khaki) 14.5�W/13.6�S 15
TVG16 August 08 2012 1598 Ooze (sandy calcareous substances) 14.5�W/13.6�S 3
TVG21 August 14 2012 451 Sediment (surface calcium) 0.8�E/ 3.0�S 0

152 Y. ZHOU ET AL.



colony type, and number of colonies. The fungal
isolates were picked and transferred to a new corre-
sponding agar plates on the basis of their morpho-
logical differences based on visible examination of
growth characteristics. Impure strains were streaked
on plates until a pure colony with unique culture
morphology was observed. Purified fungal cultures
were maintained as slant at 4 �C and stored in 20%
glycerol at �80 �C, respectively.

2.4. DNA extraction and PCR amplification

DNA from deep-sea fungal cultures was extracted
using the method described by Stoeck and Epstein
[34]. An aliquot of fresh fungal mycelia (200mg)
was placed in a precooled mortar, fully ground after
adding liquid nitrogen three times and transferred
to an Eppendorf tube. Six hundred microliters of
extraction buffer (100mM Tris–HCl (pH 8.0),
20mM Na2EDTA, 0.5 M NaCl, and 1% sodium
dodecylsulfate) was added to the tube, incubated in
a water bath at 65 �C for 45min and centrifuged at
12,000 rpm for 5min. The supernatant was trans-
ferred to a new Eppendorf tube, and an equal vol-
ume of saturated phenol/CHCl3/isoamyl alcohol was
added. The solution was mixed thoroughly and cen-
trifuged for 3min. The aqueous phase was trans-
ferred to a new tube and mixed with 1 vol of
isopropanol. Samples were incubated at �20 �C for
30min and centrifuged at 4 �C for 20min at
12,000 rpm to recover the precipitate. The pellet was
rinsed with 70% EtOH, allowed to air dry briefly
and subsequently resuspended in 20 mL of 10xTE
(1mM Tris–HCl, 0.1mM EDTA, pH 8.0) containing
ribonuclease A at 20 mg/mL. One microliter of the
DNA was subjected to gel electrophoresis before
freezing at �20 �C.

From the extracted fungal DNA, the internal
transcribed spacer (ITS) rDNA gene region was
amplified by PCR using the primer-pair ITS1 and
ITS4 [35]. ITS amplicons were generated for all
strains by using the primer pair ITS1-F, 50-
CTTGGTCATTTAGAGGAAGTAA-30, and ITS4,
50-TCCTCCGCTTATTGATATGC-30 [35]. The PCR
was performed in 50 mL volumes containing 2 lL of
template DNA (�50 ng/lL), 5 lL of Taq buffer, 1 lL
of dNTPs (10mM), 1 lL of each primer (20 pM)
(BGI, Beijing, China) and 4 lL of Taq polymerase
(2.5U/lL). Nuclease-free water was added to
increase the volume to 50 mL. The ITS region was
amplified at 94 �C for 5min (initial denaturation),
followed by 35 cycles at 94 �C for 1min (denatur-
ation), 55 �C for 1min (primer annealing), 72 �C for
2min (elongation), and a final extension at 72 �C
for 10min. PCR products were purified by a
QIAquick PCR purification kit (QIAGEN, Hilden,

Germany) following the manufacturer’s protocol.
Sequencing was carried out by BGI. Fungal ITS
sequences of the 29 isolates were deposited in
GenBank under accession numbers MK140679-
MK140707.

2.5. Phylogenetic analyses

The ITS sequences obtained were subjected to
BLAST search in the NCBI database to determine
the sequence similarity. The ITS sequences of closely
related fungal strains were retrieved from NCBI.
Multiple sequences were automatically aligned using
the CLUSTAL W software [36]. Subsequently,
phylogenetic analysis of the related ITS sequences
was performed using MEGA software version 7.0
[37] with the neighbor-joining [38] method.
Bootstrap values were determined based on 1000
replications.

