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Abstract
The aim of this study was to survey marine Actinomycetia (former class Actinobacteria) from nearshore sediments in Kaoh-
siung Harbor and deep-sea sediments in the Bashi Channel, and to screen them for their abilities to produce metabolites with 
antimicrobial and cytotoxic activities. A total of 811 actinomycetes were isolated from six marine sediment samples; 70 
isolates (8.63%) showed antimicrobial activity using the agar plug method against at least one of two test strains of Bacillus 
subtilis and Staphylococcus aureus. Twenty-two isolates that displayed high antimicrobial activity were selected for 16S 
rDNA sequencing and seawater requirement assays. Phylogenetic analysis of the sequences indicated that these isolates were 
members of the Streptomycetaceae family (1 isolate) and five actinomycete genera: Streptomyces (15), Actinoalloteichus (2), 
Saccharomonospora (2), Saccharopolyspora (1), and Nocardiopsis (1). Significantly different actinomycete populations were 
found in the nearshore and deep-sea sediments. Fourteen isolates (63.6%) were found to be obligate marine bacteria, and 2 
(9.1%) isolates showed better growth in the presence of seawater. Two isolates, BC01-N-GI05 and BC01-N-MA22, which 
exhibited antimicrobial activity against at least four test microorganisms as well as strong cytotoxicity  (IC50 ≤ 1 μg/mL) 
against at least two cancer cell lines, were deemed good candidates for further natural product isolation and characterization 
of bioactive components. Our results suggest that marine sediments from Kaohsiung Harbor and the Bashi Channel could 
be promising sources of antibiotic-producing Actinomycetia.
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Abbreviations
AIA  Actinomycete isolation agar
BCRC   Bioresource Collection and Research Center
FIRDI  Food Industry Research and Development 

Institute
GI  Gause modified agar Ι

GII  Gause modified agar ΙI
HL-60  Human promyelocytic leukemia
IC50  Half maximal inhibitory concentration
K-562  Human chronic myelogenous leukemia
MA  Marine agar
Molt-4  Human acute lymphoblastic leukemia
RDP  Ribosomal Data Project
SA  Soil agar

Introduction

Marine microorganisms, having been estimated to account 
for more than 70% of the world’s marine biomass, are essen-
tial in ocean nutrient recycling (Bar-On et al. 2018). They 
are also mostly under-explored resources with the poten-
tial to produce bioactive natural products that are absent 
in terrestrial microbes (Priyanka et al. 2019; Sharma et al. 
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2019). The class Actinomycetia (former class Actinobacte-
ria) (Salam et al. 2020) is one of the most prolific supplier of 
bioactive secondary metabolites (Duncan et al. 2014; Gozari 
et al. 2019) and accounts for the production of more than 
70% of all known drugs and 63% of all known bioactive 
prokaryotic metabolites (Bérdy 2012), such as antibacte-
rial, antiviral, anticancer, and immunosuppressive agents 
(Manivasagan et al. 2014; Gao et al. 2021). It is also one of 
the largest classes of bacteria (Bull and Stach 2007), and is 
widely distributed in terrestrial, freshwater, and marine eco-
systems (Kurtbӧke 2017) where it may function as organic 
matter and xenobiotic compound degraders (McCarthy and 
Williams 1992; Solyanikova and Golovleva 2015). Previ-
ous studies have shown that marine actinomycetes are not 
only an active part of marine microbes, but also form sta-
ble and persistent populations in different marine environ-
ments (Jensen et al. 2005; Das et al. 2006; Patin et al. 2017; 
Mahapatra et al. 2020). Though bioactive compounds con-
tinue to be screened from cultured terrestrial actinomycetes, 
it has been reported that the opportunity to find new lead 
compounds from terrestrial actinomycetes has been decreas-
ing over the last three decades (Mincer et al. 2002; Donadio 
et al. 2010; Davies-Bolorunduro et al. 2021). In addition, 
many novel medically important compounds have been iso-
lated from marine actinomycetes, including abyssomycin C, 
a polycyclic antibiotic (Riedlinger et al. 2004), lajollamycin, 
a lactam antibiotic (Manam et al. 2005), and salinospora-
mide A, a proteasome inhibitor (Feling et al. 2003). For 
this reason, cultivation of marine actinomycete taxa for the 
screening of novel bioactive compounds has become a major 
focus in marine drug discovery research.

In the past few years, the misuse and overuse of antibi-
otics in humans and animals has led to the rapid develop-
ment of multidrug-resistant microbial pathogens, resulting 
in problems regarding the treatment of infectious diseases 
(Selvin et al. 2009). Microbial pathogen resistance to anti-
biotics has become a large global health concern of the 
twenty-first century (Riyanti et al. 2020). The current anti-
biotic development pipeline has been found to be insufficient 
to fight the steady increase in antibiotic-resistant pathogens 
(Gozari et al. 2019), and it has been predicted that by 2050, 
drug-resistant pathogens could kill 10 million people per 
year (de Kraker et al. 2016). In this light, new antibiotic 
compounds are urgently needed to meet this challenge.

