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Application of culturomics in fungal isolation =

from mangrove sediments
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Abstract

Background Fungi play a crucial role in ecosystems, and they have been widely considered a promising source

for natural compounds that are crucial for drug discovery. Fungi have a high diversity, but about 95% of them remain

unknown to science. The description rate of fungi is very low, mainly due to the inability of most fungi to grow

in artificial media, which could not provide a sufficiently similar environment to their natural habitats. Moreover, many
species in nature are in a state of low metabolic activity which cannot readily proliferate without proper resuscitation.
Previously developed culturomics techniques are mostly designed and applicable for bacteria, with few attempts

for fungal isolation because of their significantly larger cell size and hyphal growth properties.

Results This study attempted to isolate previously uncultured and rare fungi from mangrove sediments using newly
developed fungal enrichment culture method (FECM) and fungal isolation chips (FiChips). Comparison of fungal
community composition at different enrichment stages showed that FECM had great influence on fungal community
composition, with rare taxa increased significantly, thus improving the isolation efficiency of previously uncultured
fungi. Similarly, in situ cultivation using FiChips has a significant advantage in detecting and culturing rare fungi,

as compared to the conventional dilution plate method (DPM). In addition, based on morphological comparisons
and phylogenetic analyses, we described and proposed 38 new ascomycetous taxa, including three new families,
eight new genera, 25 new species, and two new combinations (presented in additional file 1).

Conclusions Our study demonstrated that mangrove sediments harbor a high diversity of fungi, and our new isola-
tion approaches (FECM and FiChips) presented a high efficiency in isolating hitherto uncultured fungi, which is poten-
tially usable for fungal isolation in other similar environments.
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Background

The fungal kingdom is one of the most diverse and old-
est clades of the eukaryotic life, with an estimated 2.2-3.8
million species that play important roles in the terrestrial
and aquatic ecosystems [1, 2]. However, fungi have the
lowest rate of description among the major eukaryotic
groups [3]. The proportion of fungal species that have
been described is 3-6%, compared to 83-96% and 19%
for plants and animals, respectively [3]. With the rapid
development of high-throughput sequencing (HTS),
increasing studies have indicated that the diversity of
fungi in the natural environments may be even higher
than previously estimated [4, 5]. Traditional isolation
protocols, such as dilution plate method (DPM), have
been widely used for decades but are increasingly rec-
ognized as a bottleneck hindering the understanding of
true fungal diversity, because to date only a small fraction
of fungi were successfully cultured [6, 7]. Exploring new
techniques for fungal isolation is of great importance for
revealing fungal diversity in various environments and
for accessing new biological resources for various appli-
cation industries.

Most microorganisms in the environment cannot
grow under artificial laboratory conditions [8], and they
are commonly referred to as the “dark matter” of micro-
organisms, suggesting that little is known about them,
although sure that they exist [9, 10]. Recent studies have
shown that some previously uncultured microorgan-
isms may grow in the laboratory if they can be provided
nutrients completely similar to those in the natural envi-
ronment [11]. However, the main obstacle is that the
chemical composition and physical parameters required
for growth of the various microorganisms are different,
and in most cases, they remain unclear, let alone provid-
ing them in laboratory cultures. Therefore, a better access
to the “dark matter” microorganisms may require design
of more innovative isolation protocol different from the
traditional methods. Several techniques have recently
been developed, such as diffusion chambers [11] and iso-
lation chips (iChips) [12], used in in situ cultivation. In
these approaches, microorganisms could absorb nutri-
ents and growth factors from the environments but grow
in a restricted chamber. These approaches resulted in a
30,000% increase in microbial recovery compared with
traditional methods [12-15]. Nichols et al. found that
the species composition obtained through iChips and
Petri dishes were significantly different, and the number
of novel organisms obtained from iChips substantially
exceeded that from Petri dish [12].

In addition, some microorganisms need to grow with
interaction with other microorganisms [16]. For these
microbes, simply providing natural environmental fac-
tors is insufficient to guarantee their growth, for example,
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previous studies have shown that some isolates can only
be grown with mixed cultures [11, 17]. Enrichment cul-
tivation (also called mixed cultivation or co-cultivation)
has been first applied for bacterial isolation in 1895 by
Sergei Winogradsky [18]. Enrichment cultivation can
provide a simple community enabling the communica-
tion among microorganisms and has been considered a
good strategy to isolate previously uncultured microor-
ganisms [17, 19, 20]. By using the enrichment cultivation,
several rare taxa and higher-order taxa have been suc-
cessfully isolated [21].

Although there have been studies of isolating microor-
ganisms through in situ techniques, they mainly focused
on bacteria, with few attempts on fungal isolation [22].
This is mainly because these emerging isolation tech-
niques were designed based on bacterial characteristics
and are not suitable for fungi. As an important group
of eukaryote, fungi presents in natural environments in
complex forms, including sexual spores, asexual spores,
mycelia, and even more complex fruit bodies [23]. No
matter in what forms, fungal cells are constantly much
larger than bacterial cells, not to mention that they are
mostly multicellular, even in their simplest forms, i.e.,
sexual and asexual spores. Therefore, previously designed
devices, especially those involving certain filter mem-
brane, mostly do not suit fungi. Furthermore, the growth
rate of fungi varies largely [24]; therefore, the enrichment
cultivation of fungi requires a consideration of inhibiting
fast-growing fungi, thus to obtain those rare ones. The
widely used compartmentalizing clonal populations in
microtiter plate wells of microfluidics are also unfeasible
for fungi, as even using these expensive automated col-
ony pickers and liquid handling robots; it is impossible to
manipulate filamentous fungi because they usually form
dense mycelia or leathery colonies [25].

The marine environment, including the sediments, is a
huge reservoir of low-abundance dormant microorgan-
isms, with the potential to recover with environmental
changes [26, 27]. Marine fungi have rarely been studied,
with the number of known species increased from 174
to 1692 species over the past 50 years [28], among which
a significant proportion was from mangroves. Over the
past 25 years, there has been 395 species documented
from decomposing mangrove wood and 193 from
mangrove sediments [28]. The unique environment of
mangrove sediments harbors a large number of unique
fungal species [29, 30], and a growing number of studies
have suggested that fungi derived from mangrove sedi-
ments not only exert important ecological functions but
also have great potential in biotechnological application
(31, 32].

Overall, investigations of fungal diversity in mangrove
sediments are very limited, particularly in attempts to
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isolate hitherto uncultured species. This study aims to
apply our self-designed FECM and FiChips protocols to
fungal isolation from mangrove sediments, and to evalu-
ate the isolation efficiencies of different isolation proto-
cols by comparing the species composition revealed by
different protocols and high-throughput sequencing.
Furthermore, we performed morphological observa-
tions and phylogenetic analyses of the strains isolated
only from FECM and FiChips and described 38 new taxa
of ascomycetes, including three new families, eight new
genera, 25 new species, and two new combinations.

Results

Enrichment cultivation improves the efficiency of fungal
isolation

Three mangrove sediment samples (Z]-1, ZJ-2, and Z]J-3)
were used for continuously enrichment in shake flasks for
21 days (Fig. 1a). A total of 660 fungal strains were iso-
lated from the enriched suspensions that were collected
at day 0, 7, 14, and 21. Preliminary taxonomic assign-
ments based on ITS sequence similarities indicated that
these isolates belonged to 125 species in 3 phyla, 9 classes,
23 orders, 41 families, and 64 genera (Fig. 2a, Additional
file 2: Table S1), including 29 potential novel species, of
which 8 have ITS sequence similarity between 94 and
98% compared to the closest hits in NCBI database, 8
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with similarity between 91 and 94%, and 13 with simi-
larity<91%. The preliminary identification and ITS
sequences of each species are listed in Additional file 2:
Table S1. Among all isolates, the most dominant fungal
phylum was Ascomycota (648 isolates, representing 121
species) with species belonging to four main classes: Sac-
charomycetes (297 strains, 12 species), Sordariomycetes
(164 strains, 43 species), Eurotiomycetes (141 strains, 42
species), and Dothideomycetes (43 strains, 21 species),
followed by Basidiomycota and Mucoromycota with 12
isolates (1.8%) represented by Agaricomycetes (2 species),
Tremellomycetes (1 species), and Mucoromycetes (1 spe-
cies) (Fig. 2a, Additional file 2: Table S1). At the generic
level, the most abundant (with isolation frequency>5%)
genera in descending order are Candida, Fusarium,
Aspergillus, Talaromyces, Geotrichum, Penicillium, and
Galactomyces (Fig. 3a). These genera have been frequently
isolated in previous studies and are considered as com-
mon genera in mangrove sediments [30, 33].