2.6. Liquid fermentation of deep-sea fungi in
seawater media

A 1% amount of spore suspension (105) was inocu-
lated into the Gause No.1 media with 100mL of
seawater and incubated at 28 �C and 120 rpm for
7 d. Then, mycelia were separated from the liquid
culture by sterile gauze, and the pH of the filtrate
was measured. Then the filtrate was centrifuged at
8000�g for 20min at room temperature, and the
supernatant was stored at �20 �C until use. The
mycelia were washed with deionized water until
the washing liquid became colorless, placed in a
60 �C oven, and dried to constant weight before
their fresh weight was measured.

2.7. Determination of antiaflatoxigenic activity
by tip culture assay

The tip culture assay was carried out as described
previously [39]. Pipette tips were weighed and
placed in glass tubes. They were then covered with
plastic caps and autoclaved. Before using, the
pointed end of the tip was sealed with sterile paraf-
ilm in a Clean Bench. The supernatants collected
after the liquid fermentation were supplemented
with GY (2% glucose and 0.5% yeast extract) to
compensate for the consumption of nutrients by
deep-sea fungal growth, and the pH of the medium
was adjusted to approximately 6.0. After filter steril-
ization with a 0.22-lm pore-size Millipore mem-
brane, the resulting solution was used for the tip
culture assays. An aliquot (700 lL) of the resulting
solution and a drop of the spore suspension of
NFRI-95 were added into the tip, and incubated at
28 �C for 6 d. Uncultivated media supplemented
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with GY with and without As. parasiticus NFRI-95
were used as controls for tip culture. Each experi-
ment was carried out in three replicates.

The As. parasiticus mutant strain NFRI-95 was
used as an indicator in the antiaflatoxigenic bioas-
says. It did not produce aflatoxin but accumulated
norsolorinic acid, the first stable precursor in the
biosynthetic pathway of aflatoxin, in the mycelia.
Norsolorinic acid is vivid red and visible to human
eyes. The antiaflatoxigenic activity was evaluated in
two ways: inhibition of mycelia growth and inhib-
ition of toxin production. For determination of the
mycelial growth inhibition ratio, the fresh mycelia
weights of the NFRI-95 strain after 6 d’ incubation
in the control tip and the experiment tip were meas-
ured. To assess the toxin inhibition ratio (suppres-
sion of red pigment production), norsolorinic acid
in the mycelia of the tip culture after 6 d’ incuba-
tion was extracted with a solution containing 1mol/
L NaOH and methanol (1:9, vol/vol). Then, the
OD560 nm of the extract was measured. The mycelial
growth inhibition ratio and aflatoxin inhibition ratio
(or red pigment inhibition ratio) were calculated
according to the following formulas:

Mycelial growth inhibition ratio (%)¼(W2-W1)/
W2� 100%, where W2 is the fresh weight of the
mycelia in the control tip and W1 is the fresh
weight of the mycelia in the experiment tip.

Toxin inhibition ratio (%)¼(A2-A1)/A2� 100%,
where A2 is the OD560 nm of the control tip and A1
is the OD560 nm of the experiment tip.

3. Results and discussion

3.1. Differences in number and species of deep-
sea fungal isolates among different isolation
media

There are several ways to cultivate deep-sea fungi,
and their efficiency may differ. Damare et al. [18]
reported that the percentages of culturable fungi
obtained by dilution plating are better than particle
plating. We therefore selected the dilution plating
method for isolation of the culturable fungi from
the sediment samples in this study. Fungi from the
deep-sea sediment of the TVG15 sample were iso-
lated from three different media-seawater PDA,
Gause No.1, and ISP2 media. The results show that
the number and species of fungal isolates were
affected by the isolation media. Twelve deep-sea
fungal strains were isolated from Gause No.1
medium, while only two strains and one strain were
isolated from seawater PDA and ISP2 media,
respectively. Taxonomically, cultivation by Gause
No.1 medium resulted in the recovery of strains
belonging to four species of two genera (Aspergillus
and Penicillium), whereas cultivation by the seawater

PDA medium resulted in two species of two genera
(Aspergillus and Penicillium). Inorganic salts in the
Gause No.1 medium probably acted as an important
growth factor for the growth of deep-sea fungi.
Although only one strain was recovered from ISP2
medium, it was the rarest genus (Cladosporium) iso-
lated from the TVG15 sample. Based on the above
results, we selected Gause No.1 medium for the fol-
lowing isolation of culturable fungi in the deep-sea
sediments.