Marine sediments, which cover nearly two-thirds of the 
Earth’s surface and more than 95% of which are 1000 m 
below sea level, are a wealthy and common source of diverse 
Actinomycetia (Bull and Stach 2007; Kamjam et al. 2017; 
Patin et al. 2017), many of which have been shown to pro-
duce novel bioactive metabolites (Olano et al. 2009; Duncan 
et al. 2014). In addition, diverse new rare (or uncommon) 
species from novel genera or high taxa of Actinomyce-
tia have also been discovered from marine sediments 

(Maldonado et al. 2005; Jung et al. 2007; Subramani and 
Sipkema 2019). These actinomycetes have already adapted 
to their living environments; therefore, the metabolites they 
produce vary by locations (Hoshino et al. 2020; Stincone and 
Brandelli 2020), such as hydrothermal vents (Teske et al. 
2002), heavily-polluted coastlines (Ouchene et al. 2022), 
the deep-sea floor (Jensen et al. 2005; Meena et al. 2019), 
and polar regions (Yuan et al. 2014). Among these marine 
environments, the deep sea is a unique, extreme, and diffi-
cult-to-access environment characterized by a unique high 
pressure, low temperature, and low availability of nutrients. 
The increasing numbers of novel metabolites from actino-
mycetes have rendered the bioprospecting of these microbes 
from deep-sea sediments a topic of great interest (Kamjam 
et al. 2017).

Kaohsiung Harbor, the largest international port and 
industrial city in Taiwan, is situated on the southwest coast 
of Taiwan at the intersection of the Taiwan strait and Bashi 
Channel. It has been suggested that highly-polluted environ-
ments, such as Kaohsiung Harbor, could be an interesting 
source of bioactive actinomycetes (Ouchene et al. 2022). 
Therefore, the objective of this work was to isolate marine 
actinomycetes from Kaohsiung Harbor’s nearshore sedi-
ments and the Bashi Channel’s deep-sea sediments, south-
western Taiwan, using a culture-based method, screen for 
antibiotic-producing potentials of these culturable actino-
mycetes, and finally assay their metabolites for cytotoxic 
activity.

Materials and methods

Marine sediment sample collection

All marine sediment samples were collected from south-
western Taiwan. Nearshore marine sediment samples 
KH01, KH02, and KH03 were collected at a depth of 
about 9-10  m using a sediment sampler grabber in the 
inner Kaohsiung Harbor, Taiwan (KH01: 22°31′31.38”N, 
120°19′6.08″E; KH02: 22°31′40.65”N, 120°18′49.25″E; 
KH03: 21°32′31.56”N, 120°49′19.01″E). Deep-sea marine 
sediment samples BC01, BC02, and BC03 were collected 
using a core sampler at a depth of about 1500 m in the Bashi 
Channel (21°11′25.79”N, 119°27′43.44″E), with core depths 
of 0, 15, and 30 cm, respectively. After collection, samples 
were placed in labeled sterile polyethylene bags, stored at 
4 °C in an ice box, brought to the laboratory, and processed 
within 24 hours.

Pretreatment of sediment samples

To inhibit the growth of non-actinomycetes, a pretreatment 
procedure was applied to the sediment samples to select 
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spore-forming actinomycetes. Each marine sediment sam-
ple was divided aseptically into two groups, each containing 
about 5 g of marine sediments. The first group (F) of sedi-
ment samples was frozen in a − 20 °C refrigerator for five 
days, while the second group (N) of sediment samples did 
not undergo any pretreatment.

Isolation of Actinomycetia

For the isolation of actinomycetes, about 1 g of pretreated/
non-pretreated sediment samples was serially diluted in ster-
ile seawater and 0.1 mL of diluted samples was then spread 
evenly onto Petri dishes containing isolation media. Five 
different types of isolation media were used for the isolation 
of actinomycetes from sediment samples: (1) actinomycete 
isolation agar (AIA) (Hi media, India), (2) Gause modi-
fied agar Ι (GI) (Ivanitskaia et al. 1978; Chen et al. 2012), 
(3) Gause modified agar ΙI (GII) (Ivanitskaia et al. 1978), 
(4) marine agar (MA) (Hi media, India), and (5) soil agar 
(SA) (Suthindhiran and Kannabiran 2009). All five media 
were supplemented with nystatin (50 mg/L) and nalidixic 
acid (25 mg/L) to suppress the growth of fungi and Gram-
negative bacteria, respectively. All the above media except 
MA were prepared with seawater. The isolation plates were 
incubated at 25 °C in the dark for two to six weeks. Indi-
vidual colonies were repeatedly streaked onto fresh isolation 
medium to obtain pure cultures.