Of the 125 species, 35 were isolated only from the
original sample (day 0 of FECM), while 50 were isolated
only after FECM (AFECM, Figs. 2a and 3b, Additional
file 2: Table S2), and other 40 species could be isolated
at all periods of FECM. Additionally, some specific spe-
cies can only be isolated at certain stage of enrichment
cultivation (Fig. 2a, Additional file 3: Figure S1). The
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Fig. 1 A workflow for enrichment cultivation and in situ incubation of mangrove sediments. a Schematic diagram of the fungal enrichment
cultivation method (FECM). The process incorporates the following steps: continuous incubation (0-21 days), culture-dependent research,

and culture-independent research. b Handmade fungal isolation chips (FiChip) prototype for in situ incubation. The process consists

of the following steps: FiChips assembly, in situ incubation, fungal isolation, and purification. A detailed protocol is described in Additional file 3



Li et al. Microbiome (2023) 11:272

Page 4 of 18

Phylum Different periods of enrichment Different methods of fungal isolatuon Candidate novel species (percent identity of ITS)
Ascomycota [l Mucoromycota [ © day Il 4days [ dilution-plate method (DPM) W 94-98% W <91%
[ Basidiomycota B 7days B 21 days [l fungal isolation chips (FiChips) W 91-94%

<y ., _ itH § ; - :\0
. %\\ 1 %E%% {/sjj;
77

S A U Wy

Fig. 2 Phylogenetic tree of species isolated through FECM and FiChips, based on full-length ITS sequences. a Phylogenetic tree of fungi cultured
from the ZJ-1, ZJ-2, and ZJ-3 mangrove sediment samples and correlation analysis of cultured fungi during FECM. b Phylogenetic tree of fungi
cultured from the SZ-1 and SZ-2 mangrove sediment samples and correlation analysis of cultured fungi by in situ cultivation. Major phylum
names are indicated and marked in different colors. Red branches on the trees indicate that the species was isolated after FECM or from FiChips,
while black tree branches indicate that the species was isolated by directly culturing on five media. Candidate novel species (blue stars indicate
ITS sequence similarity between 94 and 98% comparing to the NCBI database, green stars indicate similarity between 91 and 94%, and red stars
indicate similarity below 91%) are indicated by colored stars outside the heatmap. The bar chart and the heatmap indicate the strains number

of that species. In addition, detailed information of each species is shown in Additional file 2: Table S1, Table S2, Table S3, and Table S4

number and compositions of specific species varies at
different periods of FECM. The percentage of specific
species increased from day O to day 7 but declined there-
after, and nearly one-fold more different species could be
obtained from the same sediment samples after FECM
(days 7, 14, and 21 of FECM) compared with direct culti-
vation (DC, day 0 of FECM) (Fig. 3c).

Enrichment cultivation exhibited similar character-
istics among different samples: (a) Candida tropicalis
is the most abundant species in all samples at various
enrichment stages (Fig. 2a, Additional file 3: Figure S1).
(b) Some potential novel species, some even represent-
ing higher rank novel taxa, could be isolated only from
enrichment cultivation (Fig. 2a). These results suggested
that FECM does improve the efficiency of isolating pre-
viously uncultured fungi that could not be isolated from
direct dilution plate.

FECM significantly enriched the rare taxa in the community
To explore the changes of fungal composition during
the FECM, the ITS2 locus was amplified and sequenced
using the samples collected every 7 days. After quality

trimming, a total of 4,356,628 reads were generated,
yielding a normalized dataset containing 1725 ASVs.

The Shannon index of fungal community in day 0 sam-
ples was relatively higher than that of the later samples
(Fig. 4a). Nonmetric multidimensional scaling (NMDS)
based on the weighted UniFrac metrics showed that
FECM influenced the beta diversity during the course of
enrichment (Fig. 4b). In addition, PERMANOVA analysis
also revealed the significant effect on the fungal commu-
nity exerted by the different periods of FECM (P =0.002,
R*>=0.15). Furthermore, new and unique ASVs were
detected from different stages of enrichment (Fig. 4c).

All of the 1725 ASVs were divided into three groups,
including 154 abundant taxa (accounting for 8.9% of the
total ASVs), 547 intermediate taxa (31.7%), and 1024
rare taxa (59.4%) (Fig. 4d). The phylogenetic diversity
index analysis showed that rare taxa have significantly
higher phylogenetic diversity than abundant and inter-
mediate taxa (Fig. 4e). All the three groups were domi-
nated by members from phylum Ascomycota, with
Sordariomycetes, Dothideomycetes, and Eurotiomy-
cetes accounting for about 50% of total ASVs (Fig. 4d).
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Fig. 3 Comparative analyses among culturable fungi during FECM of three sediment samples. a The heatmap for generic diversity from three
sediment samples. The label ALL indicates the total generic diversity of the isolates. b Venn diagram of species between direct cultivation (DC)
and after FECM (AFECM). The label DC indicates day 0 of FECM. ¢ Percent of specific species during each stage of FECM from three sediment

samples (n=3, error bars are s.e.m.). DO-D21 indicate 0, 7, 14, and 21 days of FECM, respectively

Remarkably, phylogenetic relationships within most uni-
dentified classes were closely related to phyla Chytridi-
omycota, Mucoromycota, Mortierellomycota, and
Rozellomycota (Fig. 4d). The community composition
at different enrichment stages changed with incubation
time, especially the proportion of rare taxa increased sig-
nificantly (Fig. 4f).

We further performed network analysis to investigate
the co-occurrence patterns of fungal taxa at each enrich-
ment stage. In the network analyses (Fig. 5a), nodes were
assigned to abundant, intermediate, and rare taxa using
the same criteria as in Fig. 4d. The networks of differ-
ent enrichment stages were recorded by the number of
edges and nodes, the average degree and the modularity
(Fig. 5a). Intriguingly, with the extension of enrichment,
the average degree of the network increased (5.738 in
DO, 6.321 in D7, 7.121 in D14, and 9.065 in D21; Fig. 5a).
Moreover, at the day 14, the number of nodes and edges

was less than that of other stages, with the highest posi-
tive correlations (66%) and minimal modularity (0.677)
between members (Fig. 5a). Additionally, we found that
the proportion of rare taxa and their correlations with
other taxa significantly increased in the network with the
enrichment course (Fig. 5a and b). Moreover, the degree
of isolates showed similar trend with rare taxa (Fig. 5b),
although the data are limited compared to the ASVs.

High efficiency of FiChip in situ cultivation in revealing rare
dark matter fungi

A handmade FiChip was designed for in situ fungal culti-
vation (Fig. 1b). In this operation, a 50-fold dilution of the
sediment suspension from two sediment samples (SZ-1
and SZ-2) ensures that most cells of the FiChips contain
only one cell. After 1-month in situ cultivation, a total of
480 colonies were seen and picked up from 2496 wells,
among which 475 colonies (99%) were considered single
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Fig. 4 Composition of fungal communities in different stages of FECM of three sediment samples by means of high-throughput sequencing
of fungal amplicons biomarker. a Shannon index of fungal communities. D0-D21 indicate 0, 7, 14, and 21 days of FECM, respectively. The
significance of difference was determined by nonparametric Wilcoxon test. b NMDS of fungal communities based on weighted UniFrac metrics
from four stages of enrichment cultivation. The significance of factors on community dissimilarity was tested with nested PERMANOVA based
on weighted UniFrac distances. DO-D21 indicate 0, 7, 14, and 21 days of FECM, respectively. ¢ Venn diagram of ASVs from different periods

of enrichment cultivation. DO-D21 indicate 0, 7, 14, and 21 days of FECM, respectively. d Phylogenetic distribution of 154 abundant taxa, 547
intermediate taxa, and 1024 rare taxa (ASVs with a relative abundance above 0.1% across total sequences were considered as “abundant”taxa,
those with relative abundances below 0.01% were considered as “rare” taxa, and those with relative abundances between 0.01 and 0.1% were
“intermediate” ASVs). e Difference of phylogenetic diversity among abundant taxa, intermediate taxa, and rare taxa. The significance of difference
was determined by nonparametric Wilcoxon test. f Pie plot showing the community compositions of each period of FECM based on the criteria
of abundant taxa, intermediate taxa, and rare taxa. DO-D21 indicate 0, 7, 14, and 21 days of FECM, respectively. g Bar plot showing the isolates
compositions between DC and FECM based on the criteria of abundant taxa, intermediate taxa, and rare taxa

pure culture and the other five impure colonies were sub- A total of 705 fungal strains were isolated, with
cultured to 10 pure colonies. Meanwhile, a total of 220 220 and 485 isolated from DPM and FiChips respec-
strains were isolated from DPM using the same batch of tively. Preliminary taxonomic assignments based on
two sediment samples. ITS sequence similarities showed that these isolates
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belonged to 149 species in 2 phyla, 8 classes, 27 orders,
54 families, and 91 genera (Fig. 2b, Additional file 2:
Table S3), including 46 potential novel species, of
which 16 have ITS sequence similarity between 94 and
98% compared to the closest hit in NCBI database,
15 with similarity between 91 and 94%, and 15 with
similarity <91%. The preliminary identification and
ITS sequences of each species are listed in Additional
file 2: Table S3. Among these isolates, the most abun-
dant phylum was Ascomycota, with 678 isolates (rep-
resenting 140 species) belonging to four main classes:
Saccharomycetes (255 strains, 17 species), Sordari-
omycetes (185 strains, 60 species), Eurotiomycetes (116
strains, 29 species), and Dothideomycetes (102 strains,
25 species). Only 26 out of 704 isolates were classified
as Basidiomycota, with 24 isolates belonging to Agari-
comycetes (8 species) and 2 isolates belonging to Cys-
tobasidiomycetes (1 species) (Fig. 2b). Furthermore, the
heatmap of generic diversity from two sediment sam-
ples showed similar diversity among the high abundant
genera (Fig. 6a).

A comparative analysis between FiChips and DPM
was conducted. In this study, 94 species were obtained
from FiChips, higher than that of 78 species from DPM
(Figs. 2b and 6b, Additional file 2: Table S4). Moreover,
for SZ-1 sample, only 13 species are overlapped among
isolates obtained from DPM and FiChips, and this is
the same case for SZ-2 sample (Fig. 6b, Additional
file 2: Table S4). Preliminary identification of fungal
strains showed that 44 and 13 potential novel species
were respectively isolated from FiChips and DPM, sug-
gesting much greater potential of FiChips in isolating
rare and hitherto uncultured fungi (Figs. 2b and 6c).
These findings indicated that species isolated by tradi-
tional DPM were limited, while species obtained from
FiChips were highly unique and novel. These findings
are consistent with Nichols [12] who reported that the
iChip-based method enabled growth of a substantial
fraction of bacterial collections with high phylogenetic
novelty.

