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Molecular methods revealed that the majority of microbes in natural environments
remains uncultivated. To fully understand the physiological and metabolic characteristics
of microbes, however, culturing is still critical for microbial studies. Here, we
used bacterial community analysis and four culture media, namely, traditional
marine broth 2216 (MB), water extracted matter (WEM), methanol extracted matter
(MEM), and starch casein agar (SCA), to investigate the diversity of cultivated
bacteria in coastal sediments. A total of 1,036 isolates were obtained in pure
culture, and they were classified into five groups, namely, Alphaproteobacteria
(52.51%), Gammaproteobacteria (23.26%), Actinobacteria (13.32%), Firmicutes, and
Bacteroidetes. Compared to other three media, WEM recovered a high diversity of
actinobacteria (42 of 63 genotypes), with Micromonospora and Streptomyces as the
most cultivated genera. Amplicon sequencing of the bacterial 16S ribosomal RNA
(rRNA) gene V3–V4 fragment revealed eight dominant groups, Alphaproteobacteria
(12.81%), Gammaproteobacteria (20.07%), Deltaproteobacteria (12.95%), Chloroflexi
(13.09%), Bacteroidetes (8.28%), Actinobacteria (7.34%), Cyanobacteria (6.20%), and
Acidobacteria (5.71%). The dominant members affiliated to Actinobacteria belonged
to “Candidatus Actinomarinales,” “Candidatus Microtrichales,” and Nitriliruptorales. The
cultivated actinobacteria accounted for a small proportion (<5%) compared to the
actinobacterial community, which supported that the majority of actinobacteria are
still waiting for cultivation. Our study concluded that WEM could be a useful and
simple culture medium that enhanced the recovery of culturable actinobacteria from
coastal sediments.

Keywords: culturable bacteria, water extraction, coastal sediments, 16S rRNA gene, amplicon sequence variant,
culturable actinobacteria

INTRODUCTION

Coastal sediments are inhabited by diverse and abundant microbes, which function as key drivers
in biogeochemical processes of element cycling and organic matter decomposition (Bertics and
Ziebis, 2009; Anantharaman et al., 2016; Dyksma et al., 2016). They are also a source for discovery
of marine microbial-derived reference pharmaceuticals and industrial enzymes (Bull et al., 2005;

Frontiers in Microbiology | www.frontiersin.org 1 June 2021 | Volume 12 | Article 675048

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2021.675048
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2021.675048
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2021.675048&domain=pdf&date_stamp=2021-06-14
https://www.frontiersin.org/articles/10.3389/fmicb.2021.675048/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-675048 June 7, 2021 Time: 17:46 # 2

Huang et al. Recovery of Culturable Actinobacteria

Jose and Jha, 2017). Molecular tools including next generation
sequencing (NGS) of microbial DNA sequences, such as
genomics and metagenomics, improved our knowledge on
microbial diversity, genomic features, and potential metabolic
functions inferred from gene annotation (Dyksma et al., 2016).
In addition, genomics and metagenomics strengthened the
phylogenetic placement of uncultivated bacteria from the natural
environment through comparison of genomic relatedness and
phylogenomic reconstruction (Yarza et al., 2014; Parks et al.,
2018). Although culture-dependent method captured the bacteria
with extremely low abundance (rare bacteria) (Shade et al.,
2012), to gain deep insights into the physiological, metabolic,
and functional role of environmental microorganisms, however,
culturing microbes in the laboratory is still necessary for
microbial studies (Zengler et al., 2002; Leadbetter, 2003).
First, bringing bacteria into culture provides a platform for
experimental testing of their physiological and metabolic
function in element cycling compared to stable isotope probing
(SIP) (Neufeld et al., 2007) or bioorthogonal non-canonical
amino acid tagging (BONCAT; Hatzenpichler et al., 2016), which
was mainly used in the study of uncultivated bacteria in situ.
Second, pure cultures are needed for species delineation for
microbial taxonomy based on physiological and biochemical
tests. Third, cultures can be explored for the discovery of
novel natural product, such as antibiotics, for molecular design
of biosynthetic elements (Joint et al., 2010), and for the
potential application of the isolates to bioremediation and
environmental protection. For example, survey of the bacterial
16S ribosomal RNA (rRNA) gene by NGS revealed a dominant
and ubiquitous core group named “JTB255-Marine Benthic
Group (MBG)” (now classified into the order Woeseiales) in
coastal sediments (Dyksma et al., 2016). Isolation and cultivation
of the representative species Woeseia oceani of MBG expanded
our understanding of physiological and metabolic features
with heterotrophy and facultative autotrophy that was deduced
from genomic repertoire of uncultivated members by NGS
(Du et al., 2016). In addition, a myriad of biologically active
compounds were discovered from the culturable actinobacteria,
which were isolated from sediment, invertebrate symbionts, and
other marine environments, such as the genera Streptomyces
(Bull and Stach, 2007) and Micromonospora (Qi et al., 2020).
Turbinmicin, a novel promising compound produced by the
marine ascidian-associated Micromonspora sp. WMMC-414,
showed potent efficacy against the multidrug-resistant fungi
Candia auris (Zhang et al., 2020).

Several factors can influence the bacterial cultivability,
including the substrates (electron donors and acceptors)
and growth conditions, cell dormancy (persisting cells), cell
interdependency, and so on (Lewis et al., 2021). The nutrient
composition of culture media is a major factor affecting the
recovery of bacteria from natural environments (Connon and
Giovannoni, 2002). Marine agar 2216 (BD) or marine broth 2216
(BD) are frequently and widely used in the isolation of marine
bacteria from various habitats, including seawater, sediment,
or the isolation of marine bacteria associated with animals or
plants (Gram et al., 2010; Sanz-Sáez et al., 2020). Several studies
revealed that adding extracted inorganic compounds from the

natural environment as nutrient sources could be an effective
method to isolate novel bacteria from soil (Nguyen et al., 2018)
and groundwater (Wu et al., 2020). For example, soil nutrients
extracted by autoclaving an equal mixture of water and soil
were found to give higher numbers of colonies (Taylor, 1951a).
Organic matter extracted from soil using NaOH facilitated
the isolation of novel bacterial strains that could not grow
on conventional media (Hamaki et al., 2005). Organic matter
extracted from soil using 80% methanol enabled the cultivation
of a large number of isolates, representing new taxa that were
previously uncultured (Nguyen et al., 2018).

Quanzhou Bay is located in southeast Fujian Province, China,
with a flat tidal area of 89.8 km2 (Lin et al., 2019), and is
a typical estuarine ecosystem with two rivers (Jinjiang River
and Luoyangjiang River) run into the bay (Supplementary
Figure 1). It is reported that Quanzhou Bay has the largest
number of pollutant load in the estuaries of Fujian Province,
with relatively high concentration of N and P (Cui et al.,
2011). The major habitats found in Quanzhou Bay are Spartina
alterniflora growing area, oyster and/or razor clam farming area,
and mangrove growing area (Supplementary Figure 1). The
mangrove growing area in Quanzhou Bay has become one of
the largest restored mangrove preservation areas in China. The
biological functions in these habitats may result from microbial
diversity and activity. So far, there are few reports of bacterial
cultivation from the coastal sediments in Quanzhou Bay (Hu
et al., 2020; Huang et al., 2020).

In this study, four cultures media were used to investigate the
diversity of cultivated bacteria from coastal sediments, namely,
traditional marine broth 2216 (MB), a medium based on aqueous
extracts of sediment as the sole source of nutrients (water
extracted matter, WEM), a medium based on methanolic extracts
of sediment as the sole source of nutrients (methanol extracted
matter, MEM), and starch casein agar (SCA). The two media,
WEM and MEM, are less used in the campaign of bacterial
cultivation of coastal sediment samples. We tested sediments of
the three coastal habitats, a S. alterniflora growing habitat, an
oyster farming habitat, and a mangrove habitat in Quanzhou
Bay. A large number of bacterial strains were obtained, and these
were taxonomically characterized based on nearly full-length 16S
rRNA gene sequencing. To evaluate the bacterial cultivability,
bacterial community structure of the sediment samples from the
three habitats was determined using MiSeq amplicon sequencing
of the V3–V4 regions of the 16S rRNA gene.