Microorganisms for antimicrobial testing

For the antimicrobial activity assay, Bacillus subtilis BCRC 
1477 and Staphylococcus aureus ATCC 12600 were used as 
examples of Gram-positive test bacteria, while Escherichia 
coli ATCC 11775, Pseudomonas aeruginosa BCRC 10303, 
and Vibrio harveyi BCRC 13812 were selected as Gram-
negative test bacteria, and Candida albicans BCRC 22903 
was chosen as a test fungus. Most of the test microorgan-
isms were purchased from the Bioresource Collection and 
Research Center (BCRC) of the Food Industry Research and 
Development Institute (FIRDI), Taiwan, except E. coli and 
S. aureus, which were a generous gift from Prof. J. K. Liu, 
Dept. of Biological Science, National Sun Yat-sen Univer-
sity, Taiwan.

P. aeruginosa and B. subtilis were cultured and main-
tained in nutrient broth (NB) and agar (NA) at 25 °C for 
18 h. S. aureus and E. coli were cultured and maintained in 
Luria-Bertani broth (LB) and agar (LA) at 37 °C for 18 h. V. 
harveyi was cultured and maintained in marine broth (MB) 
and agar (MA) at 25 °C for 24 h. C. albicans was cultured 
and maintained in yeast malt broth (YM) and agar (YA) at 
30 °C for 48 h.

Antimicrobial activities of actinomycete isolates

The agar plug method (Stern et al. 2006) was used for rapid 
in vitro evaluation and screening of the antimicrobial activi-
ties of the actinomycete isolates. Briefly, each isolate was 
grown for 10 days at 25 °C on M1 agar medium (1% starch, 
0.4% yeast extract, 0.2% peptone, 80% seawater, and 1.6% 
agar). Agar plugs (8 mm in diameter) were excised from 
10-day-old growths in Petri dishes. The agar plugs were 
placed onto new agar plates freshly inoculated with a suit-
able amount of the test microorganism (about  108 CFU/
mL and  106 CFU/mL for the test bacteria and test fungus, 
respectively), and the plates were incubated for 24 h at tem-
perature appropriate for the respective test microbe. Diam-
eters of clear inhibition zones formed around the agar plug 
were then measured and recorded.

16S rRNA gene sequencing and construction 
of phylogenetic tree

Twenty-two actinomycete isolates that exhibited significant 
antimicrobial activity were identified based on sequencing 
of the 16S rRNA gene. The bacterial universal primer pairs 
8F: 5’-GAG AGT TTG ATC CTG GCT CAG-3′ and 1492R: 
5’-CTA CGG CTA CCT TGT TAC GA-3′ (Yuan et al. 2014) 
were used to amplify a partial 16S rDNA sequence. Actino-
mycetal genomic DNA was extracted using a FavorPrep Tis-
sue Genomic DNA Extraction Mini kit (Favorgen, Taiwan) 
according to the manufacturer’s instructions. PCR amplifi-
cation of partial 16S rDNA sequences was conducted fol-
lowing protocols described previously (Flemer et al. 2012). 
All the obtained sequences were then compared against the 
Ribosomal Data Project (RDP) (Cole et al. 2014) and NCBI 
NT databases (Benson et al. 2013) to identify the reference 
strains and closest relatives, respectively, using the nucleo-
tide BLAST algorithm (Altschul et al. 1990). Actinomycete 
sequence identification was achieved using an RDP classifier 
with a confidence threshold value of 80% (Wang et al. 2007).

To carry out phylogenetic analysis, alignment of all the 
obtained and reference sequences was performed using the 
ClastalW algorithm (Thompson et al. 1994) in the MEGA 
XI platform (Tamura et al. 2021). A neighbor-joining tree 
was also created in the MEGA XI platform with a maximum 
composite likelihood model (Tamura et al. 2004) for evolu-
tionary distance estimation. The robustness of the neighbor-
joining tree was estimated through 1000 bootstrap replicates 
(Felsenstein 1985). The 16S rRNA sequence of B. subtilis 
DSM10 (AJ276351) was used as the outgroup.

Seawater requirement

The seawater requirement of each actinomycete isolates 
was determined using both M1 agar medium and M1 agar 
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medium prepared using deionized water. Isolates that only 
grew on M1 agar were designated as obligate marine bacte-
ria. Isolates that grew on both agar media, but grew better on 
M1 agar medium, were designated as having better growth 
with seawater.

Preparation of crude extracts

Each actinomycete isolate was fermented for 10 days in a 
2-L Erlenmeyer flask containing 1 L M1 medium (Jensen 
et al. 2005) on a rotatory shaker (150 rpm, 25 °C). Fol-
lowing fermentation, the culture broth of each strain was 
harvested and exhaustively extracted three times with ethyl 
acetate (700 mL × 3). The organic layers were combined 
and evaporated to dryness under reduced pressure. The dry 
extracts were weighed and stored in the deep freezer. The 
extracts were used for the paper-disc diffusion antimicrobial 
assays and cytotoxic activity assays.