Comparison among HTS, FiChips, and DPM

After quality control and removal of chimeras and single-
tons, a total of 1,590,328 reads were obtained from SZ-1

(See figure on next page.)
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and SZ-2 sediment samples (each with three replicates).
The remaining non-chimeric reads were assigned to 3488
ASVs. The number of fungal reads ranged from 30,022 to
151,395 among different samples after removal of non-
fungal reads, resulting in a normalized dataset containing
1754 fungal ASVs.

To visualize the comparison among HTS, FiChips, and
DPM, we conducted a local BLAST analysis using the
ITS2 of 149 cultured species against ITS2 library of two
sediment samples. Cultured species with 100% sequence
similarity to the ITS2 libraries were considered the same
species. A network graph was plotted based on ITS2
sequence for the shared taxa among the HTS, FiChips,
and DPM (Fig. 6d). It is shown that most of the isolated
species (75%) could be detected in the sequence library
from HTS (Fig. 6d and Additional file 3: Figure S2). Seven
species isolated from DPM could not be detected through
HTS and FiChips, one of which is potential new species
(Fig. 6d). By contrast, 30 species isolated from FiChips
were not detected through HTS and DPM (Fig. 6d), and
nearly half of which (13) were potential novel species
(Fig. 6d). Our results indicated that fungal diversity in
mangrove sediments far exceeds that could be revealed
by DPM (Fig. 6d and Additional file 3: Figure S2). More
species have been isolated by using FiChips, and nota-
bly, some of these species could not be detected even by
high-throughput sequencing. Furthermore, most of these
species are potential novel species, some of which may
represent higher-rank novel taxa (Fig. 6d). In summary,
our results showed that FiChips in situ cultivation is a
promising protocol for culturing the rare and hitherto
uncultured fungi from the mangrove sediments.

Comparison between LSFl and NFCT

To further verify that new fungal culturomics techniques
(NECT) could effectively improve our understanding of
species diversity and obtain previously uncultured fungi,
we compared the fungal diversity obtained by large-scale
fungal isolation (LSFI) from 66 samples and that obtained
by NECT from 5 of the 66 samples. Combined with 1365
isolates from five samples in this study, a total of 407
species were isolated from 66 sediment samples (Addi-
tional file 3: Figure S3, Additional file 2: Table S5). Pre-
liminary taxonomic assignments based on ITS sequences

Fig. 5 Fungal co-occurrence networks and volcano plot of different enrichment periods. a Fungal co-occurrence networks showing the assembly
of fungal community during different periods of FECM. The nodes are colored according to abundant taxa, intermediate taxa, and rare taxa.

Node size indicates the degree of connection. Edge color represents positive (green) and negative (red) correlations. b The degree of abundant
taxa, intermediate taxa, rare taxa, and isolates showing the higher complexity of the rare taxa and isolates in the network with the extension

of enrichment period. The significance of difference was determined by nonparametric Wilcoxon test. ¢ Volcano plot illustrating the enrichment
and depletion patterns of fungal microbiomes compared with 0-day enrichment period. Square nodes in purple indicate the isolated species

obtained by increasing relative abundance by FECM
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similarities indicated that 407 species belonged to 3
phyla, 11 classes, 39 orders, 89 families, and 185 genera
(Additional file 3: Figure S3, Additional file 2: Table S5),
including 107 potential novel species (ITS sequence
similarity less than 98% compared to the closest hits in
NCBI database). The preliminary identification and ITS
sequences of each species are listed in source data file.

Comparative analyses showed that 195 species were
obtained from 5-sample fungal culturomics using NFCT,
and 308 species were obtained from 66-sample LSFI
using DPM (Additional file 3: Figure S4). Moreover, 94
species are found overlapped in isolates obtained from
DPM and NFCT (Additional file 3: Figure S4). Prelimi-
nary identification of these fungal strains showed that 64
and 60 potential novel species was respectively isolated
from NFCT and DPM, suggesting much greater potential
of NEFCT in isolating previously uncultured fungi (Addi-
tional file 3: Figure S4). These results showed NFCT have
significantly improved efficiency of species discovery and
higher novelty of isolated species.

Taxonomy

In this study, 42 preliminarily identified potential novel
species were isolated through FECM or FiChips, among
which 34 belong to Ascomycota. Further phylogenetic
analyses based on multi-locus sequences and morpho-
logical comparison showed that two of them actually
represent known species, and seven failed to sporulate
or subculture in laboratory and thus were bypassed in
subsequent analyses. We therefore, based on molecular
phylogenetic relationships and morphological features,
formally described 25 novel species and introduced 8
new genera and 3 new families (Additional file 1).

Discussion
Low-nutrient medium has been shown to be useful
in cultivating previously uncultured microorganisms
[27, 34]; thus, in our enrichment cultivation, we used
1/10-strength PDB (potato dextrose broth). The number
of obtained species gradually decreased with the increas-
ing of incubation time (Additional file 3: Table S6), pos-
sibly due to the reduction of available nutrients and the
accumulation of metabolic waste [20]. However, we found
that two strains (representing two species and account-
ing for 22% of the potentially novel species obtained after
FECM cultivation) could not be further subcultured in
the laboratory. These species may not be able to adapt to
artificial media and may enter into a dormant state once
again [21]. Further studies may be needed to identify the
factors responsible for resuscitation.

The diversity of species isolated through direct cul-
turing was overall much lower than that from enrich-
ment cultivation, although a few species were specific
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(Fig. 3b, ). Approximately, one-fourth of total species
could only be isolated from day 0 of FECM, and some of
which represent novel taxa. Some of these original com-
positions of species might be inhibited in subsequent
enrichment incubation, due to their inability to adapt
changed conditions during the enrichment [20, 35].
Therefore, to explore a more real and comprehensive
fungal diversity, multiple stages in the enrichment cul-
tivation should be sampled and analyzed. However, the
mechanism of enrichment cultivation remains poorly
understood. A recent investigation through metatran-
scriptomics and comparative genomics surprisingly sug-
gested that approximately 80% of the obtained bacterial
isolates through enrichment cultivation were due to the
resuscitation mechanism [27], but it remains unknown
whether fungi present similar pattern in the enrichment
cultivation.

To answer the above question, volcano plot was con-
structed to illustrate the enrichment and depletion pat-
terns of the mycobiomes during the course of enrichment
(Fig. 5¢). We found that the relative abundance of only a
few isolated species (13/125) was increased during enrich-
ment cultivation (Fig. 5c), indicating that other mecha-
nisms may played a greater role in isolating previously
uncultured fungi, such as resuscitation [19, 27]. Future
study may design experiments employing metatranscrip-
tomic techniques to test this hypothesis.

In the co-occurrence network analysis of enrichment
cultivation samples, the average degree increased with
the extension of enrichment, indicating an enhanced
mutual communication in the fungal community. Theo-
retical modeling and simulation data have suggested that
microbial networks with proper ties of greater modular-
ity, lower positive correlations, and higher negative cor-
relations are more stable [36, 37]. Intriguingly, the lowest
modularity and highest positive correlation were both
observed in the day 14 community (Fig. 5a), indicating
the most unstable network during the enrichment pro-
cess, which is most likely a reflect of community reas-
sembly induced by the nutrition decrease. The results of
community reassembly have embodied in more frequent
microbial interactions, higher network stability, and
increased proportion and correlation of rare species, as
shown in the microbial network at day 21.

Recently, Dai et al. [38] proposed a “hunger games”
hypothesis in which the abundant taxa in the network
predominate in the nutrient-sufficient environments,
counteracting the biotic harshness generated by competi-
tors. However, in oligotrophic environments, microbes
are more likely to cooperate with each other to enable
full utilization of nutrients [39]. In our network analy-
ses, from day O to day 7, due to the sufficient nutri-
ents, the degree and closeness centrality of abundant
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taxa increased significantly, fulfilling the hypothesis
of “hunger games” (Fig. 5a and Additional file 3: Figure
S5). Moreover, the fungal networks reached the highest
degree and closeness centrality at day 21, suggesting that
cooperation in fungal communities was enhanced with
nutrient depletion (Fig. 5a).

Various in situ cultivation methods with similar basic
principles have been applied to different environmental
samples and have shown higher bacterial cultivation effi-
ciencies compared with traditional methods [40]. Some
previously uncultured, phylogenetically novel, and indus-
trially important bacteria were isolated using these meth-
ods [41, 42]. However, few of these studies elucidated the
mechanisms why in situ cultivation yields more phyloge-
netically novel and diverse microbial isolations than con-
ventional method [12, 43]. Certainly, the mechanisms of
growth promotion of fungi in the in situ cultivation also
remain unknown.

FiChips enabled cultivating some unique fungi that
have rarely been isolated through traditional approaches
(Fig. 6b—d). One reasonable explanation is that the inoc-
ulated microorganisms obtained necessary growth ele-
ments from the natural environments that are absent in
artificial media. Recently, Jung et al. [43] in their in situ
cultivation of bacteria found that the potential growth
initiation factors stimulate microbial resuscitation from a
non-growth state. Furthermore, previous studies showed
that only a small portion of bacteria isolated through
in situ cultivation are filamentous actinomycetes [44].
Probably, the traditional diffusion chamber inoculated
with a mix of agar and diluted environmental sample is
not suitable for the growth of filamentous microorgan-
isms. In our FiChips, each chamber was inoculated with
agar and diluted sediment suspension separately, allow-
ing fungal cells to form initiating filamentous colonies on
the agar surface, thereby facilitating the growth of aerial
hyphae.

