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Abstract Compared with sponge-associated bacteria,
the phylogenetic diversity of fungi in sponge and the
association of sponge fungi remain largely unknown.
Meanwhile, no detection of polyketide synthase (PKS)
or non-ribosomal peptide synthase (NRPS) genes in
sponge-associated fungi has been attempted. In this
study, diverse and novel cultivable fungi including 10
genera (Aspergillus, Ascomycete, Fusarium, Isaria, Pen-
icillium, Plectosphaerella, Pseudonectria, Simplicillium,
Trichoderma, and Volutella) in four orders (Eurotiales,
Hypocreales, Microascales, and Phyllachorales) of phy-
lum Ascomycota were isolated from 10 species marine
sponges in the South China Sea. Eurotiales and Hypo-
creales fungi were suggested as sponge generalists. The
predominant isolates were Penicillium and Aspergillus in
Eurotiales followed by Volutella in Hypocreales. Based
on the conserved Beta-ketosynthase of PKS and A
domain of NRPS, 15 polyketide synthases, and four
non-ribosomal peptides synthesis genes, including non-
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reducing and reducing PKSs and hybrid PKS—NRPS,
were detected in these fungal isolates. A lateral gene
transfer event was indicated in the comparison between
the phylogenetic diversity of 18S rRNA genes and f3-
ketoacyl synthase domain sequences. Some fungi, espe-
cially those with PKS or NRPS genes, showed antimi-
crobial activity against P. fluorescens, S. aureus and B.
subtilis. 1t was the first time to investigate PKS and
NRPS genes in sponge-associated fungi. Based on the
detected antibiotics biosynthesis-related PKS and NRPS
genes and antimicrobial activity, the potential ecolog-
ical role of sponge-associated fungi in the chemical
defense for sponge host was suggested. This study
extended our knowledge of sponge-associated fungal
phylogenetic diversity and their potential roles in the
chemical defense.

Introduction

Marine fungi are widely distributed in marine habitats and
are suggested to play an important ecological role [14, 33].
But, compared with terrestrial fungi, marine fungi remain
the most underexplored group in the marine environment
[21, 46], especially marine fungi associated with marine
macro-organisms. Sponges (phylum Porifera), which are
among the oldest of the multicellular animals (Metazoa),
form close associations with a wide variety of micro-
organisms [11, 42, 43], some of which are thought to be
involved in the production of secondary metabolites which
contribute to the host’s chemical defense and ecological
functions [20, 26, 29]. However, in contrast to prokaryotic
microbes associated with sponges [11, 16, 17, 22, 42, 43],
our knowledge on the occurrence of fungi in sponges is still
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very scarce due to the lack of direct evidence of fungal
mycelia, for example, microscopic, immunological, or
fluorescence in situ hybridization detection. Though the
investigations on the diversity of sponge-associated fungi
have just begun by culture-independent [8] and culture-
dependent approaches [3, 7, 13, 21, 23, 31, 46], we still
lack a clear picture of fungal diversity in sponges. At
present, the knowledge of fungal phylogenetic diversity-
associated sponges is mainly focused on Hawaiian sponges
[8, 21, 46]; the investigation on the diversity of China Sea
sponge-associated fungi is rarely carried out compared with
sponges from other sea areas [7, 23].

Many marine-derived fungi have been isolated for
natural products investigation [1, 9]; in particular, sponge-
associated fungi have been proven to be the most abundant
resources of diverse bioactive compounds and novel
metabolites [4, 20]. But the ecological function and
association of sponge fungi also remain largely unanswered
[25, 34]; more detailed evidences for sponge-associated
fungal functions need to be provided. Activity-based
analysis strategy can be used in the sponge-associated
fungal function analysis, but it will be greatly limited
sometimes because the culture condition during bioassay
may not be suitable for the synthesis of related bioactive
metabolites. On the other hand, functional gene-based
molecular screening strategy could avoid this disadvan-
tage of bioassay to some extent. Polyketides and non-
ribosomal peptides have been immensely concerned over
the past decades, and numbers of various novel polyke-
tide and non-ribosomal peptide compounds have been
found from marine-derived microbes, most of which
show different biological activities and ecological func-
tions [4]. The detection of polyketide synthase (PKS) and
non-ribosomal peptide synthase (NRPS) genes in sponge-
associated fungi could suggest their potential roles in the
chemical defense process of sponge host. The filtration of
PKS and NRPS genes from sponge-associated bacteria has
started [12, 16-18, 36, 38, 48, 49], but until now, no
detection of PKS and NRPS genes in sponge-associated
fungi has been attempted.