Antimicrobial activities of actinomycete crude 
extracts

The antimicrobial activities of crude metabolites against test 
microorganisms were also tested using the paper disc diffu-
sion method according to Rios et al. (1988). In brief, a test 
bacterium or fungus with a final concentration of approxi-
mately  108 or  106 CFU/mL, respectively, was spread on the 
top of an agar plate. Sterilized filter paper discs (6 mm in 
diameter; Toyo Roshi, Japan) loaded with 50 μL of each 
extract at a concentration of 20 mg/mL were placed on the 
surface of the inoculated agar plates. The diameters of inhi-
bition zones around each paper disc were measured after 
incubation in Petri dishes for 24 h under suitable conditions 
for the bacterium or fungus. An antibiotic mixture, 10 μg/
disc chloramphenicol and 10 μg/disc nystatin, was used as 
positive control. No activity was observed for any of the test 
microbes in blank tests.

Detection of cytotoxic activity

Cytotoxic activity following treatment with crude extract 
was evaluated using a 3-(4, 5-dimethyl-thiazol-2-yl)-2, 
5-diphenyltetra-zolium bromide (MTT) assay following 
previously-established procedures (Lu et al. 2009). Three 
cell lines, HL-60 (human promyelocytic leukemia), K-562 
(human chronic myelogenous leukemia), and Molt-4 (human 
acute lymphoblastic leukemia) were used for the MTT assay; 
all were purchased from the BCRC of FIRDI. These cell 
lines were cultured in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS), 2  mM glutamine, 
100 units/mL penicillin and 100 μg/mL streptomycin in a 
humidified incubator in the presence of 5%  CO2 at 37 °C.

Nucleotide sequence accession numbers

The 16S rRNA gene sequences of the 22 isolates obtained in 
the present work are available in the NCBI GenBank data-
base under accession numbers OP349179-OP349200.

Results

Isolation of Actinomycetia from marine sediments

In this study, 811 presumptive actinomycete isolates were 
recovered from six marine sediment samples using five 
different culture media. Of the 811 isolates, 101 (12.45%) 
were cultured from Kaohsiung Harbor sediments (sample 
KH01-KH03) and 710 (87.55%) were from Bashi Channel 
sediments (sample BC01-BC03) (Table 1). It is obvious that 
the number of actinomycetes isolated from deep-sea samples 
was much higher than the number recovered from nearshore 
samples.

Table 1  Number and percentage of marine actinomycetes exhibiting antimicrobial activity, assessed using the agar plug method, among those 
isolated from six marine sediment samples collected in Kaohsiung Harbor and Bashi Channel

MA marine agar, AIA actinomycete isolation agar, SA soil agar, GI Gause modified agar Ι, GII Gause modified agar ΙI

Sample Number of actinomycete isolates Number of antimicro-
bial isolates (%)

Number of anti-S. 
aureus isolates (%)

Number of anti-B. 
subtilis isolates 
(%)

KH01 33 (MA:9; AIA:0; SA:11; GI:8; GII:5) 5 (15.15%) 3 (9.09%) 4 (12.12%)
KH02 34 (MA:6; AIA:6; SA:14; GI:6; GII:2) 3 (8.82%) 2 (5.88%) 3 (8.82%)
KH03 34 (MA:18; AIA:3; SA:7; GI:3; GII:3) 4 (11.76%) 2 (5.88%) 4 (11.76%)
BC01 377 (MA:64; AIA:82; SA:87; GI:102; GII:42) 23 (6.10%) 22 (5.84%) 23 (6.10%)
BC02 147 (MA:27; AIA:15; SA:43; GI:47; GII:15) 15 (10.20%) 12 (8.16%) 8 (5.44%)
BC03 186 (MA:40; AIA:35; SA:26; GI:43; GII:42) 20 (10.75%) 15 (8.06%) 18 (9.68%)
Total 811 (MA:164; AIA:141; SA:188; GI:209; GII:109) 70 (8.63%) 56 (6.91%) 60 (7.40%)
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Antimicrobial activities‑primary and secondary 
screening

To quickly screen and identify antibiotic-producing actin-
omycete isolates, we carried out primary and secondary 
screening using the agar plug method. All 811 actinomycete 
isolates were first subjected to primary screening to exam-
ine their antimicrobial activities against two test bacteria B. 
subtilis and S. aureus (Table 1). Among them, 8.63% (70 
isolates) possessed inhibitory activities against at least one 
of the test organisms (Table 1). The percentages of isolates 
obtained from the nearshore and deep sea sites possessed 
inhibitory activities against at least one of the test organisms 
were 11.88% (12) and 8.17% (58), respectively (Table 1). Of 
the 70 active isolates, 6.91% (n = 56) strains showed activ-
ity against S. aureus, 7.40% (n = 60) against B. subtilis, and 
5.67% (n = 46) against both S. aureus and B. subtilis. There 
was no significant difference between the percentages of 
antibiotic-producing isolates obtained from the nearshore 
and deep sea (P = 0.4, Mann–Whitney U test).