3.2. Deep-sea fungal diversity from different
sediments

In total, 29 strains were isolated from 15 deep-sea
sediments of the South Atlantic Ocean (Figure 1).
The phylogenetic analysis of the ITS sequence
of the fungal strains showed that 29 fungal strains
all demonstrated �98% similarity with sequences
from their closest relative species (Table 2). The
reported Ascomycota isolated from deep-sea
sediments mainly belonged to Dothideomycetes,
Eurotiomycetes, Leotiomycetes, Saccharomycetes,
and Sordariomycetes [12,14,40,41]. In this research,
we succeeded in the isolation of deep-sea fungal
strains belonging to two classes of the phylum
Ascomycota, namely Dothideomycetes, and
Eurotiomycetes. As shown in Table 1, TVG15 har-
bored the most fungal strains (15 out of the 29
strains), followed by TVG13 (5 strains) and TVG16
(3 strains). However, only one strain was recovered
from TVG01, TVG02, TVG04, TVG06, TVG08, and
TVG10. Meanwhile, no strain was recovered from
the following six sediments: TVG03, TVG05,
TVG09, TVG12, TVG14, and TVG21, although the
same methods were used for isolation. The fungal
isolates were affiliated with four fungal genera,
including Aspergillus, Cladosporium, Penicillium, and
Alternaria. Penicillium, accounting for 44.8% of the
total fungal strains, was a dominant genus, followed
by Aspergillus, Cladosporium, and Alternaria. Fungal
taxa distributed unevenly at different sites.
Aspergillus could only be isolated from sample
TVG15. Some Penicillium, Cladosporium, and
Alternaria species were found exclusively in the col-
lection sites TVG04, TVG06, TVG10, or TVG13.
Both samples TVG13 and TVG15 harbored five spe-
cies, which were the most diverse among all 15 sedi-
ments. Since the total number of deep-sea fungi
isolated was limited, it was hard to show any clear
pattern of fungal diversity in relation to the depth
of water.

Among the four genera recovered in our deep-
sea sediment samples, Aspergillus sp., Penicillium sp.
and Cladosporium sp. have also been isolated in cul-
turable form by many other studies [7,12,23,42].
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However, to our knowledge, the presence of
Alternaria sp. in the deep-sea was only reported by
a research studying the fungal community structure
in the deep-sea sediments from the East India
Ocean [43]. In their study, Alternaria sp. was not
only recovered using traditional cultivation, but also
detected by targeted environmental sequencing.
Interestingly, we also found their presence in the
deep Atlantic Ocean. Most of the fungal isolates in
this study exhibited high phylogenetic similarity to
terrestrial fungal species, which supports the

hypothesis that sedimentation may play an import-
ant role in the accumulation of facultative marine
fungi in deep-sea sediments [44,45].