In this study, with the aim to know more about the
sponge-associated fungal phylogenetic diversity and find
evidence for the potential roles of sponge-associated fungi
in the host’s chemical defense, the culturable fungal
phylogenetic diversity of 10 species sponges in the South
China Sea was investigated. PKS and NRPS genes were
detected in the obtained fungal isolates based on the
conserved Beta-ketosynthase of PKS and A domain of
NRPS; meanwhile, the bioassay of antimicrobial activity
was carried out. According to the detected PKS and NRPS
genes and antimicrobial activity, the potential ecological
role of sponge-associated fungi in the chemical defense for
sponge host was discussed.

Materials and Methods
Sponge and Isolation of Sponge-Associated Fungi

Ten species marine sponges: Acanthella sp. (X3), Aplysi-
nopsis sp. (X4), Haliclona oculata (X5), Phyllospongia
foliascens (X6), Pericharax sp. (X8), Agelas dispar (X9),
Rhizaxinella sp. (X10), Agelas clathrodes (X11), Mycale
fibrexilis (X12), Pericharax heteroraphis (X13) were
collected opportunistically nearby Yongxing Island
(112°20" E, 16°50" N) in the South China Sea at depth of
ca. 20 m. Sponge was transferred directly to zip-lock bags
containing seawater to prevent contact of sponge tissue
with air. The samples were transported to the laboratory and
processed immediately for fungal isolation. Sponges were
identified by Professor Jinhe Li at Institute of Oceanology,
Chinese Academy of Sciences mainly according to the
morphology of spicule types.

Sponge was rinsed three times with sterile artificial
seawater (ASW) [22] to get rid of nonspecific fungal
propagules from seawater column on sponge surface and in
inner cavity. Sponge inner issue was cut into pieces
(1-3 ecm®) with a sterile scalpel and immersed in sterile
calcium-and-magnesium-free ASW for 10 min. Then, the
small pieces were homogenized by a high-speed pulse-type
homogenizer machine. The homogenate was diluted with
sterile ASW at three dilutions (1:1, 1:10, 1:100). One
hundred microliters of each dilution was plated onto six
different media (Supplement, Table 1) in triplicate and
incubated at 20°C for 3—15 days in parallel with 25°C and
30°C. All the media were prepared with ASW and adjusted
to pH 7.4-7.6. Medium containing glucose was autoclaved
at 115°C for 20 min; others were autoclaved at 121°C for
20 min. Thirty micrograms per liter streptomycin and
ampicillin were added in media to inhibit bacterial growth.

Genomic DNA Extraction and PCR Amplification of 18S
rRNA Gene

After cultivation in Martins media at 180 rpm, 28°C for 5-7
days, the fungi were centrifuged at 5,000xg for 5 min and
ground using a mortar containing 600 uL CTAB lysis
buffer (2% CTAB, 1.4 M NaCl, 100 mM Tris, 20 mM
EDTA, 1% PVP) at 65°C. The mycelial mixture was
transferred into a 1.5-mL Eppendorf tube and heated to 65°C
for 30 min, extracted twice with an equal volume of phenol/
chloroform/isoamyl alcohol (25:24:1) and washed with
chloroform/isoamyl alcohol (24:1). After centrifugation at
10,000xg for 5 min, the supernatant was transferred to a new
microtube and precipitated by adding equal volume of
isopropanol at —20°C for 1 h. Finally, the DNA pellets were
collected by centrifugation (12,000xg, 15 min), washed with
75% ethanol twice and re-suspended in 40 pL TE Buffer
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(10 mM Tris, | mM EDTA, pH 8.0). RNA was removed by
adding 2 pl of RNase A (10 mg/ml; Invitrogen) at 60°C for
10 min.

The resulting genomic DNA was used as templates to
amplify the fungal 18S rRNA gene fragment using primers
nu-SSU-0817 (TTAGCATGGAATAATRRAATAGGA) and
nu-SSU-1536 (TTGCAATGCYCTATCCCCA) [5]. The
PCR mixture (50 pL) contained 1 pg DNA template,
5 uL 10xTaq buffer (Fermentas), 2.5 mM MgCl,, 0.2 mM
dNTP mix, 0.5 uM of each primer, and 1.25 U Taq DNA
Polymerase. The PCR program was carried out with 2 min
at 94°C, followed by 35 cycles of denaturation at 94°C for
30 s, annealing at 56°C for 30 s and elongation at 72°C for
30 s, and final elongation at 72°C for 10 min. PCR products
were purified using Cycle-pure Kit (Omega).