Although in situ cultivation shows great advantage
in mining previously uncultivated fungi, we found that
eight strains (representing three species and accounting
for 12% of potential novel species from in situ cultiva-
tion) could not be further subcultured in the laboratory.
These fungal strains appeared to have lost their growth
activity after several subculturing processes. Clearly,
these fungi are yet not adapted to the conditions of
artificial culture, and growing them in in situ cultures
for multiple rounds may be useful for their domestica-
tion [42]. Future study should identify their key growth
factors and test their effects in the subcultivation.

Although several in situ cultivation protocols have
been shown to be able to improve the efficiency of
microbial isolation and cultivation, these methods
also have some limitations that need to be further
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optimized. Most media use agar as a solidifying agent,
while in some cases, agar can inhibit microbial repro-
duction [45]. It has been shown that the number
of colony varied by 1-3 orders of magnitude when
using different curing agents, with the highest num-
ber obtained using cold glue [44] and silica gel being
more preferable for oligocarbotrophic fungi [46]. The
mechanism of microbial adaptation to colony forma-
tion on solid medium remains largely unknown, which
is one of the main reasons why most microorganisms
are not culturable in the laboratory [47]. Therefore, it is
necessary to further develop new cultivation methods
to explore the unknown diversity of bacteria and fungi.
For example, the recently developed diffusion bioreac-
tor uses liquid media for in situ cultivation, allowing
for the growth of a variety of previously uncultured soil
bacteria [48]. However, many microorganisms rely on
the products of their co-trophic partners for growth
[19] In this case, the use of an isolation chip that sep-
arates an individual microorganism in a fully sealed
chamber may actually prevent its successful cultivation.
Although diffusion bioreactor provides communica-
tion between microbial communities, the slow-grow-
ing microbes may still be inhibited by fast-growing
microbes. To overcome this limitation, a previous study
designed a nanoporous microscale microbial incubator
system, which integrated microfluidic and membrane
diffusion-based technologies [49]. Once sealed, each
chamber physically separates individual cells, but the
permeable chamber walls allow the transfer of growth
factors and signaling compounds among all cells in the
slide sheet by passive diffusion. Although the nano-
porous microscale microbial incubator system appears
to have strong potential for cultivating interesting co-
trophic organisms in the field, no successful examples
have been published [50].

Rare taxa are generally defined as taxa with low rela-
tive abundance in the microbial communities due to poor
competitive abilities, most of which are slower in growth
rate [51]. Under in vitro conditions, slow-growing micro-
organisms are often inhibited by the nutrient starvation
caused by the fast-growing microorganisms [52]. Thus,
in situ cultivation not only provides more natural envi-
ronmental conditions but also largely avoids competi-
tion and inhibition among microorganisms. In this study,
our in situ cultivation protocol is potentially a very use-
ful alternative to obtaining the rare portion of the fungal
diversity from mangrove sediments, as compared to the
traditional methods.

In the FECM, some rare fungal taxa were enriched but
could not subsequently be isolated from the five culture
media. One possible reason is the differences in the envi-
ronmental factors between the enrichment conditions
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and the culture conditions, such as oxygen concentra-
tion and nutrient composition [27]. Another reason may
be that some fungi need to synergize with other fungi
or bacteria to grow [16]. Our results showed that fungal
diversity and composition change during the enrichment
process, especially the emergence of more rare taxa. This
suggests that mangrove sediment is a good “seed bank” of
high fungal diversity [26], and that a large number of rare
species in the sediment are barely viable until the emer-
gence of proper nutrients [53, 54]. Furthermore, FECM
altered the assembly of fungal communities, especially
for rare taxa (Fig. 5a), possibly by facilitating their com-
munication in the community (dormancy resuscitation).

Rare taxa are often overlooked [55, 56|, but accumu-
lating evidences suggested that rare taxa may play an
important role in maintaining the stability of fungal
communities and their ecological functions in crop eco-
systems [57, 58]. In our study, both FECM and FiChips
could significantly increase the number of isolated rare
taxa (Figs. 4g and 6e). Further applications of these pro-
tocols in a variety of environments are expected to sig-
nificantly advance our understanding on the ecological
functions of rare fungal taxa.

The diversity and distribution of marine microbiota
have not been unveiled until recently [59, 60]. Mangrove
sediments are the main habitat for marine microorgan-
isms, and recent studies have shown a higher proportion
of unknown microorganisms in mangrove sediments
[61]. Comparison between LSFI and NFCT showed our
FECM and FiChips significantly improved the efficiency
and novelty of isolated species (Additional file 3: Fig-
ures S3 and S4). Moreover, the time and labor costs of
NECT are lower; thus, they have advantages in mining
rare dark matter fungi.

Although the omics-driven findings can greatly
improve our understanding of microbial life, it remains
important to isolate and culture microorganisms from
these previously uncultured lineages to test the omics-
based predictions of their phenotypic traits, physiological
functions, and ecological roles in ecosystems. Taxonomic
study on our isolates revealed that seven new species
obtained from FiChips represent two newly established
families in Hypocreales. Interestingly, the spore sizes of
these fungal species are much smaller than most species
in Hypocreales, being only about 1.5 p in diameter. When
more different environments are studied using culturo-
mics approaches, mycologists will be able to provide
important amendments for the fungal tree of life.

Although this study shows that FECM and FiChips
outperform conventional DPM in mining rare dark
matter fungi, almost all obtained fungal isolates belong
to the two most common phyla, i.e., Ascomycota and
Basidiomycota. One explanation is that Ascomycota
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and Basidiomycota are dominant in the mangrove sedi-
ment (Fig. 4d). However, Chytridiomycota also occupies
a certain proportion of fungal communities in mangrove
sediments (Fig. 4d). Previous studies have revealed that
most members in Chytridiomycota are parasitic fungi,
some of which could be isolated by cellulosic bait and
algae [62, 63]. Therefore, future design of enrichment
cultivation and in situ cultivation with cellulosic bait and
algae may facilitate the isolation and culture of Chytridi-
omycota, thus updating knowledge of these early diverg-
ing fungi in mangrove sediments.

The conventional dilution plate method only allowed
for the cultivation of 2.57 to 4.35% of ASVs in the
original samples. However, when fungal culturomics
techniques were combined, the cultivation efficiency
increased to 5.87 to 7.25% of ASVs. This improved iso-
lation efficiency led to the discovery of a higher num-
ber of novel fungi. By increasing the efficiency of fungal
cultivation, we can gain a better understanding of the
nutritional features and bioremediation capabilities of
fungi in mangrove ecosystems. For instance, Gupta and
Das found that Aspergillus sp., isolated from mangroves,
could provide soluble phosphorus not only for them-
selves but also for other organisms [64]. Furthermore,
Aspergillus sp. and Alternaria alternata, isolated from
the mangrove sediments, have demonstrated the ability
to remove chromium, lead, and cadmium from polluted
mangrove ecosystems [65, 66]. Therefore, we believe that
further investigation into the metabolic and nutritional
interactions of fungi in mangrove sediment is neces-
sary. Isolation and identification of potential new species
from FECM and FiChips are valuable for mining second-
ary metabolites and inferring their ecological functions.
Teixobactin reported in 2015 was a new class of antibi-
otics discovered in nearly 30 years, which was derived
from a new bacterium isolated from in situ cultivation
that can kill superbugs [40, 67, 68]. Given the increas-
ing importance of fungi in the discovery of new antibi-
otics, the new species described in this study and more
in future will provide valuable new genetic resources for
mining more and new natural compounds.

Conclusion

In this study, we developed protocols of enrichment cul-
tivation and in situ cultivation for high-efficiency isola-
tion of fungi from mangrove sediments. Our workflow
enables large-scale cultivation and identification of fungi,
which greatly improves our understanding of cultur-
able mycobiota in mangrove sediments. The fungi iso-
lated from five sediment samples through the two newly
developed techniques represent 193 species and 103
genera, much higher than that isolated from five sedi-
ment samples through traditional DPM (131 species and
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72 genera). Meanwhile, this study increases the known
species diversity of fungi in mangrove sediments by
94%, compared to the 193 species reported by 2021 [28].
Through FECM, FiChips, and DPM, a total of 75 poten-
tial new species were isolated from five sediment sam-
ples, and 62 out of which were from FECM and FiChips,
indicating an advantage in acquiring rare fungi. Further-
more, FECM can significantly influence the composition
of fungal communities with time, as well as the commu-
nity assembly of rare taxa. These results suggested that
FECM and FiChips have significant advantages in culti-
vating rare and dark matter fungi.

Moreover, culture-dependent and culture-independ-
ent approaches revealed different fungal community
compositions from mangrove sediments, indicating the
need for complementary approaches to better under-
stand fungal diversity. Future studies are expected
to reveal the mechanism through which previously
uncultured fungi acquire recovery and resuscitation by
combining currently applied methods with metatran-
scriptomic data.