MATERIALS AND METHODS

Sediment Sampling
Surface sediment samples (∼5 cm) were collected from three
distinct habitats located in Quanzhou Bay, Fujian province,
China, during the period of November 2018 to September
2019 and used for culture-dependent studies. The three habitats
include an S. alterniflora growing habitat, an oyster farming
habitat, and a mangrove habitat (Supplementary Figure 1 and
Supplementary Table 1). Two or three sediment samples of
each habitat were collected and put into sterile packages and
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taken to the laboratory and processed immediately to prepare
the culture media. The samples were put in cool temperature
for 3 days before streaking on the culture plates. For bacterial
16S rRNA gene amplicon sequencing, 32 sediment samples from
the above three habitats were collected during the period of July
2019 to November 2020. The samples were put in −20◦C for
until DNA extraction.

Culture Media
Four culture media were used for the isolation of bacteria from
the coastal sediments, namely, MB, WEM, MEM, and SCA.
MB consisted of 3.7% marine broth 2216 (BD) and 1.5% agar
(BD), which were widely used in cultivation of marine bacteria
(Sanz-Sáez et al., 2020). WEM resembled the soil extract using
water (Taylor, 1951b; Nguyen et al., 2018): 200 g sediment
was extracted with an equal volume of pure water by shaking
(160 rpm) overnight at 30◦C, the water-sediment slurry was
centrifuged at 3,000 rpm for 10 min, and the supernatant was
cleared by filtration through filter paper (d = 15 cm). The filtrate
was supplemented with 1.5% agar (BD) and then sterilized.
The pH and salinity of this medium was 6.5–7.0% and 0.5–
0.8% (Supplementary Table 1). MEM was prepared following
the previous study (Nguyen et al., 2018): 200 g sediment was
extracted with an equal volume of 80% methanol (AR) by shaking
(160 rpm) overnight at 30◦C, the slurry was cleared by filtration
through filter paper as described above, another 200-mL portion
of 80% methanol was added to the slurry, and filtration was
repeated. The filtrates were pooled and evaporated in a water
bath of 37◦C. The residue was dissolved in 50 ml pure water and
sterilized by filtration through a 0.22-µm pore size membrane
filter (Millipore). The medium was prepared with mixing half
strength artificial seawater and 2.5% methanol extracted matter,
and 1.5% agar (BD), followed by autoclaving sterilization. SCA
contained 10 g/L starch, 0.3 g/L casein, and 1.5% agar (BD) and
dissolved in coastal seawater/pure water (1:1, by volume), which
was often used in actinobacteria from marine samples (Bukhari
et al., 2013; Salim et al., 2017).

Culturing and Bacterial Isolation
Sediment samples of 0.2 g were serially diluted in 0.9 mL sterile
natural seawater (sterilization of 121◦C for 20 min), and 0.1-mL
portions of the dilutions were spread onto the four culture media
plates described above. The plates were incubated at 28–30◦C for
30 days. The colonies were picked in the process of incubation
(note: we tried to pick all of the colonies from one plate but
missed the colonies with small size) and streaked onto MB agar
twice to obtain pure isolates and recover enough cell biomass for
preservation and identification. The isolates were inoculated in
30 mL MB using a 100-mL glass flask at 30◦C for shaking for 3–
7 days to obtain cell biomass, and the cells were preserved in 20%
glycerol (v/v) at−80◦C.

DNA Extraction, PCR Amplification, and
Sequencing of 16S rRNA Gene
For bacterial community analysis, the total DNA of 0.3–
0.5 g sediment samples were extracted using FastDNA Spin

Kit for Soil (MP Bio, CA, United States) following the
manufacturer’s manual. The quality of total DNA was controlled
using 1% agarose electrophoresis, and the purity (the values
of OD260/280 and OD260/230) and the concentration were
measured using NanoDrop 2000 (Thermo Scientific, Waltham,
MA, United States).

The bacterial 16S rRNA gene V3–V4 fragment was
amplified using universal primers 338F (5′-ACTCCTACG
GGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGG
TWTCTAAT-3′) (Huws et al., 2007; Caporaso et al., 2011). The
PCR reactions contained 4 µL 5× FastPfu buffer, 2 µL 2.5 mM
deoxyribonucleotide triphosphates (dNTPs), 0.8 µL primers
each (5 µM), 0.4 µL FastPfu polymerase, and 10 ng total DNA.
The PCR program contained denaturation at 95◦C for 3 min,
27 cycles of 95◦C for 30 s–55◦C for 30 s–72◦C for 45 s, and
extension at 72◦C for 10 min. MiSeq sequencing was carried out
by adding dual barcode following the Illumina manufacturer’s
instruction (Shanghai Majorbio Bio-Pharm Technology Co.,
Ltd., Shanghai, China).

For the cultivated isolates, cells were collected from liquid
cultures by centrifugation at 13,000 rpm for 1 min and were used
for genomic DNA extraction using a Bacterial DNA Extraction
Kit (Shanghai SBS, Biotech Co., Shanghai, China), following the
manufacturer’s manual.

The 16S rRNA gene sequences were amplified using
PCR with bacterial primers Eubac27F (5′-AGAGTTTGATCCT
GGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-
3′) (DeLong, 1992). The PCR reactions were carried out in
50-µl systems, which contained 5 µL 10× Ex buffer, 2 µL of
each primer (10 mM), 4 µL dNTP (2.5 mM), 0.25 µL Ex Taq
(5 U/µL, TaKaRa), and 50–100 ng DNA. The PCR program
consisted of denaturation at 94◦C for 5 min, 30 cycles of 94◦C
for 45 s–55◦C for 45 s–72◦C for 1 min, and extension at 72◦C
for 10 min. PCR products were separated using 1.5% agarose
electrophoresis. The nearly full-length sequences of the 16S
rRNA gene were obtained using Sanger sequencing on ABI 3730
equipment (Shanghai Majorbio Bio-Pharm Technology Co., Ltd.,
Shanghai, China). The two fragments were assembled into the
nearly full-length 16S rRNA gene sequence using DNAMAN v.
7.0 with sequence assembly, and base quality of the starting and
end bases was checked according to the chromatogram using
Chromas v. 1.62 program.

Amplicon Sequence Variants Analysis
and Identification of Cultivated Isolates
Bioinformatic processing of 16S rRNA gene amplicons was
carried out using the protocol for bacterial 16S rRNA community
of water and sediments described by von Hoyningen-Huene
et al. (2019) with the following modification. The paired-end
(PE) reads from the Illumina MiSeq sequencing were first quality
checked using fastp (Chen et al., 2018) with the quality phred
score of 20 (−q 20), minimum read length of 200 (−l 200),
base correction by overlap (−c), as well as 5′-end trimming
(−5 4) and 3′-end trimming (−3 4). Then, the barcodes and
primers were clipped using cutadapt (version 1.9.1) with default
settings and further assembled using PEAR (version 0.9.2). The
assembled sequences were then sorted by length (–minseqlength
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390, –maxseqlength 450), dereplicated (–derep_fulllength), and
denoised with UNOISE3 (–cluster_unoise–minsize 4) using
vsearch (Rognes et al., 2016) to produce the amplicon sequence
variants (ASVs). The taxonomy of each ASV was assigned
using blast+ against SILVA SSU 132 database and classified into
different taxonomic levels using the lowest common ancestor
(LCA) method in MEGAN community Edition (version 6.11.1)
(Huson et al., 2016).

The 16S rRNA gene sequences of the isolates were clustered
at 99% sequence similarity using vsearch (Rognes et al., 2016) to
define the genotype. The taxonomic assignment was performed
by using the RDP Release 11 (Ribosomal Data Project) classifier
tool (Wang et al., 2007). The representative species were searched
against the SILVA SSU database (release 132) using the blast+
program (Camacho et al., 2009) and taxonomically classified
into genus level using the LCA method in MEGAN (Huson
et al., 2016). The diversity indices (Shannon and Evenness) were
calculated using Plymouth Routines in Multivariate Ecological
Research (Primer 5, v. 5.2.9).

Sequence similarities of representative genotypes were
compared using three reference databases, namely, SILVA
SSU v. 132 database, RDP database, and EzBioCloud database
(2018.11) using the blast+ tools (Camacho et al., 2009) and
the nucleotide database in National Center for Biotechnology
Information (NCBI).