Restriction Fragment Length Polymorphism
and Phylogenetic Diversity Analyses

PCR products were digested for 2 to 3 h with restriction
endonucleases Hifl, Healll, and Taql at 37°C, 37°C, 65°C,
respectively. After analysis by electrophoresis on a 1.5%
(w/v) agarose gel, different genotypes were picked. PCR
products of representative strains of different genotypes
were sequenced on an ABI 3730 XL (Applied Biosystems)
automated sequencer using primer set of nu-SSU-0817/
nu-ssu-1536 in Shanghai Invitrogen Company.

Fungal 18S rRNA gene sequences of ca. 700—800 bp
obtained in this study were aligned on the SILVA database
(http://www.arb-silva.de/aligner/) to identify sequence sim-
ilarity [32]. Checking the maximum identity and habitat
through the NCBI database, the most appropriate relative
sequences were selected and imported into MEGA 4.0 [40].
In order to reflect the genetic distances between different
fungal strains intuitively, a rooted phylogenetic tree was
constructed using neighbor-joining method combined with
bootstrap analysis setting with 1,000 replications.

Bioassay of Fungal Antimicrobial Activity

The fungal isolates were cultivated at 28°C, 180 rpm for
15 days using Martins medium. After centrifugation at
10,000xg for 5 min, 300 pl of the supernatant was added
into sterile oxford cup placed on the LB agar medium
coated with the indicator bacteria Escherichia coli,
Pseudomonas fluorescens, Staphlococcus aureus, and
Bacillus subtilis. One milligram per milliliter ampicillin
was added on a filter paper in the center of the Petri dish
as positive control. The similar test was performed with
Aspergillus nigers, Candida albicans, and the positive
control was 1 mg/ml nystatin. All the plates were
incubated at 37°C for 24 h in triplicate until inhibition
zones were visible.

@ Springer

PKS and NRPS Genes Screening and Phylogenetic
Diversity Analysis

The highly conserved sequences of 3-ketoacyl synthase (KS)
domains are shared among all PKSs; thus, KS domains are
useful in screening for PKSs in fungi. Similarly, the most
conserved A domain can be used for PCR primer design to
survey NRPSs gene diversity. Thus, KA [2] and LC series
[27] primers were used to detect PKS genes in the fungal
isolates (Supplement, Tables 2, 3). The PCR process was set
as 4 min at 95°C; 35 cycles of 30 s at 95°C, 1 min at 50°C,
2 min at 72°C, and 7 min at 72°C. The PCR products were
purified with E.Z.N.A.TM MicroElute Gel Extraction Kit,
cloned into pEASY-T1 cloning Kit and submitted for
sequencing. NRPS genes except the primers were screened
using primer set AUGO003—-AUGO007 [39] and the PCR
process was set as 2 min at 94°C; 35 cycles of 30 s at 94°C,
30 s at 55°C, 3 min at 72°C, and 8 min at 72°C. PCR
products were ligated into pEASY-Blunt Simple vector and
transformed into Transl-T1 Phage-Resistant Chemically
Competent Cell using pEASY-Blunt Simple Cloning Kit
(Transgen). The positive recombinants were screened by
indicator plates with X-Gal, IPTG, and ampicillin by color-
based recombinant selection method. Positive clones were
sequenced using primers M13F and M13R by Shanghai
Invitrogen Company. The obtained PKS and NRPS gene
sequences were analyzed with BLASTX. Sequences were
aligned against reference sequences by CLUSTAL X [44],
and then the aligned dataset was used as input for
phylogenetic analysis program. Phylogenetic trees based on
gene sequences of KS domain of PKS and A domain of
NRPS were constructed using neighbor-joining method in
mega 4.0 combined with bootstrap analysis setting with
1,000 replications, respectively.

Nucleotide Sequence Accession Number

Fungal 18S rRNA gene sequences obtained in this study
were deposited in GenBank under accession numbers
HQ234220-HQ234243, HQ317206-HQ317210; Fungal
PKS gene sequences were submitted to GenBank under
accession numbers HQ234244-HQ234258; Fungal NRPS
gene sequences were submitted to GenBank under acces-
sion numbers HQ234259-HQ234262.

Results

Phylogenetic Diversity of Sponge-Associated Cultivable
Fungi

In total, 177 fungi isolates were obtained from 10 sponges
in the South China Sea using 6 media formulations at three
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different temperatures: 20°C, 25°C, and 30°C. According to
the number of isolated fungi, the most fungi-rich sponges
are A. dispar (X9, 35 isolates), P. foliascens (X6, 32
isolates), M. fibrexilis (X12, 25 isolates), H. oculata (X5,
23 isolates), and Rhizaxinella sp. (X10, 22 isolates).
Among the tested six media, Martins medium and Marine
fungi-isolated medium resulted in the most fungal isolates
(45 and 44, respectively). There was no obvious difference
among the three cultivation temperatures 20°C, 25°C, and
30°C.