Methods

Sample collection

Three mangrove sediment samples used for FECM and
DPM were collected from National Mangrove Nature
Reserve of Zhanjiang, Guangdong province, China
(ZJ1-1, 21°06"15” N 110°18’47” E; ZJ2-1, 21°06"03” N
110°18°25” E; ZJ3-1, 21°05'27” N 110°16’57” E) on 20
November 2019 (Additional file 3: Figure S6a). Two man-
grove sediment samples for FiChips and DPM were col-
lected from National Mangrove Nature Reserve of Futian,
Shenzhen, Guangdong province, China (SZ-1, 22°31"39”
N 113°59'52” E and SZ-2, 22°31'36” N 113°59'52” E)
on 27 September 2020 (Additional file 3: Figure S6b).
All sediment samples were collected from the depth
of 0-10 cm by a surface sediment sampler (Additional
file 3: Figure S6c). Other 61 sediment samples used for
large-scale fungal isolation (LSFI) of DPM were collected
from five mangrove nature reserves (National Man-
grove Nature Reserve of Zhanjiang, National Mangrove
Nature Reserve of Futian, Mangrove Nature Reserve of
Dianbai, Mangrove Nature Reserve of Zhuhai, and Man-
grove Nature Reserve of Enping) in Guangdong province,
China. For each sediment sample, five replicates were
respectively collected and mixed together. Following col-
lection, each sample was placed into two sterile sampling
bags, which was preserved at 4 °C until they were pro-
cessed (within 24 h), and another one was transported on
dry ice to the laboratory and stored at—80 °C for DNA
extraction. Meanwhile, seawater near the sediment sam-
ples (Z]J-1, ZJ-2, ZJ-3, SZ-1, and SZ-2) was collected for
subsequent experiments.
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Fungal isolation

Five different culture media supplemented with 3.5% sea
salt, 0.005% ampicillin, and 0.005% streptomycin were
prepared for DPM: i.e., PDASS (potato dextrose agar-sea
salt), MEASS (malt extract agar-sea salt), MMSS (Martin
medium-sea salt), CMASS (corn meal agar-sea salt), and
CDASS (Czapek Dox Agar-sea salt) [30]. All the sedi-
ment samples were diluted for 50 times with sterile sea-
water and spread onto five different culture media. Three
replicates were set up for each isolation medium.

A low-nutrient medium was used for FECM, which
consisted of the following ingredients in 1-L sterilized
seawater: 0.05% potato starch, 0.15% dextrose, 0.1% pep-
tone, 0.05% NaCl, 0.005% ampicillin, and 0.005% strep-
tomycin. Enrichment incubation was performed at 25 °C
for 21 days in separate 500-mL sterile flasks (filled with
400-mL medium and 20 g of sediment sample, Fig. 1a).
Thirty-six subsamples of enrichment cultures were col-
lected from flasks on the Oth, 7th, 14th, and 21st days for
fungal isolation and amplicon sequencing (Fig. 1a). The
subsamples were diluted, and aliquots of the homogen-
ate were subsequently inoculated on five culture media
(PDASS, MEASS, MMSS, CMASS, and CDASS) with
3.5% sea salt to isolate fungi. A detailed protocol is
described in Additional file 3.

For in situ cultivation, we designed a modified hand-
made fungal isolation chip (FiChip) [42] suitable for
fungal isolation. It consisted of two sterile elements: a
customized polypropylene plate with 96 through-holes
and two precut rectangular pieces of 0.22-um-pore-size
nylon membrane (Fig. 1b). In each cell of the FiChips,
100-pL seawater agar (prepared with 1-L seawater, 15-g
agar, 50-mg ampicillin, and 50-mg streptomycin) was
firstly added, and 10-pL sediment suspension (diluted
for 50 times with sterile seawater) was subsequently
added after agar solidification. A stainless steel mesh
frame with 15 FiChips was placed at each sampling site
for 1-month incubation. A detailed protocol is described
in the supplementary file.

All the pure cultures isolated from different methods
were incubated at room temperature (25+2 °C) for 2—4
weeks. All fungal strains were stored in sterile water with
3.5% sea salt at 4 °C for further studies and have been
deposited in LC culture collection (personal culture col-
lection held at the lab of Dr. Lei Cai in State Key Labora-
tory of Mycology, IMCAS).

DNA extraction and amplification sequencing

Genomic DNA was extracted from fungal mycelia of each
isolate growing on PDA, using a modified CTAB protocol
as described in Liu et al. [69]. The full-length ITS (5.8S
nuclear ribosomal RNA gene with the two flanking inter-
nal transcribed spacer) was amplified using the forward
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primer ITS1 (5"-TCCGTAGGTGAACCTGCGG-3") or
ITSIF (5'-CTTGGTCATTTAGAGGAAGTAA-3) and
the reverse primer ITS4 (5 -TCCTCCGCTTATTGATAT
GC-3’) [70]. The PCR amplifications were performed
in a reaction mixture consisting of 12.5 pL 2xTaq PCR
Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China),
1 pL each of 10 uM primers, and 1-10 ng genomic DNA,
adjusted to a final volume of 25 pL with distilled deion-
ized water. The reaction condition was as follows: 95 °C
for 5 min, 35 cycles at 95 °C for 30 s, 52 °C for 30 s, 72 °C
for 15 s, 72 °C for 10 min, and held at 4 °C. Sequenc-
ing was conducted by SinoGenoMax Company Limited
(Beijing, China). Consensus sequences were obtained
using SeqMan of the Lasergene software package v. 14.1
(DNAstar, Madison, W1, USA).

Total genomic DNA was extracted for two sediment
samples used for in situ cultivation and 36 subsamples
at different periods of enrichment incubation (0, 7, 14,
and 21 days), using a FastDNA® Spin Kit following the
manufacturer’s instructions (MP Biomedicals, Solon,
OH, USA). The fungal ITS2 region was amplified using
primers fITS7 (5 -GTGARTCATCGAATCTTTG-3")
and ITS4 (5'-TCCTCCGCTTATTGATA TGC-3") [35].
The PCR reaction for each sample was performed with
0.2-uM forward primer, 0.2-uM reverse primer, 10 ng of
template DNA, and 12.5 uL of 2xTaq Plus Master Mix
(Vazyme Biotech Co., Ltd., Nanjing, China). The reac-
tion condition was as follows: 95 °C for 3 min, 36 cycles
at 95 °C for 30 s, 55 °C for 30 s and 72 °C for 60 s, 72 °C
for 10 min, and held at 4 °C. Amplicon libraries were
sequenced on the Illumina NovaPE250 platform (MAGI-
GENE Biological Company, Guangdong, China).

Sequencing data processing

The full-length ITS sequences of all isolates used for
classification analysis were trimmed and filtered using
MEGA 7.0 [71]. All obtained sequences were BLASTn
searched in NCBI database and assigned to potential
genera and species. The strains with the closest similari-
ties of ITS gene sequences higher than 98% were tenta-
tively assigned a name, while those below 98% were
subjected to further polyphasic identification. To do fur-
ther analyses of comparison with amplicon sequencing
data, we extracted ITS2 regions from the full-length ITS
gene sequences of all strains.

For amplicon data, the ITS2 sequences were processed
using USEARCH 10.0 and VSEARCH 2.14 software
respectively [72, 73]. AlL ITS paired-end reads were qual-
ity filtered using the fastq filter command and joined
by the fastq mergepairs command. Chimeric sequences
were detected and removed using UNITE CHIME ref-
erence database [74]. The non-chimeric sequences were
clustered into different amplicon sequence variants

Page 14 of 18

(ASVs) with 100% similarity level using unoise3 com-
mand [72, 75]. Then, the un-fungal sequences were
removed using ITSx software [76]. The remaining
sequences were reassigned to formulate a final ASV table
using the otutab command. The representative sequences
of each fungal ASV were blasted against the UNITE data-
base to assign taxonomic annotation [74].

Phylogenetic analyses and statistical analyses

To reveal the fungal diversity and visualize correlation
analysis of cultured fungi across different approaches,
maximum likelihood (ML) method was used to construct
phylogenetic tree. ITS2 alignment was generated using
MUSCLE [77] and trimmed using trimAL [78]. ML anal-
yses were performed using IQ-TREE, and the parameter
MFP (ModelFinder Plus) was set up for automated test-
ing and selection of the best alternative model [79]. The
robustness of branches was assessed by bootstrap analy-
sis with 1000 replicates. An online tool iTOL (http://itol.
embl.de) [80] and table2itol.R script (https://github.com/
mgoeker/table2itol) were used for the display, manipula-
tion, and annotation of phylogenetic trees.

The statistical analyses for fungal community composi-
tion and diversity were performed using the vegan pack-
age as implemented in the R environment (version 3.6.1)
unless stated otherwise [81, 82]. The ASV tables were rar-
efied to the smallest number of reads among all samples
using the rrarefy command to allow comparison on an
equal basis before calculating the diversity indices. Sub-
sequent analysis of alpha diversity and beta diversity were
all performed based on this output normalized data.

Alpha diversity of enrichment samples from different
periods was calculated for Shannon—Wiener indexes via
the diversity command [82]. The differences among sam-
ples of each period of enrichment cultivation were tested
using Wilcoxon rank-sum tests. The significant changes
in beta diversity at each period of enrichment cultivation
were estimated using the weighted UniFrac metrics [83]
and visualized with the nonmetric multidimensional scal-
ing (NMDS) ordinations. The significance of enrichment
factors on fungal community was tested with permuta-
tional multivariate analysis of variance (PERMANOVA)
using “adonis” vegan R package [84].

To estimate the efficiency of optimized culturomics
approaches in the cultivation of rare taxa, ASVs were
divided into three groups according to their relative
abundance. ASVs with a relative abundance above 0.1%
across total sequences were considered as “abundant”
taxa, those with relative abundances below 0.01% were
considered as “rare” taxa, and those with relative abun-
dances between 0.01 and 0.1% were “intermediate” ASVs
[85]. To visualize the phylogenetic relationships, phy-
logenetic tree based on ML analysis was constructed as
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mentioned above. A local BLAST analysis of ITS2 frag-
ments of isolated species against ITS2 libraries of dif-
ferent stages of enrichment was conducted, and 100%
sequence similarity with ITS2 libraries was considered as
the same species.