Phylogenetic Analysis of Isolates
Reference sequences were retrieved from SILVA SSU v. 132
database using blast+ with e-value of 1e-5 (Camacho et al.,
2009). Multiple sequences were aligned using muscle v. 3.8.31.
Maximum-likelihood phylogenetic trees were inferred using
Raxml (Stamatakis, 2015) with the following parameters:
p = 12,345, x = 12,345 with the bootstrap value of 100. The tree
was edited using iTOL (Letunic and Bork, 2007).

Availability of Nucleotide Sequences
The 16S rRNA gene sequences of the isolates determined in
this study were deposited in GenBank under the accession
numbers MT829339-MT829543, MK881086, MK791303,
MN850335, MN908333, MN227660, MN227661, MT829544-
MT830093, and MT830095-MT830369. The paired-end reads
of bacterial amplicon sequencing from the sediment samples
were deposited to the National Center for Biotechnology
Information of sequence read archive (SRA) under the accession
number PRJNA692026.

RESULTS

Taxonomic Classification of Bacterial
Isolates
More than 1,000 bacterial cultivars were isolated in pure culture
from the coastal sediments of three habitats in Quanzhou Bay,
China using four culture media (Supplementary Table 1 and
Figure 1). The number of isolates ranged from 40 (WEM from S.
alterniflora sediment) to 162 (MB from oyster farming sediment)

after incubation for 1 month (Supplementary Table 1). Except
several isolates, subcultures of these isolates grew well in MB
or on MB agar plates, and 1,036 high-quality 16S rRNA gene
sequences were obtained with sequence length ranging from
1,271 to 1,433 bp.

A total of 390 genotypes were observed by clustering the 1,036
isolates based on 16S rRNA gene sequence similarity of 99%.
The genotype rank abundance plot showed a steep curve, which
demonstrated that a few abundant genotypes were present in
the culture collection, and a large number of genotypes were
represented by single isolate (Supplementary Figure 2).

Based on the identification of 16S rRNA gene sequences and
phylogenetic placement, the genotypes were divided into seven
classes (Figure 1). Alphaproteobacteria was the most cultivated
group obtained using four culture media, and representatives
were present in all sediment samples of the three habitats,
accounting for 52.51% of all isolates. Gammaproteobacteria
and Actinobacteria accounted for 23.26 and 13.32% of the
isolates using the four culture media, respectively. Firmicutes
(Bacilli) and Bacteroidetes (classes Flavobacteriia, Cytophagia,
and Bacteroidia) were minor cultivated groups, present
in most samples.

The first two genotypes in the rank abundance curve
were taxonomically classified into two genera, Defluviimonas
and Ruegeria, with 48 and 46 isolates, respectively (Figure 2
and Supplementary Figure 2). Both are affiliated to the
family “Rhodobacteraceae” of the order Rhodobacterales of
the class Alphaproteobacteria. The third cultivated genotype
(representative isolate no. DT2-36B) was affiliated to the family
Sphingomonadaceae, order Sphingomonadales, based on LCA
analysis, but showed close relationship with Erythrobacter
members based on sequence similarity comparison against
SILVA SSU 132 Database, RDP Database, and EzBioCloud
Database. The three predominant genotypes affiliated to
the Gammaproteobacteria were all taxonomically classified
into the genus Microbulbifer, with 19, 15, and 14 isolates,
respectively (Figure 2). In the Actinobacteria group, the
cultivars affiliated to two genera, namely, Isoptericola
(family Promicromonosporaceae, order Cellulomonadales)
and Microbacterium (family Microbacteriaceae, order
Microbacteriales), were found as most isolated groups, which
were slightly more abundant compared to Micromonospora
within the family Micromonosporaceae of the order
Micromonosporales (Figure 2). The most cultivated isolates
within the Bacilli group were taxonomically classified into the
genus Fictibacillus (Figure 2).

Cultivated Members Compared Among
Four Culture Media
A total of 299 cultivars were isolated from three habitat sediment
samples using MB medium (Supplementary Tables 1, 2). They
were grouped into 153 genotypes defined at 99% sequence
similarity, which showed a similar trend by using SCA medium,
with a total of 301 isolates grouping into 150 genotypes
(Supplementary Table 2). A total of 274 cultivars were obtained
using WEM medium, grouping into 128 genotypes, whereas
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FIGURE 1 | Taxonomic diversity of cultivated bacteria obtained from the coastal sediments of three habitats using four culture media. The taxonomy of isolates was
assigned based on the SILVA database. MB, marine broth 2216 (299 isolates); WEM, water extracted matter medium (274 isolates); MEM, methanol extracted
matter (162 isolates); SCA, starch casein agar medium (301 isolates).

the smallest number of genotypes were observed using MEM
medium, grouping into 69 genotypes. The number of genotypes
identified from MB, WEM, and SCA was two times more than
the MEM group (Supplementary Table 1), indicating that three
culture media had advantages in the recovery of diverse cultivated
bacteria. The Shannon diversity index was higher for the MB,
WEM, and SCA groups than for MEM medium, which also
supported the result (Supplementary Table 1).

Alphaproteobacteria and Gammaproteobacteria were the
dominant cultivars isolated using MB medium, accounting for
57.19 and 23.08%, respectively. The two groups were also the
dominant groups using MEM medium, accounting for 52.47
and 34.57%, respectively, and using SCA medium, accounting
for 65.12 and 12.96%, respectively (Figure 1). Interestingly,
the taxonomic affiliations of cultivars obtained using WEM
showed a distinct composition compared to three culture media,
which comprised of Alphaproteobacteria, Actinobacteria, and
Gammaproteobacteria, accounting for 33.58, 29.20, and 28.10%,
respectively (Figure 1). Obviously, more Actinobacteria were
recovered using WEM medium compared to the three media,
namely, MB, SCA, and MEM.

Phylogenetic Diversity of Actinobacteria
Recovered From Three Habitats
To further interrogate the phylogenetic diversity of
actinobacterial groups recovered from coastal sediments of
the three habitats using four culture media, a maximum-
likelihood phylogenetic tree was constructed with the reference
taxa retrieved from the SILVA SSU Database (Figure 3).

A total of 138 isolates were found to belong to Actinobacteria,
grouped into 63 genotypes at the threshold of 99% sequence
similarity. These cultivars could be phylogenetically and
taxonomically classified into 24 genera, 15 families within

6 orders, and the majority belonged to the Micrococcales,
Micromonosporales, Streptomycetales, and Mycobacteriales
(Figure 3 and Supplementary Table 3). The most diverse
cultivars were affiliated to the genera Micromonospora
(family Micromonosporaceae) and Streptomyces (family
Streptomycetaceae), with 13 and 11 genotypes, respectively
(Figure 3 and Supplementary Table 2).

Forty-two of the actinobacterial genotypes were obtained
by using WEM medium, showing that WEM medium enables
isolation of more actinobacterial groups from marine sediment
than the other media used (Figure 3 and Supplementary
Table 2). They were classified into 14 genera with high diversity of
Micromonospora (12 genotypes) and Streptomyces (9 genotypes).
SCA media also recovered 21 genotypes of actinobacteria,
accounting for 14.0% of all genotypes. They were grouped into
13 genera with an average of 1.6 genotypes.

There were five genera of actinobacteria shared by WEM
and SCA, Rhodococcus, Micromonospora, Mycobacterium,
Isoptericola, and Knoellia. Cellulosimicrobium, Corynebacterium,
Dietzia, and Gordonia were only recovered in the WEM
group. Agromyces, Citricoccus, Kocuria, Microbacterium, and
Micrococcus were only recovered in the SCA group (Figure 3
and Supplementary Figure 3). Micromonospora were mostly
isolated from oyster farming sediments using WEM, and they
were less recovered in S. alterniflora and mangrove sediments.
Only two genotypes were observed in the MEM group. This
result supported that WEM could enhance the recovery of more
diverse actinobacteria compared to the other culture media.