Based on 18S rRNA gene-restriction fragment length
polymorphism (RFLP) analysis, 24 different genotypes
were observed; thus, 24 fungal representative isolates were
selected for phylogenetic analysis. As shown in Table 1, all
the representatives clustered into four taxonomic orders in
the phylum Ascomycota: Microascales, Phyllachorales,
Hypocreales, and Eurotiales (Fig. 1). Genera of Aspergillus
and Penicillium in Eurotiales represented the dominant
fungi (94/177). The second dominant isolates were
Hypocreales (68 isolates) which were composed of at
least six genera Ascomycete, Fusarium, Isaria, Simplicil-
lium, Trichoderma, and Volutella. The obtained Phylla-
chorales (14 isolates) and Microascales (one isolate) fungi
were affiliated with Plectosphaerella and Pseudallesche-
ria, respectively.

Antimicrobial Activity of Sponge-Associated Cultivable
Fungi

In the bioassay of fungal antimicrobial activity against E.
coli, P. fluorescens, S. aureus, B. subtilis, A. nigers, and C.
albicans, eight isolates exhibited antibacterial activity
against P. fluorescens, while three against B. subtilis,
especially X13-105, X12-94, and X13-118, displayed
antibacterial activity against both P. fluorescens and S.
aureus (Table 2). Interestingly, isolates X12-91 and
X10-49, which had the same closest relative Penicillium
sp.HAW-OCF5 (AY887947; Table 1), showed different
antimicrobial activity.

Screening of PKS and NRPS Genes in Sponge-Associated
Cultivable Fungi

Fifteen PKS genes (ca. 800 bp) were detected in seven
fungal strains by KA-series primers or LC1/LC2c primer
(Table 3). Nine reducing PKS KS fragments were detected
by KA-series primers and six non-reducing PKS KS
fragments by LC1/LC2c, especially both reducing PKSs
and non-reducing PKSs were detected in X9-31, X10—49,
X11-77, and X4-167 simultaneously. All the Beta-
ketosynthase domain sequences from fungal isolates belong
to type I and showed high sequence similarity to parts of
Penicillium chrysogenum Wisconsin 54-1255 complete

genome [45] and Aspergillus fumigatus Af293 polyketide
synthase gene [28] (Table 3), which are involved in
antibiotic biosynthesis. The PKS fragments X9-31-3, X10-
49-1, X11-77-2, X12-91, X13-105, X4-167-1, X9-31-2,
and X11-77-3 had similarity to sequences in clone PC00c11
(AM920436) and PC00c13 (AM920438) which is similar
to lovastatin diketide synthase lovF of Aspergillus terreus,
while X9-31-1, X10-49-2, X11-77-1, and X4-167-2 were
close similar to the sequence found in clone Pc0Ocl12
(AM920437) which has high similarity to nonaketide
synthase lovB of A. terreus. The PKS fragments X12-94-
1 and X4-167-3 were closely similar to part of A. fumigatus
Af293 PKS gene (XM-742074) which is similar to B.
fuckeliana polyketide synthase (PKS10) gene, and X12-94-
2 was similar to part of A. fumigatus Af293 PKS gene
(XM-748078) which is also similar to lovastatin nonaketide
synthase of 4. terreus. As shown in Fig. 2, the phylogenetic
analysis of gene fragments of KS domain suggested that
most of sponge-derived KS sequences obtained in this
study gathered with the existing marine-derived PKS
sequences; however, three of our sequences gathered into
a unique clade with their most similar sequences and
showed an obvious genetic distance to another clade.

In the case of NRPS, four NRPS genes fragments were
found in isolates X11-77 and X12-91 by AUGO003/
AUGO007 primer set. All of the fragments were also similar
to parts of P chrysogenum Wisconsin 54—1255 complete
genome (Table 4, Fig. 3). The phylogenetic analysis based
on A domain in NRPS showed that the sponge-derived
NRPS had strong similar to the existed fungal NRPS genes.
X11-77-1 was closely relative to ORF Pc13g02980 in clone
Pc00c13 which is similar to mitochondrial inter-membrane
space export machinery component Oxal-Saccharomyces
cerevisiae. X11-77-2 was closely similar to ORF
Pc22g13340 which is similar to human aquaporin 3AQP3.
X12-91-1 was closely relative to P. chrysogenum Wiscon-
sin 54—1255 alpha-aminoadipyl-cysteinyl-valine synthetase
pcbAB, and X12-91-2 was close to ORF Pc21gl15100
which is similar to H'-transporting ATPase vma-1 of
Neurospora crassa. Hybrid PKS-NRPS gene was also
detected in two strains of P. chrysogenum, isolates X11-77
and X12-91.