To visualize the dynamic changes of fungal communi-
ties among different enrichment periods, a co-occurrence
network analysis based on Spearman correlation scores
was performed using the CoNet app in Cytoscape v3.7.1
[86, 87], and only the Spearman’s correlation coefficient
(p) above 0.70 and P<0.05 was considered as robust. The
Benjamini—Hochberg procedure was performed to mini-
mize false-positive signals before network construction
[88]. The networks were visualized using Gephi 0.9.2 [89].

All statistical analyses were carried out in R (http://
www.r-project.org). Nonparametric statistical tests have
been run to evaluate the significance of difference (Wil-
coxon test, P<0.05).

Identification and description of novel taxa

All potential novel taxa of filamentous Ascomycota iso-
lated through FECM and FiChips were further identified
based on multi-locus phylogenetic analyses and morpho-
logical comparison with known species. For molecular
analyses, ITS, the small subunit (SSU) rDNA, the large
subunit (LSU) rDNA, the translation elongation fac-
tor 1-alpha (tefl), RNA polymerase I subunit (rpbl),
RNA polymerase II subunit (rpb2), B-tubulin (tub2), and
calmodulin (cam) regions were amplified using primer
pairs ITS1/ITS4 [70], NS1/NS4 [70], LROR/LR5 [90],
983F/2218R [91], RPB1-F7/RPB1-G2R [92], RPB2-5F2/
fRPB2-7cR [93, 94], Bt2a/Bt2b [95], and CF1/CF4 [96],
respectively. Amplification reactions were performed
in a 25-pL reaction volume including 0.2-uM forward
primer, 0.2-pM reverse primer, 10 ng of template DNA,
and 12.5 uL of 2 x Taq Plus Master Mix (Vazyme Biotech
Co., Ltd., Nanjing, China). The detailed information of
primers and reaction conditions is shown in Additional
file 3: Table S7. Sequencing reactions were performed by
SinoGenoMax Company Limited (Beijing, China).

To determine the phylogenetic relationships of novel
species, analyses were performed based on three to five
loci according to different fungal taxa. Alignments for
each locus were generated using MAFFT (http://www.
ebi.ac.uk/Tools/msa/maft/) [97] and then manually
edited in MEGA v. 7.0 when necessary. Alignments of
each loci were concatenated and used in the subsequent
phylogenetic analysis. Ambiguously, aligned regions were
excluded from all analyses.

Maximum likelihood (ML) and Bayesian inference (BI)
methods were used to construct the phylogenetic trees.
ML analyses were performed using RAxML-HPC w.
8.2.7 [98] with 1000 replicates under the GTR-GAMMA
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model. BI analyses were performed with MrBayes v.
3.2.1 [99]. Appropriate nucleotide substitution mod-
els and parameters were calculated using jModelTest v.
2.1.7 [100, 101] Phylogenetic trees were visualized using
FigTree v1.4.0 [102].

For morphological studies, single spore isolations were
obtained for the represented strains of novel species and
then according to different species transferred to new
plates of different media (PDA, PDASS, OA, MEA, CAM,
YES, DG18, CYA, and SNA) for incubation at room tem-
perature (25+2 °C). Growth rates were evaluated after
7 days, while slow growing strains were measured after
2 weeks or even 4 weeks. Colony colors on the surface
and reverse of different media were assessed accord-
ing to the Methuen Handbook of color. Morphological
characters were observed using a Nikon 80i microscope
with differential interference contrast (DIC) illumination.
Measurements for each structure were made as described
in Zhang et al. [103].
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The online version contains supplementary material available at https://doi.
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Additional file 1. Descriptions of novel taxa proposed in this study. (PDF
9407 kb)

Additional file 2: Table S1. The detailed information of each species on
phylogenetic tree based on FECM. Table S2. Species on phylogenetic
tree isolated from ZJ-1, ZJ-2 and ZJ-3 sediment samples during different
periods of FECM. Table S3. The detailed information of each species

on phylogenetic tree based on in situ cultivation. Table S4. Species on
phylogenetic tree isolated from SZ-1 and SZ-2 sediment samples through
DPM and FiChips. Table S5. The detailed information of each cultured
species on phylogenetic tree based on isolation of 66 sediment samples.
(XLSX 42965 kb)

Additional file 3. The extended experimental procedures of fungal
enrichment culture method (FECM) and in situ cultivation using fungal
isolation chips (FiChips) and supplementary files. Supplementary Fig. 1.
The heatmap for the diversity of species from three sediment samples
during each stage of enrichment incubation (color ranging represents
strains number). DO, D7, D14, and D21 indicate the isolation results of
FECM on days O, 7, 14 and 21, respectively. Source data are provided as a
Source data file. Supplementary Fig. 2. The heatmap for the diversity of
species from sediment samples SZ-1 and SZ-2 (color ranging represents
relative abundance (%). HTS, DPM, and FiChip indicate the results of high
through-put sequencing, dilution-plate method, and in situ cultivation,
respectively. Source data are provided as a Source data file. Supple-
mentary Fig. 3. Phylogenetic tree of species isolated from 66 sediment
samples. The phylogenetic tree was constructed from the full-length

ITS gene sequences. Major phylum names are indicated and marked

in different colors. Red branches on the trees indicate that the species
was isolated only from new fungal culturomics techniques (FECM and
FiChip). Candidate novel species are indicated by stars (blue stars indicate
ITS sequence similarity between 94% and 98% comparing to the NCBI
database, green stars indicate similarity between 91% and 94%, and red
stars indicate similarity below 91%). In addition, detailed information of
each species is shown in Additional file2: Table S5. Supplementary Fig. 4.
Venn diagram between new fungal culturomics techniques (NFCT) and
large-scale fungal isolation (LSFI). (a). Comparison of species diversity
between NFCT and LSFI. (b). Comparison of the number of potential novel
species between NFCT and LSFI. Supplementary Fig. 5. Comparison of
node-level topological features in Fig. 5a (degree and closeness centrality)
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demonstrating the high degree and closeness centrality for the unidenti-
fied and other taxa at class level with the extension of enrichment period.
Supplementary Fig. 6. Scenes of visited mangrove forests in Guangdong
province, China. a. National Mangrove Nature Reserve of Zhanjiang.

b. National Mangrove Nature Reserve of Futian Shenzhen. c. A surface
sediment sampler. Supplementary Table 6. Cultivable fungal numbers
at different periods of enrichment cultivation. Supplementary Table 7.
Primers and PCR programs used in this study. Supplementary Table 8.
Strain and sequence accession numbers of new species.

Acknowledgements

We would like to thank all members of Cai Lab for the insightful discussions
and advice on this study. We gratefully thank Prof. Meng Li (Shenzhen Key
Laboratory of Marine Microbiome Engineering, Institute for Advanced Study,
Shenzhen University) for kindly providing laboratory conditions.

Authors’ contributions

LC, FL, and ML designed the study. ML, JEH, and ZFZ collected samples. ML,
MR, SS, and MG conducted the laboratory and data processes. ML, MR, LWH,
FL, and LC wrote the manuscript. All authors read and approved the final
manuscript.

Funding

This work was financially supported by the Science & Technology Funda-
mental Resources Investigation Program (Grant No. 2019FY100700), NSFC
(32330002), National Science and Technology Fundamental Resources
Investigation Program of China (2021FY100900), and the Youth Innovation
Promotion Association of Chinese Academy of Sciences (2021085).

Availability of data and materials

The raw data of ITS2 datasets generated in this study have been depos-

ited in the Sequence Read Archive under accession numbers BioProject
PRINA951956. For novel species, sequences generated in this study are
deposited in GenBank (Additional file 3: Table S8), typifications, and novel taxo-
nomic descriptions in fungal names (https://nmdc.cn/fungalnames/). Type
specimens of new species were deposited in the Herbarium of Microbiology,
Academia Sinica (HMAS), and ex-type living cultures were deposited in the
China General Microbiological Culture Collection Center (CGMCQ).

Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare no competing interests.

Received: 27 December 2022 Accepted: 19 October 2023
Published online: 11 December 2023

References

1. Blackwell M. The fungi: 1, 2, 3 ... 5.1 million species? Am J Bot.
2011,98(3):426-38.

2. Hawksworth D, Licking R. Fungal diversity revisited: 2.2 to 3.8 Million
Species. Microbiol Spec. 2017;5:79-95.

3. WangK, Kirk P, Yao Y. The development trends in taxonomy, with a
special reference to fungi. J Syst Evol. 2019;58(4):406-12.

4. Huber JA, Mark Welch DB, Morrison HG, Huse SM, Neal PR, Butterfield
DA, Sogin ML. Microbial population structures in the deep marine
biosphere. Science. 2007;318(5847):97-100.

17.
18.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 16 of 18

Bokulich NA, Thorngate JH, Richardson PM, Mills DA. Microbial bioge-
ography of wine grapes is conditioned by cultivar, vintage, and climate.
Proc Natl Acad Sci USA. 2014;111(1):E139-48.

Jeewon R, Hyde K. Detection and diversity of fungi from environmental
samples: traditional versus molecular approaches. 2007:1-15.
Jayawardena RS, Purahong W, Zhang W, Wubet T, Li X, Liu M, et al.
Biodiversity of fungi on Vitis vinifera L. revealed by traditional and high-
resolution culture-independent approaches approaches. Fungal Divers.
2018;90:1-84.