In this study, we only succeeded in the isolation
of 29 culturable deep-sea filamentous fungi from the
15 deep-sea sediments of the South Atlantic Ocean.
This could be attributed to the following reasons.
First, about 90% of our isolates belong to Aspergillus
sp., Penicillium sp. and Cladosporium sp., and they
are reported as fast-growing deep-sea fungi [24], so
oligotrophic strains that grow slowly might be
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Figure 1. Neighbor-joining phylogenetic trees of fungal strains isolated from the 15 deep-sea sediment samples of the South
Atlantic Ocean constructed with ITS rDNA sequences. (A) Penicillium species; (B) Aspergillus species; (C) Cladosporium species;
(D) Alternaria species. Bootstrap values (expressed as percentages of 1000 replications) of >50% are shown at branch points.
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ignored because of the culture media chosen in our
study. Besides, it has also been reported that cultiva-
tion under anoxic conditions may recover fungi that
are more divergent from known taxa [40]. So, fun-
gal communities living under anoxic conditions
might be missed in our study. Second, it was found
that fungi are much more associated with animals
rather than mineral substrate [7]. Third, fungi are
possibly rare in the deep-sea sediments we sampled.
Bass et al. used deep-sea environmental gene libra-
ries, which were constructed based on 11 deep-sea
samples from around the world representing depths
from 1500 to 4000m, to study fungal diversity in
the deep oceans. Surprisingly, only 18 fungal phylo-
types are recovered after sequencing all the clones
in the libraries, although the sampling of fungi in
their deep-sea libraries is close to saturation [46].
They concluded that fungi are relatively rare in the
deep-sea habitats they sampled. In this research, we
might have encountered a similar situation as theirs.
Last but not least, frozen samples might have an
unfavorable effect on culturability.

3.3. Antiaflatoxigenic activity of the deep-sea
fungal strains

In order to test the antiaflatoxigenic activity, all 29
fungal isolates were subjected to fermentation in the
Gause No.1 liquid media, and their cell-free

supernatants were tested against the As. parasiticus
mutant strain NFRI-95 by tip culture assay. The
results are summarized in Table 3. After fermenta-
tion, a large proportion of the supernatants had
lower pH than their initial pH. The dry weights of
the mycelia ranged from 2.41 to 12.69mg/mL. The
antiaflatoxigenic activity was assessed in two ways,
inhibition of mycelia growth and inhibition of toxin.
Most of the fungal isolates showed moderate to sig-
nificant antiaflatoxigenic activities, except for two
isolates (ZI1 and 15-6 T) which failed to show any
antiaflatoxigenic activity. Surprisingly, four strains,
MHE21 (P. polonicum), MHE23 (As. versicolor), 13-
7 T (P. chrysogenum), and 13-9 T (Cladosporium cla-
dosporioides), could completely inhibit not only
mycelial growth, but also aflatoxin production.
Three fungal isolates, MN12 (C. cladosporioides),
MEE3 (P. polonicum), and MIE14 (A. pseudoglau-
cus), exhibited 100% toxin inhibition ratio and a
mycelial growth inhibition ratio higher than 85%.
The three isolates belonging to the genus Alternaria
showed moderate antiaflatoxigenic activity. For most
of the fungi that displayed strong antiaflatoxigenic
activity, the mycelial dry weight was between 4 and
10mg/mL, but MIE14, which had a mycelial dry
weight of merely 2.421mg/mL, showed a mycelial
inhibition ratio of 94% and an aflatoxin inhibition
ratio of 100%. On the contrary, MHE1, which had a
mycelial dry weight of more than 10mg/mL, only
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Figure 1. Continued.
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exhibited weak antiaflatoxigenic activity. This indi-
cated that the antiaflatoxic activity was not related
to the mycelial dry weight.

Fungi have served as an important source for
bioactive secondary metabolites of medicinal and

agricultural use. The fungal species which showed
potent antiaflatoxigenic activity in our study were
also reported to exhibit other antifungal activities.
Members of the genus Penicillium are well known
for producing a variety of bioactive compounds

Table 2. Diversity of the fungi isolated from the 15 deep-sea sediment samples of the South Atlantic
Ocean using Gause No. 1 medium.
Sample
collection
sites