A secondary screening of 62 isolates that showed 
an inhibition zone >1 mm in diameter against either of 
the test strains in the primary screening was performed 
using the same detection method in order to detect their 

antimicrobial activities against all six test strains, B. sub-
tilis, E. coli, P. aeruginosa, S. aureus, V. harveyi, and 
C. albicans. The results showed that of the 62 isolates 
(Figs. 1), all had activity against one or both Gram-pos-
itive bacterium (B. subtilis and/or S. aureus), 20.97% 
(n = 13) had activity against at least one Gram-negative 
bacterium (E. coli, V. harveyi, and/or P. aeruginosa), 
20.97% (n = 13) had activity against both Gram-positive 
and Gram-negative bacteria (Fig. 1), and 3.23% (n = 2) 
had activity against the test fungus (C. albicans). A total 
of 80.65% (n = 50), 17.74% (n = 11), 9.68% (n = 6), and 
1.62% (n = 1) isolates inhibited at least two, three, four, 
and five of the test strains, respectively (Fig. 1). It should 
be noted that the reason for all the isolates exhibiting anti-
microbial activity against the Gram-positive bacteria was 
that we employed two Gram-positive bacteria as test bac-
teria in the primary screening.

The percentage of susceptibility of B. subtilis, S. 
aureus, E. coli, V. harveyi, P. aeruginosa, and C. albicans 
to the 62 isolates was 90.32% (n = 56), 85.48% (n = 53), 
17.74% (n = 11), 8.06% (n = 5), 8.06% (n = 5), and 3.23% 
(n = 2) (Fig. 2), respectively, and the percentage of sus-
ceptibility to the 62 isolates with an inhibition zone diam-
eter > 5 mm was 53.23%, 53.23%, 9.67%, 1.61%, 1.61% 
and 1.61%, respectively.

Fig. 1  Antimicrobial activity (diameter of inhibition zone) of actinomycete strains isolated from marine sediments towards six test microorgan-
isms using the agar plug method
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Identification of antibiotic‑producing actinomycete 
isolates

Based on antimicrobial (strong and broad spectrum) activ-
ity in the secondary screening and location, 22 actinomy-
cetes, 27.27% (n = 6) from nearshore and 72.73% (n = 16) 
from the deep sea, displayed high antimicrobial activity 
were selected for sequencing. A phylogenetic tree (Fig. 3) 
was constructed using the 16S rRNA gene sequences of 
these 22 potent isolates and reference strains downloaded 
from the RDP database using B. subtilis DSM10 as an out-
group. BLAST comparison of these sequences against the 
NCBI RefSeq database (Benson et al. 2013) is presented 
in Online Resource 1: Table S1. It should be emphasized 
that these isolates were neither a representative sample of 
culturable actinomycete bacteria nor a representative sam-
ple of culturable actinomycete bacteria with antimicrobial 
activities.

In addition, we also ran the RDP classifier program 
(Wang et al. 2007) to identify the 22 potent isolates based 
on their 16S rRNA sequences. Among the 22 isolates, one 
isolate (BC03-N-GI66) could not be classified to the genus 
level, but was likely affiliated to the Streptomycetaceae 
family. The other 21 isolates were grouped into five genera: 
Streptomyces (15 isolates; 68.17%), Actinoalloteichus (2; 
9.09%), Saccharomonospora (2; 9.09%), Saccharopolyspora 
(1; 4.55%), and Nocardiopsis (1; 4.55%).

Among the 22 isolates, Streptomycetaceae was the most 
commonly distributed and abundant family, accounting 
for 83.33% and 68.75% of the isolates (Fig. 4) from the 
nearshore and deep sea, respectively. Members of the three 
genera Actinoalloteichus, Saccharomonospora, and Saccha-
ropolyspora were isolated only from deep-sea sediments, 
whereas the member of the genus Nocardiopsis was isolated 
only from nearshore sediments. These results suggested that 

there might be significant differences in the actinomycete 
population between nearshore and deep-sea sediments.

Antimicrobial activities of crude fermentation 
extracts

The 22 potent isolates were also selected for antimicrobial 
analysis with crude extracts. The culture extracts obtained 
from liquid cultures of these isolates were used to evalu-
ate the antimicrobial potential by the paper disc method 
towards the same group of six test strains used in second-
ary screening. As shown in Table 2, these isolates truly can 
produce some organic compounds that showed broad-spec-
trum activity against the test microbes. Nineteen isolates 
(86.83%) could produce antibiotics that inhibited more than 
4 test microbes, six isolates KH01-F-MA23 (Streptomyces 
NR_041423), KH01-F-MA24 (Streptomyces NR_041423), 
BC01-N-GI05 (Streptomyces NR_044035), BC01-N-GI24 
(Streptomyces NR_119347), BC01-N-MA13 (Streptomy-
ces NR_15202), and BC01-N-MA14 (Actinoalloteichus 
NR_043574) inhibited 5 test microbes, and 3 isolates 
KH01-N-SA02 (Streptomyces NR_041423), KH03-F-GII50 
(Nocardiopsis NR_026340), and BC01-N-MA22 (Strep-
tomyces NR_133874) inhibited all six test microbes. All 
isolates’ activity spectra covered both Gram-positive and 
Gram-negative bacteria, and 19 isolates (86.83%) inhibited 
both bacteria and the test fungus.