Bacterial Community Recovered Using
16S rRNA Gene Amplicon Sequencing
Amplicon sequencing of the bacterial 16S rRNA gene V3–V4
fragment revealed that 1,083–1,512 ASVs were identified from
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FIGURE 2 | Taxonomic diversity of predominant genotypes at genus level. Different color represents the classification of the representative genotype at class ranks:
blue, orange, gray, and dark blue for Alphaprotebacteria, Gammaproteobacteria, Actinobacteria, and Bacilli, respectively. The genotypes were classified using SILVA
database. The representative isolate was shown. The numbers in the parentheses showed the number of genotypes.

Frontiers in Microbiology | www.frontiersin.org 6 June 2021 | Volume 12 | Article 675048

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-675048 June 7, 2021 Time: 17:46 # 7

Huang et al. Recovery of Culturable Actinobacteria

FIGURE 3 | Maximum-likelihood phylogenetic tree based on the 16S rRNA gene sequences of actinobacterial isolates obtained from the three habitats using four
culture media. Bootstrap values (>70) after 100 resampling are shown above the tree branches. Bar, 0.1, estimated nucleotide substitution. Numbers in the circle at
the node of each clade represented the genus name: 1, Brevibacterium; 2, Kocuria; 3, Citrococcus; 4, Micrococcus; 5, Cellulosimicrobium; 6, Isoptericola; 7,
Lysinimicrobium; 8, Phycicoccus; 9, Knoellia; 10, Janibacter; 11, Agromyces; 12, Agrococcus; 13, Microbacterium; 14, Streptomyces; 15, Nocardiopsis; 16,
Non-omuraea; 17, Dietzia; 18, Corynebacterium; 19, Rhodococcus; 20, Gordonia; 21, Mycobacterium; 22, Nocardioides; 23, Jishengella; 24, Micromonospora.

the nine S. alterniflora sediment samples, with the largest
tag number (28,169 tags) of sample 19S2.2 and the smallest
tag number (9,203 tags) of sample 20S3.2 (Supplementary
Table 4). They were taxonomically classified into seven
dominant bacterial groups at the phylum or class level:
Chloroflexi (16.0 ± 6.0%), Alphaproteobacteria (14.7 ± 6.2%),
Gammaproteobacteria (13.2 ± 6.8%), Actinobacteria
(11.3 ± 6.1%), Acidobacteria (10.0 ± 7.9%), Deltaproteobacteria
(8.6 ± 7.9%), and Bacteroidetes (8.4 ± 3.8%) (Figure 4 and
Supplementary Figure 4).

A total of 511 ASVs affiliated to the Actinobacteria were
identified in S. alterniflora sediments, and they could be
classified into nine dominant orders (>1%), consisting of
Propionibacteriales (accounting for 26.53%), Nitriliruptorales

(10.78%), “Candidatus Actinomarinales” (10.03%), “Candidatus
Microtrichales” (8.70%), Frankiales (4.50%), Actinomycetales
(2.17%), Solirubrobacterales (1.93%), Mycobacteriales (1.32%),
and Kineosporiales (1.19%) (Figure 5). By mapping the
actinobacterial ASVs to the nearly full-length 16S rRNA
gene sequences of the isolates of Actinobacteria using
blast+ program, only 2.94% of actinobacterial ASVs
had 99.0–100% sequence similarity with the isolates. The
mapped Actinobacteria isolates belonged to the four orders:
Micrococcales (two genotypes), Streptomycetales (one genotype),
Mycobacteriales (two genotypes), and Micromonosporales
(one genotype).

Amplicon sequencing of the 16S rRNA gene V3–V4 fragment
revealed 1,059–1,887 ASVs (1,504 ASVs in average) from the
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FIGURE 4 | Bacterial groups for the coastal sediments of the three habitats determined by using 16S rRNA gene amplicon sequencing (left three columns) and by
cultivation (right three columns). The phylum Proteobacteria is shown at the class level, that is Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, and
Epsilonproteobacteria. The taxonomy of ASVs from each sample was assigned based on the lowest common ancestor (LCA) method.

18 oyster farming sediment samples with the largest number
(24,293 tags) of sample 19MT1.1 and the smallest number (9,059
tags) of sample 20MT3.3 (Supplementary Table 4). There were
seven dominant bacterial groups classified at the phylum or class
level: Gammaproteobacteria (24.3 ± 3.7%), Deltaproteobacteria
(15.7 ± 2.6%), Alphaproteobacteria (12.67 ± 4.7%), Chloroflexi
(9.7 ± 4.5%), Bacteroidetes (8.6 ± 4.2%), Cyanobacteria
(8.5 ± 4.6%), and Actinobacteria (5.8 ± 1.7%) (Figure 4
and Supplementary Figure 4). In Gammaproteobacteria,
Woeseiaceae was found as a dominant and constant group
in the sediment of oyster farming habitat, accounting
for 8.65% (±1.08%) of the total bacteria (Supplementary
Figure 5). The other dominant groups classified at the family
level belonged to Kiloniellaceae and Rhodobacteraceae in
Alphaproteobacteria, Desulfobacteraceae and Desulfobulbaceae

in Deltaproteobacteria, and Anaerolineaceae in the phylum
Chloroflexi (Supplementary Figure 5).

A total of 329 ASVs belonging to the phylum Actinobacteria
were identified, and they could be classified into 2 dominant
orders, namely, “Candidatus Actinomarinales” and “Candidatus
Microtrichales,” accounting for 54.19 and 12.51% of the total
actinobacteria, respectively. Nitriliruptorales, Gaiellales, and
Solirubrobacterales accounted for 2.23, 1.93, and 1.11% of total
actinobacteria, respectively. Actinomycetales, Bifidobacteriales,
Mycobacteriales, Frankiales, and Micrococcales were found as
minor groups, accounting for <1% (Figure 5). By mapping the
ASVs to the nearly full-length 16S rRNA gene of the isolates,
none of the actinobacterial ASVs had 99.0%–100% sequence
similarity with the cultivated isolates, indicating that the majority
of actinobacteria remains uncultivated.
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FIGURE 5 | Taxonomic classification and relative abundance of Actinobacteria at the order level identified from the three habitats. The numbers of ASVs belonging to
Actinobacteria found in S. alterniflora sediment, oyster farming sediment, and mangrove sediment are 511, 329, and 195, respectively. The taxonomy was assigned
based on the SILVA database. The four orders detected by cultivations are marked bold.

Amplicon sequencing of the 16S rRNA gene V3–V4 fragment
revealed 992–1,433 ASVs (1,166 ASVs in average) were classified
from the five mangrove sediments with the largest number
(15,058 tags) of sample 20GM.C1 and the smallest number
(10,169 tags) of sample 20GM.F2 (Supplementary Table 4).
There were seven dominant bacterial groups at the phylum or
class level: Chloroflexi (20.0 ± 8.2%), Gammaproteobacteria
(17.2 ± 3.9%), Epsilonproteobacteria (13.0 ± 8.7%),
Deltaproteobacteria (11.0 ± 1.8%), Alphaproteobacteria
(10.2 ± 2.3%), Bacteroidetes (6.9 ± 2.2%), and Actinobacteria
(5.7± 3.0%) (Figure 4).

A total of 195 actinobacterial ASVs were identified in
mangrove sediments, and they were taxonomically classified into
six dominant orders, including “Candidatus Actinomarinales” as
major component (accounting for 33.02%) and Micrococcales
(12.18%), Mycobacteriales (8.51%), “Candidatus Microtrichales”
(5.27%), Solirubrobacterales (4.93%), and Propionibacteriales
(4.84%). Nitriliruptorales, Gaiellales, and IMCC26256 accounted
for 1.36, 1.23, and 1.11% of the total actinobacteria. The cultivated
members affiliated to Actinomycetales and Micromonosporales
were also found as minor groups (Figure 5). By mapping the
ASVs to the 16S rRNA gene sequences of the isolates, 4.62% of
the actinobacterial ASVs had 99.0–100% sequence similarity with
the cultivated isolates, which also proved that the majority of
actinobacteria remains uncultivated. The mapped Actinobacteria
isolates belonged to the two orders, namely Micrococcales (seven
genotypes) and Mycobacteriales (one genotypes).

Phylogenetic Novelty of the Isolates
The nearly full length of 16S rRNA genes of the representative
isolates was subjected to sequence similarity comparison to the

SILVA SSU Database, EzBioCloud Database, and RDP Database,
which include sequences of both cultured and uncultivated
ones with full length and high quality. The majority of the
representative isolates (more than 95% isolates) was found to
have >97.0% sequence similarities with previously deposited
sequences in these databases (Supplementary Tables 2, 5).
However, 4.05% of the representative isolates could be considered
to represent a new species, based on the recommended threshold
of 97.0% sequence similarity with type strains (Supplementary
Table 5).