Fungal isolates
(GenBank registration

number)
Fungal species with most similar sequence

(GenBank accession number)
Percent (%)
identity

TVG01 1-11T (MK140679) Penicillium polonicum TBG2-2 (JF731269) 99
TVG02 2-1T (MK140680) Penicillium polonicum TBG1-5 (JF731266) 99
TVG15 15-8T (MK140689) Penicillium polonicum TBG1-5 (JF731266) 100
TVG08 8HA4-10 (MK140681) Penicillium polonicum TBG3-18 (JF731275) 99
TVG15 MHE4 (MK140700) Penicillium polonicum TBG3-18 (JF731275) 99
TVG15 MIE2-1 (MK140704) Penicillium polonicum AP2T2 (JF731251) 100
TVG15 MHE21 (MK140702) Penicillium polonicum AP2T2 (JF731251) 99
TVG16 16-7T (MK140690) Penicillium polonicum AP2T2 (JF731251) 99
TVG15 MEE3 (MK140697) Penicillium polonicum TBG1-20 (JF731263) 100
TVG15 MHE2 (MK140699) Penicillium polonicum TBG1-20 (JF731263) 99
TVG15 MHE4-1 (MK140701) Penicillium polonicum TBG1-20 (JF731263) 99
TVG15 16-11T (MK140691) Penicillium polonicum TBG1-16 (JN368453) 99
TVG13 13-7T (MK140686) Penicillium chrysogenum DQ-29(KY022754) 99
TVG15 MHE1(MK140698) Aspergillus versicolor CY10 (MH712290) 99
TVG15 MAE28-6(MK140695) Aspergillus versicolor LV1b-1 (HQ262506) 98
TVG15 MCE3(MK140696) Aspergillus versicolor MF22539 (MH911415) 99
TVG15 MHE23 (MK140703) Aspergillus versicolor DFFSCS010 (JX156356) 99
TVG15 15-6T (MK140688) Aspergillus creber UTHSC 10-639 (LN898690) 99
TVG15 MAE28-5 (MK140694) Aspergillus creber SCAU061 (MF040190) 99
TVG15 MIE14 (MK140705) Aspergillus pseudoglaucus KAS7570 (KX463362) 99
TVG04 DE1 (MK140692) Cladosporium sphaerospermum HNC18-44 (KT959316) 99
TVG10 ZI1 (MK140707) Cladosporium uredinicola Speg. 1912 (KY488352) 99
TVG13 13-3T (MK140684) Cladosporium tenuissimum XCHK1 (MG873070) 99
TVG13 13-5T (MK140685) Cladosporium oxysporum SCSIO z001 (KX258798) 99
TVG13 13-9T (MK140687) Cladosporium cladosporioides BT6-1 (KX815294) 99
TVG15 MN12 (MK140706) Cladosporium cladosporioides 44 b (MK116457) 99
TVG06 6HAK-1 (MK140682) Alternaria tenuissima JR9 (KM513592) 100
TVG13 13-2T (MK140683) Alternaria alternata Q12 (MG214865) 100
TVG16 FT28-1 (MK140693) Alternaria alternata ZB11060990 (KX783407) 99

Table 3. Fermentation characteristics of the 29 deep-sea fungi and antiaflatoxigenic activities of the supernatants of their
liquid cultures.

Strain Final pH Mycelial dry weight (mg/mL)

As. parasiticus mutant strain NFRI-95

Mycelial growth inhibition ratio (%) Inhibition ratio of toxin production (%)