Discussion

The majority of fungi associated with sponges are
mitosporic or anamorphic [31], and many morphologically
indistinguishable fungal species have recently been isolated
[10]; therefore, the identification of sponge-associated fungi
is limited in using a morphology-based approach. Phylo-
genetic taxonomy has been accepted as the appropriate way
to identify fungi [41]. Besides ITS region sequences [46],
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Table 1 The isolated fungi and representatives after RFLP analysis and the phylogenetic affiliations of fungi associated with sponges

Strain RFLP? Taxon Closest relative (accession no.) Identity (%) Source Frequency
isolated
Hifll Healll Taql Phylum Order
X4-167 3 2 2 Ascomycota  Eurotiales Aspergillus sp.LVB1 (DQ810194) 99 Marine
X5-113 3 3 2 Aspergillus ochraceus(F1941859) 87 Marine
X12-94 2 2 3 Aspergillus terreus (GQ338244) 100 Plant
X10-49 X12-91 2 2 2 Penicillium sp.HAW-OCF5 99 Marine 47
(AY887947)
X7-5 3 2 3 Penicillium sp.GT308(DQ810194) 99 Marine 1
X11-75 3 2 2 Penicillium sp.GT308(DQ810194) 100 Marine 30
X13-105 2 2 2 Penicillium sp.KF-25 (GU361536) 97 Plant 1
X13-108 3 2 3 Penicillium chrysogenum 100 Marine 8
(FJ941877)
X6-13 0 3 3 Hypocreales Simplicillium lamellicola 99 Soil 2
(AB214656)
X6-129 2 3 2 Volutella colletotrichoides 99 Plant 22
(AJ301962)
X6-25 3 3 2 Ascomycete sp. MV_3C 99 Marine 3
strain(EF638694)
X9-32 3 2 3 Volutella ciliata(AJ301966) 98 Soil 4
X9-33 2 3 3 Isaria farinosa(AB233337) 99 Insect 12
X9-142 3 3 2 Isaria farinosa(AB233337) 98 Insect 2
X5-124 2 3 3 Fungal sp. FCAS125(GQ120157) 99 Marine 1
X10-53 3 3 3 Isaria farinosa(AB233337) 97 Insect 1
X9-31 0 3 3 Fusarium sp.(F1613599) 99 Soil 1
X11-77 X12-109 0 3 2 14
X10-63 0 2 3 4
X12-95 2 3 3 Trichoderma sp.(FJ026619) 99 Plant 1
X9-38 0 2 2 Phyllachorales  Plectosphaerella sp.(F1430715) 99 Soil 1
X9-137 3 3 2 Plectosphaerella sp.(FJ430715) 100 Soil 10
X9-140 3 3 2 Plectosphaerella sp.(FJ430715) 98 Soil 3
X13-118 2 3 2 Microascales  Pseudallescheria boydii 99 Soil 1
(M89782)

The number of bands in RFLP analysis

partial conservative region of 18S rRNA gene of fungus has
been widely used in fungal taxonomy [47]. In this study,
according to 18S rRNA gene analysis, most of the fungal
genotypes were closely related to sequences in the NCBI
database at 98—100% homology. A few isolates such as
X5-113, X13-105, and X10-53 maybe potential novel
fungal strains because of low similarity (below 97%) to
their relatives, especially isolate X5-113 may represent a
new species of fungal strains with only 87% homology to
its closest relative Aspergillus ochraceus isolated from
sponge Clathrina luteoculcitella [7].

Kohlmeyer et al. [19] divided marine fungi in two
groups: (1) primary marine fungi derived from marine
ancestors, that have not left their original marine environ-
ment; and (2) marine fungi which are thought to have
evolved from terrestrial ancestors. Most of the isolates
(97/177) had very close affiliation with marine-derived
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relatives, for example, isolate X13—108 had 100% identity
to P chrysogenum isolated from sponge Holoxea sp. by
Ding et al. [7]; isolate X5—-124 had 99% identity to Fungal
sp. FCAS125 isolated from oxygen-depleted regions of the
Arabian Sea [15]; isolate X6—133 was closely related to
Penicillium sp. HAW-OCF5, which was isolated from
marine sediment; the closest relatives of isolates X4-167,
X11-75, and X7-5 were isolated from Yellow Sea, China.
About 800 species of obligate marine fungi, most of which
belong to ascomycetes, have been reported [14], Ascomy-
cete sp. strain X6-25 was successfully isolated in this study

Figure 1 Neighbor-joining phylogenetic tree based on partial p
sequences of 18S rRNA genes (ca. 700—800 bp) of cultured fungi
from 10 sponges in the South China Sea. Numbers at branches
indicate Bootstrap values of neighbor-joining analysis (>50%) from
1,000 replicates. The scale bar represents 0.05 nucleotide substitu-
tions per site
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(Table 1). Though most of the fungal isolates (97/177)
showed very close affiliation with marine-derived relatives,
as the results of other researchers [13, 21, 23, 46], they
belonged to ubiquitous genera common to terrestrial
habitats, suggesting they may be of terrestrial origin. But
all the sponge-derived fungi were able to sporulate on
media with ASW, suggesting that these fungi could at least
be classified as “marine fungi.”