Among the isolates with low sequence similarity, four
representative isolates, named SM2-F, GM2-3-6-6, SM2-16,
and S-DT1-15, were found to have 16S rRNA gene sequence
similarity of <94.5% with type strains, which is below the
recommended genus threshold (Yarza et al., 2014). Three isolates
were taxonomically classified into the Flavobacteriaceae within
the class Flavobacteria and another isolate was classified into the
Alphaproteobacteria (Supplementary Tables 2, 5).

DISCUSSION

This still ongoing study aimed to collect cultivated bacteria from
coastal sediments and confirmed their taxonomic classification
and also tried to isolate novel bacterial species. In addition to
the MB and SCA media that are frequently used in bacterial
isolation from marine environments, we used two rarely used
culture media, WEM and MEM, in an attempt to expand the
diversity of cultivated bacteria from coastal sediments. Because
of the convenience of growth and storage of subcultures,
traditional MB was used for further streaking to pure culture
and preservation.
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A large collection of cultures was obtained from
coastal sediments of three distinct habitats in this study
(Supplementary Table 1). The isolates were taxonomically
classified into three major groups, namely, Alphaproteobacteria,
Gammaproteobacteria, and Actinobacteria (Figure 1), which
represented a bacterial composition similar to that isolated
globally from offshore seawater (Joint et al., 2010) and open
ocean seawater (Sanz-Sáez et al., 2020). Three strains isolated
from oyster farming sediments were classified into the genera
Thauera and Hydrogenophaga of Betaproteobacteriales, which
are placed into an order within the class Gammaproteobacteria
in SILVA SSU release 132 (Quast et al., 2013). We did not
recover any isolates affiliated to the Deltaproteobacteria,
Epsilonproteobacteria, and Woeseiaceae members of
Gammaproteobacteria, Chloroflexi, Gemmatimonadetes,
and Acidobacteria, as revealed by amplicon sequencing from
these coastal sediments (Figure 4 and Supplementary Figure 5),
which are widely distributed bacterial groups in coastal sediments
(Mussmann et al., 2017; Hoffmann et al., 2020). Compared to
community composition, the most isolated cultivars, such as
Defluviimonas, Loktanella, and Ruegeria (Alphaproteobacteria)
or Microbulbifer and Marinobacterium (Gammproteobacteria),
accounted for a minor percentage (Figure 2 and Supplementary
Figure 2), indicating that the majority of bacteria in coastal
sediments remains uncultivated.

Except the sample of oyster farming sediment using WEM,
Alphaproteobacteria and Gammaproteobacteria are the most
cultivated groups in S. alterniflora sediment and oyster farming
sediment that developed on each of the media used (Figure 1).
Defluviimonas (Alphaproteobacteria), with representative isolate
DT1-15A (48 isolates), shared maximum sequence similarity
of 99.18% with Defluviimonas aestuarii BS14T, isolated from
a tidal flat (Math et al., 2013). Members of Defluviimonas are
found in coastal sediments, with type species isolated from
sewage, where they possibly play important roles in nitrogen
cycling (Foesel et al., 2011). The Defluviimonas recovered from
S. alterniflora sediment possibly has been enriched due to the
sewage effluent into this S. alterniflora sediment (Supplementary
Figure 1). Another group of Alphaprotebacteria is Erythrobacter
(Figure 2), which is also found as a most cultivated group in open
ocean water (Sanz-Sáez et al., 2020). Our data supported that
Erythrobacter are generalists in the marine environment from
coastal sediment to the open ocean.

Alteromonas (Gammproteobacteria) accounted for a small
proportion of the isolates recovered from three habitats
(Figure 2). However, a recent study found that Alteromonas
was the most isolated member using traditional MB medium
in open ocean water (Sanz-Sáez et al., 2020). By contrast,
Microbulbifer species are found as most cultivated members
recovered from coastal sediments (Figure 2 and Supplementary
Table 2). The representative species (isolate DT1-17) has
sequence similarity of 99.86% with Microbulbifer mangrovi
DD-13T, which also has the ability of degrading more than
10 polysaccharides, including agar, alginate, chitin, cellulose,
starch, and carrageenan (Vashist et al., 2013). An agar-eating
isolate IS2-3-1-2 is close to Microbulbifer hydrolyticus IRE-31T,
which was found to produce various hydrolytic enzymes for

degradation of cellulose, xylan, chitin, and gelatin (Gonzalez
et al., 1997). Thus, we speculate that Microbulbifer could be
important organic matter degraders in coastal sediments. In view
of marine enzyme resource development, these Microbulbifer
species with a complement of enzymes could be considered
as important bacteria for the utilization of enzymes in
future applications.

Using media with soil extract by 80% methanol as sole
carbon source was reported as an effective method to isolate
novel uncultured bacteria from soil (Nguyen et al., 2018).
However, the MEM method did not demonstrate its potential
in recovery novel bacterial taxa and improvement of the
species diversity from marine sediment. Additionally, only
two cultivars, namely, MT3.3-3A and MT2.3-13A, were
found to represent novel species, which had the maximum
16S rRNA gene sequence similarity of 96.8% with Reinekea
marinisedimentorum DSM 15388T and Actibacterium
ureilyticum LS-811T (Supplementary Table 5).

Marine actinobacteria are gaining more and more attention
(Bull et al., 2005; Bull and Stach, 2007) due to their
capacity of producing various natural products, such as
antibiotics (Manivasagan et al., 2013; Manivasagan et al., 2014).
Amplicon sequencing revealed a high relative abundance of
uncultivated actinobacterial orders (Figure 5). “Candidatus
Actinomarinales,” reported exclusively in surface seawater
(Lopez-Perez et al., 2020), was found to be a dominant
actinobacterial member in coastal sediments (Figure 5), which
made us question their geographical distribution. Sequence
comparison of 16S rRNA gene found that the ASVs affiliated
to “Candidatus Actinomarinales” had <86.9% similarity with
the representative species “Candidatus Actinomarina minuta”
(accession number KC811136), a marine actinobacteria with
low G + C content and ultrasmall genome (Ghai et al., 2013).
Another dominant actinobacteria in the three habitats was
“Candidatus Microtrichales,” which remain uncultivated thus far,
hindering our understanding of its metabolic and ecological
function. Nitriliruptorales were found as more dominant in
S. alterniflora sediment than in oyster farming sediment and
mangrove sediment. Until now, there was only one species,
Nitriliruptor alkaliphilus (Sorokin et al., 2009), described in this
order that was isolated from soda lake sediment and grown on
the nitrile compounds as sole carbon source.

Although the cultivated actinobacterial isolates accounted
only for a minor group (<5%), we still obtain a large number
of isolates of actinobacteria, which were grouped into 6
orders spanning 24 genera and 15 families especially from
oyster farming sediment and mangrove sediment (Figure 3).
We found that WEM enhances the recovery of diverse
actinobacterial species from coastal sediments compared
to SCA, which was frequently used for isolation of marine
actinomycetes species1 (Bukhari et al., 2013; Mohseni et al.,
2013). Diverse Micromonospora (11 representative genotypes)
were recovered from oyster farming sediment. Considering the
diverse secondary metabolites produced by Micromonospora
(Subramani and Aalbersberg, 2013; Qi et al., 2020), this culture

1https://microbiologyinfo.com/
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method could be an effective and simple method for
the recovery of this genus. WEM also recovered the
majority of isolates belonging to Streptomyces (Figure 3).
Streptomyces spp. are also promising producers of antibiotics
(Subramani and Aalbersberg, 2013).