1-11 T 6.05 7.12 7.1 ± 1.2 75.3 ± 2.8
2-1T 4.27 4.98 60.1 ± 7.8 26.6 ± 11.3
15-8T 7.32 6.60 65.1 ± 3.3 94.1 ± 2.6
8HA4-10 7.01 3.35 7.3 ± 4.5 57.6 ± 5.9
MHE4 4.57 4.98 39.9 ± 12.0 8.6 ± 0.6
MIE2-1 7.01 12.69 96.7 ± 0.3 77.8 ± 5.6
MHE21 6.98 6.65 100.0 ± 0.0 100.0 ± 0.0
16-7T 6.74 11.00 66.9 ± 7.4 97.9 ± 0.3
MEE3 3.36 8.57 85.0 ± 1.7 100.0 ± 0.0
MHE2 6.32 5.04 69.2 ± 7.8 71.6 ± 4.8
MHE4-1 4.81 6.80 39.6 ± 7.1 91.9 ± 3.6
16-11T 6.33 4.91 46.2 ± 5.0 73.7 ± 2.6
13-7T 4.23 4.15 100.0 ± 0.0 100.0 ± 0.0
MHE1 5.39 10.24 23.5 ± 3.1 0.0 ± 0.0
MAE28-6 7.58 2.98 59.3 ± 13.2 83.0 ± 9.8
MCE3 7.52 5.03 52.5 ± 7.4 93.7 ± 2.2
MHE23 6.18 8.82 100.0 ± 0.0 100.0 ± 0.0
15-6T 6.01 8.09 0.0 ± 0.0 0.0 ± 0.0
MAE28-5 8.21 5.26 16.8 ± 3.3 37.8 ± 9.7
MIE14 5.97 2.41 94.1 ± 1.6 100.0 ± 0.0
DE1 7.99 8.25 13.9 ± 1.83 3.6 ± 3.17
ZI1 4.04 6.81 0.0 ± 0.0 0.0 ± 0.0
13-3T 7.41 7.58 16.0 ± 28.0 100.0 ± 0.0
13-5T 7.16 12.37 75.4 ± 10.9 97.1 ± 0. 7
13-9 T 7.27 4.48 100.0 ± 0.0 100.0 ± 0.0
MN12 6.78 5.29 86.8 ± 5.6 100.0 ± 0.0
6HAK-1 5.67 5.88 63.5 ± 6.3 70.7 ± 10.7
13-2T 6.78 3.42 30.2 ± 5.7 53.2 ± 1.4
FT28-1 7.20 8.93 40.7 ± 3.0 95.4 ± 0.6
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[47]. It is said that P. polonicum genome encodes 78
biosynthetic gene clusters, the highest among the
sequenced Penicillium species [48] and far beyond
the number of products that have been discovered
till now [49]. The terrestrial fungi P. polonicum iso-
lated from Huperzia serrata was found to exhibit
antifungal activity against wilt-inducing fungus
Fusarium oxysporum [49]. The marine-derived P.
polonicum displays antifungal activity against two
plant pathogens Co. acutatum and F. oxysporum,
and the marine-derived P. chrysogenum shows anti-
fungal activity against Co. acutatum [50]. Mangrove
endophytic fungus P. chrysogenum remarkably
inhibits the plant pathogenic fungus Rhizoctonia sol-
ani and Co. gloeosporioides [51]. Marine alga-
derived P. chrysogenum shows potent inhibitory
activity against Aspergillus niger and moderate activ-
ity against Alternaria brassicae [52]. However, to
our best knowledge, our article is the first time to
report the antiaflatoxic activity of Penicillium spe-
cies. This also suggests that Penicillium species could
be promising biological control agents. Similarly, the
terrestrial C. cladosporioides was reported to exhibit
antifungal activity against plant pathogens Co. acu-
tatum, Co. fragariae, Co. gloeosporioides, and
Phomopsis viticola [53]. Jelly-fish associated marine
fungi As. versicolor shows antifungal activity against
R. solani and Botrytis cinerea [54]. The terrestrial Al.
alternata exhibits antifungal activity against
Plasmopara viticola [55]. These antifungal activities,
together with the antiaflatoxigenic activity reported
by us, make the Cladosporium, Aspergillus, and
Alternaria species promising biocontrol agents, too.
To our knowledge, our study is the first to report
the antiaflatoxigenic activity of deep-sea fungi.

In summary, the results presented in this study
increase our knowledge and understanding of the
diversity of culturable deep-sea fungi in the South
Atlantic Ocean. The high proportion of our fungal
isolates displayed antiaflatoxigenic activity, which
indicates that deep-sea fungi can be of potential use
for modern agriculture. The bioactive metabolite(s)
that confer the antiaflatoxigenic activity of our fun-
gal isolates need to be identified in the near future.
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