Gao et al. [8] observed abundant fungi in the phylum
Ascomycota in Hawaiian marine sponges Suberites zeteki
and Mycale armata using culture-independent molecular
method, meanwhile, Ascomycota fungi have been proven to
be relatively easy to cultivate in vitro [3, 21, 31, 46].
Similarly, in this study, 10 genera (Aspergillus, Ascomycete,
Fusarium, Isaria, Penicillium, Plectosphaerella, Pseudo-
nectria, Simplicillium, Trichoderma, and Volutella) in four
orders (Eurotiales, Hypocreales, Microascales, and Phylla-
chorales) of phylum Ascomycota were isolated from 10
species marine sponges in the South China Sea. Generally,
fungal isolates from sponges are classified into three
groups: “sponge-generalists”—found in all sponge species,
“sponge-associates”—found in more than one sponge
species, and “sponge-specialists”—found only in one
sponge species [21]. In this study, though these sponges
were collected in the same location, the isolated fungal
number and species from different sponges were different.
The different fungal phylogenetic diversity associated with
different sponges in the same area of South China Sea also
suggested that these fungi are not simply resulting from
seawater column during the filter-feeding process. Though
the fungal communities of different sponges were different,
the phylogenetic diversity analysis showed that order
Eurotiales especially genera Penicillium, Aspergillus, and
order Hypocreales dominated the cultivable fungi in all the

ten South China Sea sponges. This was in agreement with
that of South China Sea sponges C. luteoculcitella and
Holoxea sp. [7] as well as sponges from Hawaiian, Ireland,
and other geographic locations [3, 13, 21, 31, 46], which
suggested Eurotiales and Hypocreales fungi as sponge-
generalists fungi. On the other hand, among the tested 10
sponges, Phyllachorales fungi mainly genus Plectosphaer-
ella were observed only in a few sponges such as P.
foliascens (X6) and A. dispar (X9), which were also
detected in Hawaiian sponge S. zeteki [46]; Microascales
fungi were found only in sponge P. heteroraphis (X13),
which were also previously isolated from South China Sea
sponge C. luteoculcitella [7]. Therefore, Phyllachorales and
Microascales fungi may be sponge associates. It is essential
to mention that Microascales have only been isolated from
South China Sea sponges [7], indicating the potential
different fungal community of South China Sea sponges
from that of other geographic location sponges [3, 8, 13,
21, 23, 31, 46].

A putative instance of horizontal gene transfer involving
adjacent, discrete KS, acyl carrier protein, and NRPS
domains of the epothilone Type I polyketide biosynthetic
gene cluster from the myxobacterium Sorangium cellulo-
sum was identified by Lopez [24]. Schmitt et al. [37] found
an ancient horizontal gene of PKS transfer event from an
actinobacterial source into ascomycete fungi. In this study,
in the comparison between the phylogenetic diversity of
18S rRNA genes and KS domain sequences, a lateral gene
transfer event was indicated: the 18S rRNA gene defined
isolate X4-167 as an Aspergillus member, but two P
chrysogenum KS domain sequences have been detected in
isolate X4-167. All these suggest the horizontal gene
transfer as a proposed mechanism in the evolution of
biosynthetic gene clusters.

Table 2 Bioassay of antimicrobial activity of fungi associated with sponges

Strain Indicator
E. coli P. fluorescens S. aureus B. subtilis A. nigers C. albicans

X12-91 - - - + - -
X11-75 - - - + - -
X4-167 — - _ + _ B
X12-95 - ++ _ _ _ _
X12-109 - + - - _ _
X13-105 - + +++ - - -
X10-49 - + — — — —
X12-94 - ++ + - - -
X6-13 - +++ - - - -
X10-63 - + - - — —
X13-118 - ++ + - - -

+++ large inhibition zone (»>5 mm); ++ middle inhibition zone (5 mm>7>2 mm); + small inhibition zone (2 mm>7>1 mm); — no inhibition zone

(r<1 mm)
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Table 3 Detection of KS
domain of PKS of fungi associ-
ated with sponges and their
closest relatives

The suffix number after the
strain number means the serial
number of PKS fragments
sequences

Figure 2 Polyketide synthase
phylogenetic tree of sponge-
derived fungi based on gene
sequences of KS domain of PKS
using Neighbor-joining method.
Numbers at branches indicate
Bootstrap values (>50%) from
1,000 replicates. The scale bar
represents 0.2 nucleotide substi-
tutions per site. The black cycle
represents nucleotide sequences
obtained in this study

PKS fragment

Primer pair

Closest relative (accession no.)