Culture media usually employed for bacterial growth in
laboratory are nutritionally rich, containing peptone and yeast
extract, etc., while it is reported that much-low-nutrient medium
could yield diverse bacteria (Connon and Giovannoni, 2002).
Thus, one hypothesis regarding the enhancement of cultivability
of actinobacteria was that WEM medium is possibly a
nutritionally poor medium that included low nutrients extracted
from sediment, which are more appropriate for the growth of
culturable actinobacteria. Another hypothesis was that more low-
molecular-weight organic substances may be included in the
WEM medium, such as acetoacetic acid and oxaloacetic acid,
which are reported on soil extract (Nguyen et al., 2018). The low-
molecular-weight organic substances may selectively support the
growth of culturable actinobacteria. In sum, our study supports
the idea that coastal sediments are a natural microbial reservoir
for actinobacteria congruent with previous studies (Jose and Jha,
2017). Pretreatment of sediment samples used for the preparation
of the WEM medium by heating or drying could be tested in
the future in an attempt to further improve the recovery of
more diverse actinobacteria (Subramani and Aalbersberg, 2013;
Terahara et al., 2013).

Four culture media could recover a certain number of
novel bacteria (∼4.0%) from the coastal sediments, reflecting
the fact that marine coastal sediments are rich reservoirs of
novel bacterial resources. Although only a small proportion of
the isolates belonged to the Bacteroidetes (Figure 1), several
potentially novel species were identified from this group. The 16S
rRNA gene sequences of the novel isolates were affiliated to the
family of Flavobacteraceae but had low similarities with species
with validly published names (Supplementary Table 5).

CONCLUSION

Getting bacteria from natural environments into cultures in
laboratory is still a compelling need for microbial studies,
together with the characterization of the majority of uncultivated
bacteria revealed by molecular methods. As culture media are
always biased toward the recovery of certain types of culturable
bacteria only, we recommend that different culture media be
combined to investigate the cultivated bacteria in a given habitat.
Aqueous extraction of sediments as sole nutrient source may
enhance recovery of bacteria from coastal sediments, especially
for the recovery of rare actinobacteria. In addition, our study has
yielded a large culture collection for further genomic analysis and
elucidation of the physiological and ecological function of the
marine bacteria.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories

and accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

ZH conceived the design of the project and wrote the manuscript.
All authors conducted the experiment.

FUNDING

This work was supported by the Resource Collection Program
(2019KJ25) as part of fund of National Microbial Resource Center
(No. NMRC-2020-9) and Natural Science Foundation of Fujian
Province (No. 2020J01789).

ACKNOWLEDGMENTS

We thank Aharon Oren (Department of Plant and
Environmental Sciences, The Hebrew University of Jerusalem)
for his comments and edits on our manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.
675048/full#supplementary-material

Supplementary Figure 1 | Maps showing the samples collected in this study.

Supplementary Figure 2 | Rank abundance curve showing relationship of
representative genotypes (99% clustering) with the number of isolates.

Supplementary Figure 3 | Venn diagram showing overlapped actinobacterial
genera obtained by using three culture media. MB, marine broth 2216; WEM,
water extracted matter medium; SCA, starch casein agar medium.

Supplementary Figure 4 | Bacterial community composition of the coastal
sediments from the three habitats. The phylum Proteobacteria is shown at the
class level, that is Alphaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria and Epsilonproteobacteria. The taxonomy of ASVs from each
sample was assigned based on the lowest common ancestor (LCA) method. The
green, blue and red boxes represented the three coastal habitats, S. alterniflora
sediment (9 samples), oyster farming sediment (18 samples) and mangrove
sediment (5 samples), respectively.

Supplementary Figure 5 | Bacterial community composition of the coastal
sediment samples classified at the family level.

Supplementary Table 1 | Sampling information and data statistics for
culturable bacteria.

Supplementary Table 2 | Classification of the isolates obtained using four culture
media. The isolates represented novel species or novel genera (having < 97% 16S
rRNA gene sequence similarities with validly published species) are marked red.

Supplementary Table 3 | Classification of representative genotypes in
Actinobacteria.

Supplementary Table 4 | Sample description and statistics of 16S rRNA gene
V3-V4 amplicon sequencing.

Supplementary Table 5 | Taxonomy and sequence similarity of the isolates
representing novel species.

Frontiers in Microbiology | www.frontiersin.org 11 June 2021 | Volume 12 | Article 675048

https://www.frontiersin.org/articles/10.3389/fmicb.2021.675048/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.675048/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-675048 June 7, 2021 Time: 17:46 # 12

Huang et al. Recovery of Culturable Actinobacteria

REFERENCES
Anantharaman, K., Brown, C. T., Hug, L. A., Sharon, I., Castelle, C. J., Probst, A. J.,

et al. (2016). Thousands of microbial genomes shed light on interconnected
biogeochemical processes in an aquifer system. Nat. Commun. 7:13219. doi:
10.1038/ncomms13219

Bertics, V. J., and Ziebis, W. (2009). Biodiversity of benthic microbial communities
in bioturbated coastal sediments is controlled by geochemical microniches.
ISME J. 3, 1269–1285. doi: 10.1038/ismej.2009.62

Bukhari, M. A. A., Thomas, A. N., and Wong, N. K. (2013). “Culture conditions
for optimal growth of Actinomycetes from marine sponges,” in Developments
in Sustainable Chemical and Bioprocess Technology, eds R. Pogaku, A. Bono,
and C. Chu (Boston, MA: Springer), 203–210.

Bull, A. T., and Stach, J. E. (2007). Marine actinobacteria: new opportunities for
natural product search and discovery. Trends Microbiol. 15, 491–499. doi: 10.
1016/j.tim.2007.10.004

Bull, A. T., Stach, J. E., Ward, A. C., and Goodfellow, M. (2005). Marine
actinobacteria: perspectives, challenges, future directions. Antonie Van
Leeuwenhoek 87, 65–79. doi: 10.1007/s10482-004-6562-8

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.
(2009). BLAST+: architecture and applications. BMC Bioinformatics 10:421.
doi: 10.1186/1471-2105-10-421

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A.,
Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a depth
of millions of sequences per sample. Proc. Natl. Acad. Sci. U.S.A. 108(Suppl. 1),
4516–4522.

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/
bty560

Connon, S. A., and Giovannoni, S. J. (2002). High-throughput methods for
culturing microorganisms in very-low-nutrient media yield diverse new marine
isolates. Appl. Environ. Microbiol. 68, 3878–3885. doi: 10.1128/aem.68.8.3878-
3885.2002

Cui, W., Qi, S., Shang, J., and Jin-keng, W. (2011). Evaluation of pollution source
of the bays in fujian province. Procedia Environ. Sci. 10, 685–690.

DeLong, E. F. (1992). Archaea in coastal marine environments. Proc. Natl. Acad.
Sci. U.S.A. 89, 5685–5689. doi: 10.1073/pnas.89.12.5685

Du, Z. J., Wang, Z. J., Zhao, J. X., and Chen, G. J. (2016). Woeseia oceani gen.
nov., sp. nov., a chemoheterotrophic member of the order Chromatiales, and
proposal of Woeseiaceae fam. nov. Int. J. Syst. Evol. Microbiol. 66, 107–112.
doi: 10.1099/ijsem.0.000683

Dyksma, S., Bischof, K., Fuchs, B. M., Hoffmann, K., Meier, D., Meyerdierks, A.,
et al. (2016). Ubiquitous Gammaproteobacteria dominate dark carbon fixation
in coastal sediments. ISME J. 10, 1939–1953. doi: 10.1038/ismej.2015.257

Foesel, B. U., Drake, H. L., and Schramm, A. (2011). Defluviimonas denitrificans
gen. nov., sp. nov., and Pararhodobacter aggregans gen. nov., sp. nov.,
non-phototrophic Rhodobacteraceae from the biofilter of a marine
aquaculture. Syst. Appl. Microbiol. 34, 498–502. doi: 10.1016/j.syapm.2011.
08.006

Ghai, R., Mizuno, C. M., Picazo, A., Camacho, A., and Rodriguez-Valera, F.
(2013). Metagenomics uncovers a new group of low GC and ultra-small marine
Actinobacteria. Sci. Rep. 3:2471. doi: 10.1038/srep02471

Gonzalez, J. M., Mayer, F., Moran, M. A., Hodson, R. E., and Whitman, W. B.
(1997). Microbulbifer hydrolyticus gen. nov., sp. nov., and Marinobacterium
georgiense gen. nov., sp. nov., two marine bacteria from a lignin-rich pulp mill
waste enrichment community. Int. J. Syst. Bacteriol. 47, 369–376. doi: 10.1099/
00207713-47-2-369