Seawater requirement assay

All the 22 isolates could grow on media prepared with 
seawater: 14 (63.6%) isolates were found to be obligate 
marine bacteria, and 2 (9.1%) isolates showed better 
growth in the presence of seawater (Table 2). These 16 
isolates, 5 from nearshore and 9 from the deep sea, can 

Fig. 2  Distribution of the 
diameter of inhibition zone for 
actinomycete strains isolated 
from marine sediments towards 
six test microorganisms using 
the agar plug method
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be defined as marine-based bacteria (Jensen and Fenical 
1995), and were considered to be indigenous marine bacte-
ria or in a process of adaption to marine habitats. Interest-
ingly, isolates from sample BC03, from the deep bottom of 
the Bashi Channel, had the lowest percentage (2 isolates, 
33.3%) of marine-based bacteria.

Cytotoxic activity assay

The bioactive extracts of the 22 actinomycete strains 
were further subjected to cytotoxic activity determina-
tion using the MTT method. As shown in Table 3, 77.27% 
(n = 17) of strains displayed cytotoxic activity towards at 

Fig. 3  Neighbor-joining tree 
based on partial 16S rRNA 
gene sequences of 22 selected 
actinomycete strains iso-
lated from marine sediments. 
Bootstrap values (expressed as 
percentages) greater than 60% 
are shown next to the branch 
points. The 16S rRNA sequence 
of Bacillus subtilis DSM10 was 
used as the outgroup. The scale 
bar corresponds to 0.02 substi-
tutions per nucleotide position
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Fig. 4  Taxonomic distribution 
of 22 selected actinomycete 
strains isolated from nearshore 
and deep-sea sediments at the 
genus and family level

Table 2  Antimicrobial activity (diameter of inhibition zone) of crude extracts and seawater requirement for 22 selected actinomycete strains iso-
lated from marine sediments against six test microorganisms assessed using the paper disc method

-: no activity
Positive control: chloramphenicol (10 μg/disc) + nystatin (10 μg/disc)
a +: only grew with seawater; b: better growth with seawater; −: grew without seawater

Strain Diameter of inhibition zone (mm) aSeawater 
require-
mentBacillus subtilis Staphylococ-

cus aureus
Escherichia coli Pseudomonas 

aeruginosa
Vibrio harveyi Candida 

albicans

KH01-F-MA23 4.5 – 1.0 1.5 1.0 2.0 +
KH01-F-MA24 5.5 – 2.0 2.5 3.0 2.5 –
KH01-N-SA01 5.5 – 2.5 1.5 – 2.0 b
KH01-N-SA02 12.5 10.0 1.0 2.0 6.5 3.5 +
KH02-F-GII30 4.5 – – 1.3 2.0 2.0 +
KH03-F-GII50 4.5 20.5 2.0 3.5 3.5 9.0 +
BC01-F-AIA31 4.0 – – 0.8 2.0 3.5 –
BC01-N-GI05 7.5 1.5 – 2.0 1.0 3.0 +
BC01-N-GI24 7.0 4.5 3.5 2.5 4.5 – +
BC01-N-MA13 25.0 – 9.5 1.0 2.3 4.5 +
BC01-N-MA14 6.0 – 2.5 1.0 1.0 6.0 +
BC01-N-MA19 6.0 – – – 4.0 3.0 +
BC01-N-MA22 17.0 15.0 1.3 2.0 3.5 2.5 +
BC02-F-GII52 5.5 9.0 – 1.0 – 3.0 +
BC02-F-GII54 3.0 – – 1.5 1.0 3.0 +
BC02-N-SA34 28.0 21.5 – 3.0 17.0 – +
BC03-F-MA58 7.0 – – – 1.0 3.5 –
BC03-F-SA73 4.5 7.5 – – 1.0 4.0 +
BC03-N-GI66 2.0 – – 2.0 1.0 3.0 b
BC03-N-GI82 16.0 14.5 3.5 – – 13.0 –
BC03-N-MA46 6.5 – – 1.0 6.5 4.0 –
BC03-N-SA78 28.0 – 1.5 – – – –

Positive control 19.3 17.0 12.2 2.2 11.7 12.5
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least one target cell line, and 59.09% (n = 13) of strains 
displayed cytotoxic activity towards all three target 
cell lines; 31.81% (n = 7) of strains, including KH01-
N-SA01 (Streptomyces NR_119346), BC01-N-GI05, 
BC01-N-MA19 (Streptomyces NR_044035), BC01-N-
MA22, BC02-F-GII54 (Actinoalloteichus NR_04357), 
BC03-F-MA58 (Streptomyces NR_114820), and BC03-
N-MA46 (Saccharopolyspora NR_024839), revealed 
strong  (IC50 ≤ 1 μg/mL) cytotoxic activity toward at least 
two cell lines and may have great potential for antitumor 
treatment.