Identity (%)

X10-49-1
X12-91
X13-105
X4-167-1
X11-77-2
X9-31-3
X10-49-2
X4-167-2
X11-77-1
X9-31-1
X11-77-3
X9-31-2
X12-94-1
X4-167-3
X12-94-2

KAF1/KAR1

LC1/LC2c

KAF1/KAR2
KAF1/KARI
LCI1/LC2c

KAF1/KAR2
LC1/LC2c
KAF1/KAR2
KAF1/KAR1
LCI1/LC2c
KAF1/KAR1

Penicillium chrysogenum Wisconsin 54—1255 complete
genome, contig Pc00c11(AM920436)

Penicillium chrysogenum Wisconsin 54—1255 complete
genome, contig Pc00c12(AM920437)

Penicillium chrysogenum Wisconsin 54—1255 complete
genome, contig Pc00c13(AM920438)

Aspergillus fumigatus Af293 PKS,AFUA_8G00370
(XM_742074)

Aspergillus fumigatus Af293 PKS, AFUA_1G17740
(XM_748048)

99
99
98
99
98
98
98
99
99
99
98
98
98
99
99

@ Fusarium sp. x9-31-1 PKS gene HQ234256
@ Aspergillus sp. x4-167-2 PKS gene HQ234251

@ Fusarium sp. x11-77-1 PKS gene HQ234253
Penicillium chrysogenum Wisconsin 54-1255 complete genome AM920427
—— Aspergillus niger partial pks gene FN555613

@ Penicillium sp. x13-105 PKS gene HQ234249
@ Penicillium sp. x12-91 PKS gene HQ234246

@ Fusarium sp. x11-77-3 PKS gene HQ234255
72! Penicillium chrysogenum Wisconsin 54-1255 complete genome AM920436

@ Fusarium sp. x9-31-2 PKS gene HQ234257

@ Fusarium sp. x9-31-3 PKS gene HQ234258
@ Penicillium sp. x10-49-1 PKS gene HQ234244
@ Aspergillus sp. x4-167-1 PKS gene HQ234250

@ Penicillium sp. x12-94-2 PKS gene HQ234248
—59l Aspergillus fumigatus Af293 PKS gene XM_748048
@ Penicillium sp.x12-94-1 PKS gene HQ234247
@ Aspergillus sp.x4-167-3 PKS gene HQ234252
Aspergillus fumigatus Af293 PKS gene XM_742074
@ Fusarium sp.x11-77-2 PKS gene HQ234254
L @ Penicillium sp. x10-49-2 PKS gene 234245

Talaromyces helicus ketosynthase gene AY485143

Penicillium thomii ketosynthase gene AY485134

54, Dichotomomyces cejpii ketosynthase gene AY485140
L Fusarium sp.3704 clone 3704-3 pks gene AF327811

Periconia minutissima ketosynthase gene AY485141

54

I Cladosporium sp.GM-2003 ketosynthase gene AY485139
h Coniothyrium olivaceum ketosynthase gene AY285144
Westerdykella sp.GM-2003 ketosynthase gene AY485136
—— Pseudeurotium zonatum ketosynthase gene AY485142
Stemphylium sp.GM-2003 ketosynthase gene AY485137
_{— Aspergillus niger isolate 2 ketosynthase gene AY485149
Alternaria alternata ketosynthase-like gene AY485132

Endoxyla sp.GM-2003 ketosynthase gene AY485138
Sordaria fimicola ketosynthase-like gene AY485148
_|Anhrinium sp.GM-2003 ketosynthase gene AY485146

87! Apiospora montagnei isolate 2 ketosynthase gene AY485133

Penicillium commune ketosynthase-like gene AY485145

Bacillus subtilis isolate B27 PKS gene EF622033
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Table 4 Detection of A domain of NRPS of fungi associated with sponges and their closest relatives