Gram, L., Melchiorsen, J., and Bruhn, J. B. (2010). Antibacterial activity of marine
culturable bacteria collected from a global sampling of ocean surface waters
and surface swabs of marine organisms. Mar. Biotechnol. 12, 439–451. doi:
10.1007/s10126-009-9233-y

Hamaki, T., Suzuki, M., Fudou, R., Jojima, Y., Kajiura, T., Tabuchi, A., et al. (2005).
Isolation of novel bacteria and actinomycetes using soil-extract agar medium.
J. Biosci. Bioeng. 99, 485–492. doi: 10.1263/jbb.99.485

Hatzenpichler, R., Connon, S. A., Goudeau, D., Malmstrom, R. R., Woyke, T., and
Orphan, V. J. (2016). Visualizing in situ translational activity for identifying and
sorting slow-growing archaeal-bacterial consortia. Proc. Natl. Acad. Sci. U.S.A.
113, E4069–E4078. doi: 10.1073/pnas.1603757113

Hoffmann, K., Bienhold, C., Buttigieg, P. L., Knittel, K., Laso-Perez, R., Rapp, J. Z.,
et al. (2020). Diversity and metabolism of Woeseiales bacteria, global members
of marine sediment communities. ISME J. 14, 1042–1056. doi: 10.1038/s41396-
020-0588-4

Hu, Y., Guo, Y., Lai, Q., Dong, L., and Huang, Z. (2020). Draconibacterium
mangrovi sp. nov., isolated from mangrove sediment. Int. J. Syst. Evol.
Microbiol. 70, 4816–4821. doi: 10.1099/ijsem.0.004354

Huang, Z., Hu, Y., Lai, Q., and Guo, Y. (2020). Description of Maribellus
sediminis sp. nov., a marine nitrogen-fixing bacterium isolated from sediment
of cordgrass and mangrove. Syst. Appl. Microbiol. 43:126099. doi: 10.1016/j.
syapm.2020.126099

Huson, D. H., Beier, S., Flade, I., Gorska, A., El-Hadidi, M., Mitra, S., et al. (2016).
MEGAN Community Edition -interactive exploration and analysis of large-
scale microbiome sequencing data. PLoS Comput. Biol. 12:e1004957. doi: 10.
1371/journal.pcbi.1004957

Huws, S. A., Edwards, J. E., Kim, E. J., and Scollan, N. D. (2007). Specificity and
sensitivity of eubacterial primers utilized for molecular profiling of bacteria
within complex microbial ecosystems. J. Microbiol. Methods 70, 565–569. doi:
10.1016/j.mimet.2007.06.013

Joint, I., Muhling, M., and Querellou, J. (2010). Culturing marine bacteria - an
essential prerequisite for biodiscovery. Microb. Biotechnol. 3, 564–575. doi:
10.1111/j.1751-7915.2010.00188.x

Jose, P. A., and Jha, B. (2017). Intertidal marine sediment harbours Actinobacteria
with promising bioactive and biosynthetic potential. Sci. Rep. 7:10041. doi:
10.1038/s41598-017-09672-6

Leadbetter, J. R. (2003). Cultivation of recalcitrant microbes: cells are alive, well and
revealing their secrets in the 21st century laboratory. Curr. Opin. Microbiol. 6,
274–281. doi: 10.1016/s1369-5274(03)00041-9

Letunic, I., and Bork, P. (2007). Interactive Tree Of Life (iTOL): an online tool for
phylogenetic tree display and annotation. Bioinformatics 23, 127–128.

Lewis, W. H., Tahon, G., Geesink, P., Sousa, D. Z., and Ettema, T. J. G. (2021).
Innovations to culturing the uncultured microbial majority. Nat. Rev. Microbiol.
19, 225–240. doi: 10.1038/s41579-020-00458-8

Lin, Y., Li, Y., Zheng, B., Yin, X., Wang, L., He, J., et al. (2019). Evolution of
sedimentary organic matter in a small river estuary after the typhoon process:
a case study of Quanzhou Bay. Sci. Total Environ. 686, 290–300. doi: 10.1016/j.
scitotenv.2019.05.452

Lopez-Perez, M., Haro-Moreno, J. M., Iranzo, J., and Rodriguez-Valera, F. (2020).
Genomes of the “Candidatus Actinomarinales” order: highly streamlined
marine epipelagic actinobacteria. mSystems 5, e01041–20. doi: 10.1128/
mSystems.01041-20

Manivasagan, P., Kang, K. H., Sivakumar, K., Li-Chan, E. C., Oh, H. M., and Kim,
S. K. (2014). Marine actinobacteria: an important source of bioactive natural
products. Environ. Toxicol. Pharmacol. 38, 172–188. doi: 10.1016/j.etap.2014.
05.014

Manivasagan, P., Venkatesan, J., and Kim, S.-K. (2013). “Introduction to
marine actinobacteria,” in Marine Microbiology: Bioactive Compounds and
Biotechnological Applications, ed. S.-K. Kim (Weinheim: Wiley-VCH Verlag
GmbH & Co.), 1–19.

Math, R. K., Jin, H. M., Jeong, S. H., and Jeon, C. O. (2013). Defluviimonas aestuarii
sp. nov., a marine bacterium isolated from a tidal flat, and emended description
of the genus Defluviimonas Foesel et al., 2011. Int. J. Syst. Evol. Microbiol. 63(Pt.
8), 2895–2900. doi: 10.1099/ijs.0.048389-0

Mohseni, M., Norouzi, H., Hamedi, J., and Roohi, A. (2013). Screening of
antibacterial producing actinomycetes from sediments of the caspian sea. Int.
J. Mol. Cell Med. 2, 64–71.

Mussmann, M., Pjevac, P., Kruger, K., and Dyksma, S. (2017). Genomic repertoire
of the Woeseiaceae/JTB255, cosmopolitan and abundant core members of
microbial communities in marine sediments. ISME J. 11, 1276–1281. doi: 10.
1038/ismej.2016.185

Neufeld, J. D., Wagner, M., and Murrell, J. C. (2007). Who eats what, where and
when? Isotope-labelling experiments are coming of age. ISME J. 1, 103–110.
doi: 10.1038/ismej.2007.30

Nguyen, T. M., Seo, C., Ji, M., Paik, M. J., Myung, S. W., and Kim, J. (2018). Effective
soil extraction method for cultivating previously uncultured soil bacteria. Appl.
Environ. Microbiol. 84:e01145–18. doi: 10.1128/AEM.01145-18

Parks, D. H., Chuvochina, M., Waite, D. W., Rinke, C., Skarshewski, A., Chaumeil,
P. A., et al. (2018). A standardized bacterial taxonomy based on genome

Frontiers in Microbiology | www.frontiersin.org 12 June 2021 | Volume 12 | Article 675048

https://doi.org/10.1038/ncomms13219
https://doi.org/10.1038/ncomms13219
https://doi.org/10.1038/ismej.2009.62
https://doi.org/10.1016/j.tim.2007.10.004
https://doi.org/10.1016/j.tim.2007.10.004
https://doi.org/10.1007/s10482-004-6562-8
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1128/aem.68.8.3878-3885.2002
https://doi.org/10.1128/aem.68.8.3878-3885.2002
https://doi.org/10.1073/pnas.89.12.5685
https://doi.org/10.1099/ijsem.0.000683
https://doi.org/10.1038/ismej.2015.257
https://doi.org/10.1016/j.syapm.2011.08.006
https://doi.org/10.1016/j.syapm.2011.08.006
https://doi.org/10.1038/srep02471
https://doi.org/10.1099/00207713-47-2-369
https://doi.org/10.1099/00207713-47-2-369
https://doi.org/10.1007/s10126-009-9233-y
https://doi.org/10.1007/s10126-009-9233-y
https://doi.org/10.1263/jbb.99.485
https://doi.org/10.1073/pnas.1603757113
https://doi.org/10.1038/s41396-020-0588-4
https://doi.org/10.1038/s41396-020-0588-4
https://doi.org/10.1099/ijsem.0.004354
https://doi.org/10.1016/j.syapm.2020.126099
https://doi.org/10.1016/j.syapm.2020.126099
https://doi.org/10.1371/journal.pcbi.1004957
https://doi.org/10.1371/journal.pcbi.1004957
https://doi.org/10.1016/j.mimet.2007.06.013
https://doi.org/10.1016/j.mimet.2007.06.013
https://doi.org/10.1111/j.1751-7915.2010.00188.x
https://doi.org/10.1111/j.1751-7915.2010.00188.x
https://doi.org/10.1038/s41598-017-09672-6
https://doi.org/10.1038/s41598-017-09672-6
https://doi.org/10.1016/s1369-5274(03)00041-9
https://doi.org/10.1038/s41579-020-00458-8
https://doi.org/10.1016/j.scitotenv.2019.05.452
https://doi.org/10.1016/j.scitotenv.2019.05.452
https://doi.org/10.1128/mSystems.01041-20
https://doi.org/10.1128/mSystems.01041-20
https://doi.org/10.1016/j.etap.2014.05.014
https://doi.org/10.1016/j.etap.2014.05.014
https://doi.org/10.1099/ijs.0.048389-0
https://doi.org/10.1038/ismej.2016.185
https://doi.org/10.1038/ismej.2016.185
https://doi.org/10.1038/ismej.2007.30
https://doi.org/10.1128/AEM.01145-18
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-675048 June 7, 2021 Time: 17:46 # 13