From Tables 2 and 3, we can conclude that the crude 
extracts of two isolates, BC01-N-GI05 and BC01-N-
MA22, both from the deep bottom of the Bashi Channel, 
produced antibiotics that inhibited more than five test 
microbes and displayed activity towards all three target 
cell lines, two with strong activity, showing great poten-
tial for the development of antitumor antibiotic agents.

Discussion

In this study, actinomycete isolates from marine sediments 
of Kaohsiung Harbor and Bashi Channel were screened for 
metabolites with antimicrobial activity. Of a total of 811 
actinomycete isolates, including 101 and 710 isolates from 
the nearshore and deep-sea environments, respectively, 12 
(11.88%) and 58 (8.17%) were found to display antimicro-
bial activity towards at least one test organism based on pri-
mary screening (Table 1). Previous research has examined 
the antimicrobial activities of actinomycetes from costal 
marine sediments of Bejaia City, Algeria (Ouchene et al. 
2022), northern Portugal (Ribeiro et al. 2020), and south-
western India (Chakraborty et al. 2015), and stated that 
respectively 9.7%, 11.5%, and 7.4% of the isolated actino-
mycetes possessed antimicrobial activity; these results were 
in line with our observations. In contrast, the percentages of 
actinomycetes possessing antimicrobial activity in our study 
was lower than the results of Özcan et al. (2013) (25.0%) 
as well as Ramesh and Mathivanan (2009) (53.4%), who 
studied the marine sediments from the coasts of the Turkey’s 
Anatolian Peninsula and India’s east coast on the Bay of 
Bengal, respectively. Generally, the percentage of actino-
mycetes isolated from marine sediments that possess antimi-
crobial activity differs broadly from study to study (Ramesh 
and Mathivanan 2009; Özcan et al. 2013; Chakraborty et al. 
2015; Chen et al. 2021). However, it is important to under-
stand that the percentage of isolates with antimicrobial activ-
ity can be affected by several parameters, such as culture 
media, fermentation conditions, number and species of test 
bacteria, and method used for assaying antimicrobial activity 
(Shnit-Orland and Kushmaro 2009).

Secondary screening (Figs. 1 and 2) shows that 62 iso-
lates (100%) had activity against Gram-positive bacteria (B. 
subtilis and/or S. aureus) and only 13 isolates (20.97%) had 
activity against Gram-negative bacteria (E. coli, V. harveyi, 
and/or P. aeruginosa). Several previous studies reported that 
Gram-positive bacteria are more sensitive to antibiotic sub-
stances than Gram-negative bacteria (Khan et al. 2010; Kuo 
et al. 2021; Ouchene et al. 2022). For example, Khan et al. 
(2010) analyzed the antibacterial activities of 462 actino-
mycete strains isolated from 18 marine sponge samples, 
and found that strains active against Gram-positive bacteria 
outnumbered those active against Gram-negative bacteria by 
a ratio of 144 to 24. This is because the cell wall of Gram-
positive bacteria is made predominantly of a thick layer of 
peptidoglycan, which can easily absorb foreign materials 
such as antibiotic substances, thus allowing them to kill the 
organism (Wang et al. 2020). Therefore, it is easy to estab-
lish that using more Gram-positive species as indicator bac-
teria may detect more antibiotic-producing isolates during 
the screening process.

Table 3  Cytotoxic activity  (IC50) of crude extracts from 22 selected 
actinomycete strains isolated from marine sediments against a human 
acute lymphoblastic leukemia cell line (Molt-4), a human promyelo-
cytic leukemia cell line (HL-60) and a human chronic myelogenous 
leukemia cell line (K-562), assessed using the MTT method

–: no activity

Isolate IC50 (μg/mL)