Rappe M, Giovannoni S. The uncultured microbial majority. Annu Rev
Microbiol. 2003;57:369-94.

Rinke C, Schwientek P, Sczyrba A, Ivanova NN, Anderson 1J, Cheng JF,

et al. Insights into the phylogeny and coding potential of microbial
dark matter. Nature. 2013;499:431-7.

Lok C. Mining the microbial dark matter. Nature. 2015;522:270-3.
Kaeberlein T, Lewis K, Epstein SS. Isolating “uncultivable” microorgan-
isms in pure culture in a simulated natural environment. Science.
2002;296:1127-9.

Nichols D, Cahoon N, Trakhtenberg EM, Pham L, Mehta A, Belanger A,
et al. Use of iChip for high-throughput in situ cultivation of “uncultiva-
ble"microbial species. Appl Environ Microbiol. 2010;76(8):2445-50.
Bollmann A, Lewis K, Epstein S. Incubation of environmental samples in
a diffusion chamber increases the diversity of recovered isolates. Appl
Environ Microbiol. 2007;73:6386-90.

AoiY, Kinoshita T, Hata T, Ohta H, Obokata H, Tsuneda S. Hollow-fiber
membrane chamber as a device for in situ environmental cultivation.
Appl Environ Microbiol. 2009;75(11):3826-33.

Ben-Dov E, Winter E, Kushmaro A. An in situ method for cultivating
microorganisms using a double encapsulation technique. FEMS Micro-
biol Ecol. 2009,68:363-71.

Morris JJ, Lenski RE, Zinser ER. The black queen hypothesis: evolution of
dependencies through adaptive gene loss. mBio. 2012;3(2):e12-36.
Stewart E. Growing unculturable bacteria. J Bacteriol. 2012;194:4151-60.
Little AE, Robinson CJ, Peterson SB, Raffa KF, Handelsman J. Rules of
engagement: interspecies interactions that regulate microbial com-
munities. Annu Rev Microbiol. 2008;62:375-401.

Garcia S. Mixed cultures as model communities: hunting for ubiquitous
microorganisms, their partners, and interactions. Aquat Microb Ecol.
2016;77:79-85.

Nai C, Meyer V. From axenic to mixed cultures: technological advances
accelerating a paradigm shift in microbiology. Trends Microbiol.
2018,;26(6):538-54.

Mu DS, Ouyang Y, Chen GJ. Strategies for culturing active/dormant
marine microbes. Mar Life Sci Technol. 2020;3:121-31.

Zhou SY, Zhou X, Zhang ZF, Cai L. Attempt to isolate hitherto uncul-
tured fungi. Mycosystema. 2020;39(4):766-76 ((in Chinese)).

Lee SC, Ni M, Li W, Shertz C, Heitman J. The evolution of sex: a perspec-
tive from the fungal kingdom. Microbiol Mol Bio R. 2010;74(2):298-340.
Baath E. Estimation of fungal growth rates in soil using 14C-acetate
incorporation into ergosterol. Soil Biol Biochem. 2001;33(14):2011-8.
Alberto F, Navarro D, De Vries RP, Asther M, Record E. Technical advance
in fungal biotechnology: Development of a miniaturized culture
method and an automated high-throughput screening. Lett Appl
Microbiol. 2009;49:278-82.

Gonnella G, Bohnke S, Indenbirken D, Garbe-Schénberg D, Seifert R,
Mertens C, et al. Endemic hydrothermal vent species identified in the
open ocean seed bank. Nat Microbiol. 2016;1(8):16086.

Mu DS, Liang QY, Wang XM, Lu DC, Shi MJ, Chen GJ, et al. Metatranscrip-
tomic and comparative genomic insights into resuscitation mecha-
nisms during enrichment culturing. Microbiome. 2018;6:230.
Devadatha B, Jones E, Pang KL, Abdel-Wahab M, Hyde K, Sakayaroj J,

et al. Occurrence and geographical distribution of mangrove fungi.
Fungal Divers. 2021;106(1):137-227.

Kathiresan K, Manivannan S, Nabeel MA, Dhivya B. Studies on silver
nanoparticles synthesized by a marine fungus, Penicillium fellutanum
isolated from coastal mangrove sediment. Colloids Surf B Biointerfaces.
2009;71(1):133-7.

Zhang XY, Fu W, Chen X, Yan MT, Huang XD, Bao J. Phylogenetic analysis
and antifouling potentials of culturable fungi in mangrove sediments
from Techeng Isle, China. World J Microb Biot. 2018;34(7):90.


https://nmdc.cn/fungalnames/

Li et al. Microbiome

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

(2023) 11:272

Marie Booth J, Fusi M, Marasco R, Michoud G, Fodelianakis S, Merlino G,
et al. The role of fungi in heterogeneous sediment microbial networks.
SciRep. 2019,9(1):73-5.

Peng L, Li L, Liu X, Chen J, Shi C, Guo W, et al. Chromosome-level com-
prehensive genome of mangrove sediment-derived fungus Penicillium
variabile HXQ-H-1. J Fungi. 2019;6(1):7.

ArfiY, Marchand C, Wartel M, Record E. Fungal diversity in anoxic-sulfdic
sediments in a mangrove soil. Fungal Ecol. 2012;5(2):282-5.

Ferrari B, Zhang C, van Dorst J. Recovering greater fungal diversity

from pristine and diesel fuel contaminated sub-antarctic soil through
cultivation using both a high and a low nutrient media approach. Front
Microbiol. 2011;2:217.

Rappé MS, Connon SA, Vergin KL, Giovannoni SJ. Cultivation of

the ubiquitous SAR11 marine bacterioplankton clade. Nature.
2002;418(6898):630-3.

Coyte KZ, Schluter J, Foster KR. The ecology of the microbiome: net-
works, competition, and stability. Science. 2015;350(6261):663-6.

Grilli J, Rogers T, Allesina S. Modularity and stability in ecological com-
munities. Nat Commun. 2016;7(1):12031.

Dai T, Wen D, Bates CT, Wu L, Guo X, Liu S, et al. Nutrient supply controls
the linkage between species abundance and ecological interactions in
marine bacterial communities. Nat Commun. 2022;13(1):175.

Janssen PH. Dormant microbes: scouting ahead or plodding along?
Nature. 2009;458(7240):831.

Sizova MV, Hohmann T, Hazen A, Paster BJ, Halem SR, Murphy CM, et al.
New approaches for isolation of previously uncultivated oral bacteria.
Appl Environ Microbiol. 2012;78(1):194-203.

Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I, Conlon BP, et al.
Erratum: a new antibiotic kills pathogens without detectable resistance.
Nature. 2015;520(7547):455-9.

Berdy B, Spoering AL, Ling LL, Epstein SS. In situ cultivation of
previously uncultivable microorganisms using the iChip. Nat Protoc.
2017;12(10):2232-42.

Jung D, Machida K, Nakao Y, Kindaichi T, Ohashi A, Aoi Y. Triggering
growth via growth initiation factors in nature: a putative mechanism
for in situ cultivation of previously uncultivated microorganisms. Front
Microbiol. 2021;12:1107.

Gavrish E, Bollmann A, Epstein S, Lewis K. A trap for in situ cultivation of
filamentous actinobacteria. J Microbiol Meth. 2008;72(3):257-62.

Davis K, Joseph S, Janssen P. Effects of growth medium, inoculum size,
and incubation time on culturability and isolation of soil bacteria. Appl
Environ Microbio. 2005;71:826-34.

Jiang J, Cai L, Liu F. Oligotrophic fungi from a carbonate cave, with three
new species of Cephalotrichum. Mycology. 2017;8:164-77.

Schut F, de Vries EJ, Gottschal JC, Robertson BR, Harder W, Prins RA, et al.
Isolation of typical marine bacteria by dilution culture: growth, mainte-
nance, and characteristics of isolates under laboratory conditions. Appl
Environ Microbiol. 1993;59(7):2150-60.

Chaudhary DK, Khulan A, Kim J. Development of a novel cultivation
technique for uncultured soil bacteria. Sci Rep. 2019;9(1):6666.

Gea Z, Girguisb PR, Buie CR. Nanoporous microscale microbial incuba-
tors. Lab chip. 2016;16(3):480-8.

Lewis WH, Tahon G, Geesink P, Sousa DZ, Ettema TJG. Innovations

to culturing the uncultured microbial majority. Nat Rev Microbiol.
2020;19:225-40.

Dawson W, Hor J, Egert M, van Kleunen M, Pester M. A small number

of low-abundance bacteria dominate plant species-specific responses
during rhizosphere colonization. Front Microbiol. 2017,8:975.

Acuha JJ, Marileo L, Araya MA, Rilling JI, Larama G, Mora MD, et al. In situ
cultivation approach to increase the culturable bacterial diversity in the
rhizobiome of plants. J Soil Sci and Plant Nut. 2020;20(3):1411-26.
Lennon JT, Jones SE. Microbial seed banks: the ecological and evolu-
tionary implications of dormancy. Nat Rev Microbiol. 2011;9(2):119-30.
Metcalf JL, Xu ZZ, Weiss S, Lax S, Van Treuren W, Hyde ER, et al. Micro-
bial community assembly and metabolic function during mamma-
lian corpse decomposition. Science. 2015;351:158-62.

Pedros-Alio C. The rare bacterial biosphere. Annu Rev Mar Sci.
2012;4:449-66.

Lynch MDJ, Neufeld JD. Ecology and exploration of the rare bio-
sphere. Nat Rev Microbiol. 2015;13(4):217-29.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 17 of 18

Jousset A, Bienhold C, Chatzinotas A, Gallien L, Gobet A, Kurm V, et al.
Where less may be more: how the rare biosphere pulls ecosystems
strings. ISME J. 2017;11(4):853-62.