NRPS fragment Primer pair Closest relative (accession no.) Identity (%)
X11-77-1 AUGO003/AUG007 Penicillium chrysogenum Wisconsin 54—1255 complete genome, 99
contig Pc00c13(AM920438)
X11-77-2 AUGO003/AUG007 Penicillium chrysogenum Wisconsin 54—1255 complete genome, 99
contig Pc00c22(NW_003020081)
X12-91-1 AUGO003/AUG007 Penicillium chrysogenum Wisconsin 54—1255 alpha-aminoadipyl- 98
cysteinyl-valine synthetase pcbAB(XM_002569068)
X12-91-2 AUGO003/AUG007 Penicillium chrysogenum Wisconsin 54—1255 complete genome, 99

contig Pc00c11(AM920436)

The suffix number after the strain number means the serial number of NRPS fragments sequences

Type I PKSs produce a vast array of biomedically
important secondary metabolites such as antibiotic erythro-
mycin, the immunosuppressant FK506 or the antiparasitic
avermectin derivatives [30]. Almost all the characterized
fungal PKSs belong to the type I (multifunctional,
multidomain) enzyme class, which is generally divided
into two subclasses: NR and reducing. NR PKSs include
those synthesizing various fungal pigments, melanin, and
aflatoxin while the reducing PKSs are involved in the
synthesis of PKS compounds with various chemical
reductions in structure [2]. In addition, the hybrid PKS—
NRPS gene family is broadly distributed among the
ascomycetous fungi, typically consisting of a type I
iterative PKS module and a single-module NRPS. In this
study, all the detected PKSs in sponge-associated fungi
belong to type I including nine reducing and six non-
reducing PKS KS fragments. The isolated sponge-
associated fungi have a wide array of PKSs suggesting
their potentials in the biosynthesis of different PKS
compounds. For example, fungal isolates X9-31, X10-49,

X11-77 and X4-167 had a lovastatin diketide synthase and
a lovB nonaketide synthase, while X4-167 had another
PKS similar to botryotinia fuckeliana polyketide synthase.
Particularly, PKS or NRPS genes were detected in the
fungal isolates with antimicrobial activity, for example
isolates X4-167, X10-49, X12-91, X12-94 and X13-105,
implying their potentials in the production of antimicrobial
PKS or NRPS compounds. However, some isolates that had
no PKS or NRPS genes, for example X6-13, X10-63, X11-
75, X12-95, X12-109 and X13-118, also showed antimi-
crobial activity, which may resulted from other secondary
metabolites instead of PKS/NRPS compounds.

It was the first time to detect PKS and NRPS genes in
sponge-associated fungi, which extended our knowledge of
marine sponge-associated fungi. Fungi associated with
sponges are suggested to play ecological roles such as
nutrient transfer and chemical defense [6]. Some sponge-
derived fungi are able to produce novel antimicrobial
compounds [1, 35]. The detected PKS and NRPS genes
suggested the potentials of sponge-associated fungi in the

enicillium chrysogenumWisconsin 54-1255 alpha-aminoadipyl-cysteinyl-valine synthetase XM_002569068

92

—
05

Figure 3 Non-ribosomal peptide synthase phylogenetic tree of

sponge-derived fungi based on gene sequences of A domain of NRPS
using Neighbor-joining method. Numbers at branches indicate

@ Springer

5 — P
Q Penicillium sp. x12-91-1 NRPS gene HQ234261

; Aspergillus nidulans acvA gene X54853

r Aspergillus oryzae cpaA gene for polyketide synthase-nonribosomal peptide synthetase AB457185
ol Aspergillus flavus cpaA gene for polyketide synthase-nonribosomal peptide synthetase AB493824
QFusarium sp. x11-77-2 NRPS gene HQ234260
Penicillium chrysogenum Wisconsin 54-1255 complete genome NW_003020081
O Penicillium sp. x12-91-2 NRPS gene HQ234262
Aspergillus oryzae gene for hypothetical protein AB454443
Neotyphodium lolii clone RJS NRPS1 gene EF195364
Penicillium expansum chaetoglobosin biosynthetic gene cluster AM779763
Penicillium chrysogenum Wisconsin 54-1255 complete genome 211588786
83 | Penicillium chrysogenum Wisconsin 54-1255 complete genome 211583076
IC)Fusarium sp. x11-77-1 NRPS gene HQ234259
7 Calonectria pteridis clone cyl1 peptide synthetase gene L42329

459': Penicillium marneffei ATCC 18224 nonribosomal peptide synthase XM_002153498
Bacillus sp. BM 1.5 partial nrps gene AM287211

Bootstrap values (>50%) from 1,000 replicates. The scale bar
represents 0.5 nucleotide substitutions per site. The blank cycle
represents nucleotide sequences obtained in this study
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biosynthesis of related bioactive metabolites with chemical
defense role for sponge at gene level to some extent. The
observed antimicrobial activity of sponge-associated fungi
in this study provided a directive evidence for the possible
participation of these fungi in the antibiotic defense for
sponge host [26].
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