Molt-4 HL-60 K-562

KH01-F-MA23 – – –
KH01-F-MA24 – – –
KH01-N-SA01 < 1.00 – < 1.00
KH01-N-SA02 – – –
KH02-F-GII30 – – –
KH03-F-GII50 – – 36.70
BC01-F-AIA31 0.30 1.77 –
BC01-N-GI05 < 1.00 < 1.00 5.44
BC01-N-GI24 2.13 1.54 6.87
BC01-N-MA13 0.90 1.15 1.14
BC01-N-MA14 10 < m < 100 10 < m < 100 17.88
BC01-N-MA19 < 1.00 < 1.00 1.24
BC01-N-MA22 0.10 < 1.00 2.77
BC02-F-GII52 2.20 15.14 3.12
BC02-F-GII54 0.99 < 1.00 3.01
BC02-N-SA34 15.74 < 1.00 2.43
BC03-F-MA58 < 1.00 < 1.00 0.17
BC03-F-SA73 0.02 10.76 1.28
BC03-N-GI66 1.98 1.10 0.91
BC03-N-GI82 < 1.00 – 22.08
BC03-N-MA46 0.89 0.63 2.04
BC03-N-SA78 – – –
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Comparing the antimicrobial activities of the same iso-
lates between different assay methods, the paper disc method 
(Table 2) generally displayed activity against significantly 
more kinds of Gram-negative bacteria and the test fungus 
than the agar plug method did (Fig. 1). This inconsistence 
has been detected previously (Abneuf et al. 2016; Rante 
et al. 2016). There are two possible reasons for this obser-
vation. First, a high concentration of actinomycete metabo-
lites (crude extracts) used in the paper disc assay (Özcan 
et al. 2013). Second, the concentrations of these metabolites 
decreased as they diffuse through the agar in the agar-plug 
assay. Our results indicated that the paper disc method may 
be a more sensitive method by which to detect antimicrobial 
activity against Gram-negative bacteria and fungi than the 
agar plug method. In addition, it was also found that marine 
sediments from Kaohsiung Harbor and Bashi Channel both 
are a source of diverse actinomycetes with broad-spectrum 
antimicrobial activity.

Phylogenetic analysis (Fig. 3) of 22 selected isolates 
revealed that they belonged to five genera Streptomyces, 
Saccharomonospora, Actinoalloteichus, Saccharopolyspora, 
and Nocardiopsis. Blast analysis indicated that the range of 
sequence similarity for these isolates to their closest-related 
species was 98.3% to 100% (Online Resource 1: Table S1). 
Among them, isolate BC01-N-MA19 showed a 98.3% simi-
laity to its closest-related strain Streptomyces xiamenensis 
MCCC 1A01550 which was originally isolated from man-
grove sediments in Xiamen, China. As 98.65% was proposed 
by Kim et al. (2014) as the threshold of 16S rRNA gene 
sequence similarity for differentiating two bacterial spe-
cies, isolate BC01-N-MA19 could be considered to belong 
to a new Streptomyces species. However, further studies are 
required to confirm its taxonomy.

Among the 22 selected isolates, Streptomyces (68.18%) 
was found to be the largest group represented (Fig. 3). In 
addition, most of the highly-potent actinomycetes isolated 
in this study were Streptomyces. For example, 7 of the 9 
isolates that showed activity against at least 5 test microbes 
(Table 2) and 5 of the 7 isolates that displayed cytotoxic 
activity towards three target cell lines (Table 3), were all 
Streptomyces. These results suggested that antimicrobial 
and/or cytotoxic activity-oriented screening strategy reduce 
the diversity of isolated marine actinomycetes. Strepto-
myces species are economically important and the largest 
representative genus of Actinomycetia. The reason that 
Streptomyces spp. are high prolific natural product produc-
ers is probably because they have more biosynthetic genes 
(Arakawa 2018), such as PKS (polyketide synthases) and 
NRPS (non-ribosomal peptide synthetases), that are involved 
in natural product synthesis.

In the present study, it was found that of the 22 selected 
Actinomycetes, a high percentage (63.6%) of strains showed 
an obligatory requirement for seawater for growth (Table 2). 

Also, the percentage of seawater-requiring actinomycetes 
from Kaohsiung Harbor (66.7%) was about the same as 
that from Bashi Channel (62.2%). These seawater-requiring 
strains included members of genus Streptomyces (10 iso-
lates, 62.5%), Nocardiopsis (1, 100%), Actinoalloteichus 
(2, 100%), and Saccharomonospora (1, 50%). Jensen et al. 
(2005) found that 59.1% of actinomycetes recovered from 
227 marine sediments, 33 algae and 15 sponges collected 
around the island of Guam were seawater-requiring, a result 
in line with ours. The high percentage of seawater-requiring 
actinomycetes in this study suggests that these isolates may 
highly-adapted to the marine environment and could be 
novel ecotypes.

In conclusion, both nearshore and deep-sea sediments 
from Kaohsiung Harbor and Bashi Channel, respectively, 
are promising sources of bioactive marine Actinomycetia 
strains with the ability to produce new antimicrobial agents. 
In addition, selected active strains were found to exert cyto-
toxicity against cancer cell lines and broad-spectrum anti-
microbial activity, and some of the strains were indigenous 
marine bacteria. Subsequent research into these bioactive 
actinomycetes will focus on compound identification and 
structure elucidation in order to unravel their biotechnologi-
cal potential.
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