Xiong C, He JZ, Singh BK, Zhu YG, Wang JT, Li PP, et al. Rare taxa
maintain the stability of crop mycobiomes and ecosystem functions.
Environ Microbiol. 2020;23:1907-24.

Moran MA. The global ocean microbiome. Science. 2015;350: c8455.
Sunagawa S, Coelho LP, Chaffron S, Kultima JR, Labadie K, Salazar G,
et al. Ocean plankton. Structure and function of the global ocean
microbiome. Science. 2015;348:1261359.

Liu'Y, Makarova KS, Huang WC, Wolf YI, Nikolskaya AN, Zhang X, et al.
Expanded diversity of Asgard archaea and their relationships with
eukaryotes. Nature. 2021;593:553-7.

Powell MJ, Letcher PM, Longcore JE, Blackwell WH. Zopfochytrium is a
new genus in the Chytridiales with distinct zoospore ultrastructure.
Fungal Biol. 2018;122(11):1041-9.

Jerénimo GH, Jesus AL, Simmons DR, James TY, Pires-Zottarelli

CLA. Novel taxa in Cladochytriales (Chytridiomycota): Karlingiella
(gen. nov.) and Nowakowskiella crenulata (sp. nov.). Mycologia.
2019;111:1-11.

Gupta N, Das SJ. Phosphate solubilising fungi from mangroves of
Bhitarkanika. Orissa Hayati J Biosci. 2008;15(2):90-2.

Chakraborty V, Sengupta S, Chaudhuri P, Das P. Assessment on
removal efficiency of chromium by the isolated manglicolous fungi
from Indian Sundarban mangrove forest: removal and optimiza-

tion using response surface methodology. Environ Technol Innov.
2018;10:335-44.

Das P, Mahanty S, Ganguli A, Das P, Chaudhuri P. Role of manglicol-

ous fungi isolated from Indian Sunderban mangrove forest for the
treatment of metal containing solution: batch and optimization using
response surface methodology. Environ Technol Innov. 2019;13:166-78.
Piddock L. Teixobactin, the first of a new class of antibiotics discovered
by iChip technology? J AntiMicrob Chemother. 2015;70:2679-80.

Lodhi AF, Zhang Y, Adil M, Deng Y. Antibiotic discovery: combining iso-
lation chip (iChip) technology and co-culture technique. Appl Microbiol
Biot. 2018;102:7333-41.

Liu F, Ma ZY, Hou LW, Diao YZ, Wu WP, Damm U, et al. Updating species
diversity of Colletotrichum, with a phylogenomic overview. Stud Mycol.
2022;101(1):1-56.

Singh P, Raghukumar C, Verma P, Shouche Y. Fungal community analysis
in the deep-sea sediments of the Central Indian basin by culture-inde-
pendent approach. Microb Ecol. 2011;61:507-17.

Kumar S, Stecher G, Tamura K. Mega7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol Biol Evol. 2016;33(7):1870-4.
Edgar RC. UNOISE2: improved error-correction for lllumina 165 and ITS
amplicon sequencing. bioRxiv. 2016. https://doi.org/10.1101/081257.
Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: a versatile
open source tool for metagenomics. Peer). 2016;4: €2584.

Nilsson RH, Tedersoo L, Ryberg M, Kristiansson E, Hartmann M,
Unterseher M, et al. A comprehensive, automatically updated fungal ITS
sequence dataset for reference-based chimera control in environmen-
tal sequencing efforts. Microbes Environ. 2015;30:145-50.

Callahan B, Mcmurdie P, Holmes S. Exact sequence variants should
replace operational taxonomic units in marker-gene data analysis. ISME
1.2017;11:2639-43.

Bengtsson-Palme J, Ryberg M, Hartmann M, Branco S, Wang Z, Godhe
A, et al. Improved software detection and extraction of ITST and ITS2
from ribosomal ITS sequences of fungi and other eukaryotes for analy-
sis of environmental sequencing data. Methods Ecol Evol. 2013;4:914-9.
Kapli P, Yang Z, Telford MJ. Phylogenetic tree building in the genomic
age. Nat Rev Genet. 2020;21(7):428-44.

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldén T. TrimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics. 2009;25(15):1972-3.

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol. 2015;32(1):268-74.

Letunic |, Bork P. Interactive tree of life (iTOL) v3: an online tool for the
display and annotation of phylogenetic and other trees. Nucleic Acids
Res. 2016;44:W242-5.


https://doi.org/10.1101/081257

Li et al. Microbiome

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

ot

92.

93.

94.

95.

96.

97.
98.

99.

100.
101.

102.
103.

(2023) 11:272

Team RC. R: a language and environment for statistical computing

(R Foundation for Statistical Computing, Vienna). Available at https://
www.R-project.org/. 2016.

Oksanen J, Blanchet FG, Kindt R. Vegan: community ecology package. R
package version 2.4-1.2016.

Lozupone C, Knight R. UniFrac: a new phylogenetic method

for comparing microbial communities. Appl Environ Microbio.
2006;71:8228-35.

Oksanen J, Kindt R, Legendre P. The vegan package. Commun Ecol
Package. 2007;10:631-7.

Jiao S, Chen W, Wei G. Biogeography and ecological diversity patterns
of rare and abundant bacteria in oil-contaminated soils. Mol Ecol.
2017,26:5305-17.

Gao M, Xiong C, Gao C, Tsui CK, Wang MM, Zhou X, et al. Disease-
induced changes in plant microbiome assembly and functional adapta-
tion. Microbiome. 2021;9:1-18.

Faust K, Sathirapongsasuti JF, Izard J, Segata N, Gevers D, Raes J, et al.
Microbial co-occurrence relationships in the human microbiome. PLoS
Comput Biol. 2012;8(7): €1002606.

Benjamini Y. Discovering the false discovery rate. J R Stat Soc Ser B
Methodol. 2010;72(4):405-16.

Bastian M, Heymann S, Jacomy M. Gephi: an open source software for
exploring and manipulating networks. ICWSM. 2009;8(1):361-2.
Pornsuriya C, Chairin T, Thaochan N, Sunpapao A. Identification and
characterization of Neopestalotiopsis fungi associated with a novel leaf
fall disease of rubber trees (Hevea brasiliensis) in Thailand. J Phytopathol.
2020;168(7-8):416-27.

D'Alessandro CP, Jones LR, Humber RA, Lopez Lastra CC, Lastra L. Char-
acterization and phylogeny of Isaria spp. strains (A scomycota: Hypoc-
reales) using ITS1-5.85-ITS2 and elongation factor 1-alpha sequences. J
Basic Microb. 2014;54(1):21-31.

O'Donnell K, Sutton DA, Rinaldi MG, Sarver BA, Balajee SA, Schro-

ers HJ, et al. Internet-accessible DNA sequence database for iden-
tifying fusaria from human and animal infections. J Clin Microbiol.
2010;48(10):3708-18.

Yin QX, Jiang SL, Li DX, Huang HL, Wang Y, Wang DL, et al. First report of
Epicoccum nigrum causing brown leaf spot in tea in Guizhou province,
China. Plant Dis. 2022;106(1):321.

Sung GH, Sung JM, Hywel-Jones NL, Spatafora JW. A multi-gene
phylogeny of Clavicipitaceae (Ascomycota, fungi): identification of
localized incongruence using a combinational bootstrap approach. Mol
Phylogenet Evol. 2007;44(3):1204-23.

Houbraken J, Kocsubé S, Visagie CM, Yilmaz N, Wang XC, Meijer M, et al.
Classification of Aspergillus, Penicillium, Talaromyces and related genera
(Eurotiales): an overview of families, genera, subgenera, sections, series
and species. Stud Mycol. 2020;95:5-169.

Park MS, Chung D, Baek K, Lim YW. Three unrecorded species belonging
to Penicillium section Sclerotiora from marine environments in Korea.
Mycobiology. 2019;47(2):165-72.

Katoh K, Toh H. Parallelization of the MAFFT multiple sequence align-
ment program. Bioinformatics (Oxford, England). 2010,26(15):1899-900.
Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics. 2014;30:1312-3.

Raja HA, Miller AN, Pearce CJ, Oberlies NH. Fungal identification using
molecular tools: a primer for the natural products research community.
JNatural Prod. 2017;80(3):756-70.

Posada D. jModelTest: phylogenetic model averaging. Mol Biol Evol.
2008;25(7):1253-6.

Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models,
new heuristics and parallel computing. Nat Methods. 2012,9(8):772.
Rambaut, A. FigTree version 1.4.0.2012.

Zhang ZF, Liu F, Zhou X, Liu XZ, Liu SJ, Cai L. Culturable mycobiota from
Karst caves in China Il, with descriptions of 33 new species. Fungal
Divers. 2020;106:29-136.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.R-project.org/
https://www.R-project.org/

	Application of culturomics in fungal isolation from mangrove sediments
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Enrichment cultivation improves the efficiency of fungal isolation
	FECM significantly enriched the rare taxa in the community
	High efficiency of FiChip in situ cultivation in revealing rare dark matter fungi
	Comparison among HTS, FiChips, and DPM
	Comparison between LSFI and NFCT
	Taxonomy

	Discussion
	Conclusion
	Methods
	Sample collection
	Fungal isolation
	DNA extraction and amplification sequencing
	Sequencing data processing
	Phylogenetic analyses and statistical analyses
	Identification and description of novel taxa

	Anchor 23
	Acknowledgements
	References