Huang et al. Recovery of Culturable Actinobacteria

phylogeny substantially revises the tree of life. Nat. Biotechnol. 36, 996–1004.
doi: 10.1038/nbt.4229

Qi, S., Gui, M., Li, H., Yu, C., Li, H., Zeng, Z., et al. (2020). Secondary metabolites
from marine micromonospora: chemistry and bioactivities. Chem Biodivers
17:e2000024. doi: 10.1002/cbdv.202000024

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahe, F. (2016). VSEARCH: a
versatile open source tool for metagenomics. Peer J. 4:e2584. doi: 10.7717/peerj.
2584

Salim, F. M., Sharmili, S. A., Anbumalarmathi, J., and Umamaheswari, K. (2017).
Isolation, molecular characterization and identification of antibiotic producing
actinomycetes from soil samples. J. Appl. Pharm. Sci. 7, 69–75.

Sanz-Sáez, I., Salazar, G., Sánchez, P., Lara, E., Royo-Llonch, M., Sà, E. L., et al.
(2020). Diversity and distribution of marine heterotrophic bacteria from a large
culture collection. BMC Microbiol. 20:207. doi: 10.1186/s12866-020-01884-7

Shade, A., Hogan, C. S., Klimowicz, A. K., Linske, M., McManus, P. S., and
Handelsman, J. (2012). Culturing captures members of the soil rare biosphere.
Environ. Microbiol. 14, 2247–2252. doi: 10.1111/j.1462-2920.2012.02817.x

Sorokin, D. Y., van Pelt, S., Tourova, T. P., and Evtushenko, L. I. (2009).
Nitriliruptor alkaliphilus gen. nov., sp. nov., a deep-lineage haloalkaliphilic
actinobacterium from soda lakes capable of growth on aliphatic nitriles, and
proposal of Nitriliruptoraceae fam. nov. and Nitriliruptorales ord. nov. Int. J.
Syst. Evol. Microbiol. 59(Pt. 2), 248–253. doi: 10.1099/ijs.0.002204-0

Stamatakis, A. (2015). Using RAxML to infer phylogenies. Curr. Protoc.
Bioinformatics 51, 61411–161414. doi: 10.1002/0471250953.bi0614s51

Subramani, R., and Aalbersberg, W. (2013). Culturable rare Actinomycetes:
diversity, isolation and marine natural product discovery. Appl. Microbiol.
Biotechnol. 97, 9291–9321. doi: 10.1007/s00253-013-5229-7

Taylor, C. B. (1951a). Nature of the factor in soil-extract responsible for bacterial
growth-stimulation. Nature 168, 115–116. doi: 10.1038/168115a0

Taylor, C. B. (1951b). The nutritinal requirements of the predominant bacterial
flora of the soil. Proc. Soc. Appl. Bacteriol. 14, 101–111.

Terahara, T., Kobayashi, T., and Imada, C. (2013). An effective method based
on wet-heat treatment for the selective isolation of Micromonospora from
estuarine sediments. World J. Microbiol. Biotechnol. 29, 1677–1684. doi: 10.
1007/s11274-013-1330-4

Vashist, P., Nogi, Y., Ghadi, S. C., Verma, P., and Shouche, Y. S. (2013).
Microbulbifer mangrovi sp. nov., a polysaccharide-degrading bacterium isolated
from an Indian mangrove. Int. J. Syst. Evol. Microbiol. 63(Pt. 7), 2532–2537.
doi: 10.1099/ijs.0.042978-0

von Hoyningen-Huene, A. J. E., Schneider, D., Fussmann, D., Reimer, A., Arp, G.,
and Daniel, R. (2019). Bacterial succession along a sediment porewater gradient
at Lake Neusiedl in Austria. Sci. Data 6, 163–171. doi: 10.1038/s41597-019-
0172-9

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261–5267.

Wu, X., Spencer, S., Gushgari-Doyle, S., Yee, M. O., Voriskova, J., Li, Y.,
et al. (2020). Culturing of “Unculturable” subsurface microbes: natural
organic carbon source fuels the growth of diverse and distinct bacteria
from groundwater. Front. Microbiol. 11:610001. doi: 10.3389/fmicb.2020.
610001

Yarza, P., Yilmaz, P., Pruesse, E., Glockner, F. O., Ludwig, W., Schleifer, K. H.,
et al. (2014). Uniting the classification of cultured and uncultured bacteria and
archaea using 16S rRNA gene sequences. Nature Rev. Microbiol. 12, 635–645.
doi: 10.1038/nrmicro3330

Zengler, K., Toledo, G., Rappe, M., Elkins, J., Mathur, E. J., Short, J. M., et al. (2002).
Cultivating the uncultured. Proc. Natl. Acad. Sci. U.S.A. 99, 15681–15686. doi:
10.1073/pnas.252630999

Zhang, F., Zhao, M., Braun, D. R., Ericksen, S. S., Piotrowski, J. S., Nelson, J., et al.
(2020). A marine microbiome antifungal targets urgent-threat drug-resistant
fungi. Science 370, 974–978. doi: 10.1126/science.abd6919

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Huang, Mo, Yan, Wei, Huang, Zhang, Zhang, Liu, Xiao, Lin
and Guo. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 13 June 2021 | Volume 12 | Article 675048

https://doi.org/10.1038/nbt.4229
https://doi.org/10.1002/cbdv.202000024
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1186/s12866-020-01884-7
https://doi.org/10.1111/j.1462-2920.2012.02817.x
https://doi.org/10.1099/ijs.0.002204-0
https://doi.org/10.1002/0471250953.bi0614s51
https://doi.org/10.1007/s00253-013-5229-7
https://doi.org/10.1038/168115a0
https://doi.org/10.1007/s11274-013-1330-4
https://doi.org/10.1007/s11274-013-1330-4
https://doi.org/10.1099/ijs.0.042978-0
https://doi.org/10.1038/s41597-019-0172-9
https://doi.org/10.1038/s41597-019-0172-9
https://doi.org/10.3389/fmicb.2020.610001
https://doi.org/10.3389/fmicb.2020.610001
https://doi.org/10.1038/nrmicro3330
https://doi.org/10.1073/pnas.252630999
https://doi.org/10.1073/pnas.252630999
https://doi.org/10.1126/science.abd6919
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	A Simple Culture Method Enhances the Recovery of Culturable Actinobacteria From Coastal Sediments
	Introduction
	Materials and Methods
	Sediment Sampling
	Culture Media
	Culturing and Bacterial Isolation
	DNA Extraction, PCR Amplification, and Sequencing of 16S rRNA Gene
	Amplicon Sequence Variants Analysis and Identification of Cultivated Isolates
	Phylogenetic Analysis of Isolates
	Availability of Nucleotide Sequences

	Results
	Taxonomic Classification of Bacterial Isolates
	Cultivated Members Compared Among Four Culture Media
	Phylogenetic Diversity of Actinobacteria Recovered From Three Habitats
	Bacterial Community Recovered Using 16S rRNA Gene Amplicon Sequencing
	Phylogenetic Novelty of the Isolates

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


