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Marine mudflat actinomycetes as
a novel natural products source
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1Department of Convergence Study on the Ocean Science and Technology, Korea Maritime and
Ocean University, Busan, Republic of Korea, 2Department of Chemistry and Nanoscience, Ewha
Womans University, Seoul, Republic of Korea
A mudflat is a type of intertidal zone that is alternately affected by terrestrial and

marine environments. We searched for examples of research related to the

discovery of secondary metabolites in actinomycetes originating from mudflats.

In total, we found 16 studies describing 42 natural products. The recognized

bioactivities of the secondary metabolites were digested. We also performed a

phylogenetic analysis of mudflat-derived actinomycetes. Most of the

actinomycete strains belong to the genus Streptomyces. This review

underscores mudflat as promising environment for discovering novel

actinomycete strains that produce unique bioactive secondary metabolites.

This highlights the imperative to explore this distinct environment for marine

natural product research.

KEYWORDS
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1 Introduction

An intertidal zone is an area of seashore that is exposed during low tide and submerged

during high tide (Dyer et al., 2000). This process creates a unique biome that survives in such

varying conditions. Intertidal zones may include rocky shorelines, bays, estuaries, or sandy

beaches (Dyer, 1998). Within the wide range of different intertidal environments, areas

characterized by unsolidified sedimentary deposits of fine mud are called mudflats. The

distribution of mudflats worldwide is influenced by multiple factors, including geography,

climate, and local geology (Dissanayake et al., 2018). For instance, Asian countries where

mudflats can be found include China, Korea, Japan, Thailand, Malaysia, and India. In North

America, this intertidal environment covers the eastern coasts of Canada and the United

States. In Europe, mudflats are present along the shores of the Netherlands, Germany, and

Denmark, where they are connected to the open sea and bordered by sand. The Amazon delta

in South America represents a different type of intertidal habitat, in which sediment is

primarily composed of sand (Yan et al., 2018). The ecological significance of this intertidal

zone lies in providing a habitat for diverse organisms that have adapted to survive in the

harsh conditions of this unique ecosystem; these include microorganisms, algae, barnacles,

crabs, clams, and many other species (Satyam and Thiruchitrambalam, 2018).
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Actinobacteria, one of the major bacterial phyla, are

characterized by their Gram-positive cell wall structure and high

GC content (Barka et al., 2016). These bacteria are widely

distributed in both aquatic and terrestrial environments where

they exhibit extensive morphological diversity, forming mycelial

structures and producing spores for reproduction (Barka et al.,

2016). Additionally, actinomycetes have a robust secondary

metabolism, producing almost two-thirds of all naturally derived

antibiotics currently in clinical use, as well as numerous

anthelmintic, antifungal, and anticancer compounds (Ventura

et a l . , 2007; Satyam and Thiruchitrambalam, 2018) .

Actinomycetes-inspired drug discovery has resulted in a host of

novel antibacterials and anticancers such as the abysomicins

(Riedlinger et al., 2004) and salinosporamide A, respectively

(Williams et al., 2005).

Because of the extensive biotechnological significance of

actinomycetes-derived natural products, many recent studies have

employed different strategies for isolating these groups of bacteria

from diverse environments and organic habitats (Jose et al., 2021).

Actinomycetes are often found in association as symbionts with

plants, insects and animals providing various functions (van der

Meij et al., 2017). They are associated with insects and occur as

endophytes in plant tissues where they contribute to defend the host

and to recycle the nutrients, respectively (Kaltenpoth, 2009; Trujillo

et al., 2015). Actinomycetes have also been found in co-epiphytic

relations with marine organisms such as sponges, corals, and

ascidians (Chen et al., 2021a). They are also found existing in

other unique environments such as deep oceans where they recycle

nutrients under harsh conditions (Colquhoun et al., 1998; Bull and

Goodfellow, 2019) or the mangrove habitat which is also

characterized by large fluctuations of salinity and tidal gradients

(Hong et al., 2009), similar to mudflats. The ability to adapt to live

in different habitats and association with other organisms have

greatly impacted the biosynthetic potentials of these organisms;

thus, they can produce a wide range of secondary metabolites

(Lewin et al., 2016; van der Meij et al., 2017; Sivakala et al., 2021).

As earlier mentioned, actinomycetes are highly evolved and

well-suited to thrive in dynamic environments (Siro et al., 2023).

Similar to mangrove habitat, the peculiarity and complexity of

mudflats trigger certain adaptative strategies, genomic evolution,

and metabolism in actinomycetes (Tian et al., 2016), which can

result in the production of secondary metabolites with important

biological activities and unique chemical scaffolds as templates for

drug development. The daily tidal action of submersion and

exposure also allows more organic carbon, oxygen, and nutrients

to dissolve into intertidal sediment (Pierre et al., 2014). The severe

environmental changes in salinity, sunlight, temperature, oxygen,

and water pressure, caused by tidal differences make mudflat a

highly diverse ecosystem (Moon et al., 2015; Jeong et al., 2022) and

have attracted the attention of natural product chemists and

microbiologists over the last decade as a valuable source of

secondary metabolites and microbes, particularly actinobacteria.

Although some studies have reported the isolation of

compounds from marine mudflat-derived actinomycetes, this

unique ecosystem is still underexplored (Li et al., 2009). The

review therefore highlights the discovery of secondary metabolites
Frontiers in Marine Science 02
with bioactivities from marine mudflat-derived actinomycetes for

the benefit of further research into mudflat bioprospecting.
2 Mudflat

The unconsolidated, fine sediment deposition terrain that forms

the boundary between land and sea is globally prevalent. However,

there is a lack of a consistent term for this terrain. Various

combinations of academic terms like intertidal, mud, and tidal mud

are used to refer to this terrain with the “-flat”. For the use of clear

academic terminology, many scientific databases, including the

American Chemical Society, Science Direct, Google Scholar, MDPI,

and PubMed, were utilized to investigate examples of research related

to mudflats. The frequency of the term “mudflat” was determined by

examining the status of research articles using several keywords such

as “mudflat”, “mud flat”, “mud-flat”, “intertidal mudflat”, “intertidal

mud flat”, “intertidal mud-flat”, “tidal mudflat”, “tidal mud flat”, and

“tidal mud-flat”. The results are as below.

Among the nine search terms, Google Scholar yielded the

highest number of results with 685,000 hits for “mud flat”,

making it the most comprehensive search. “Tidal mud flat”

ranked second, with 173,000 results, followed by “intertidal mud

flat” with 70,900 hits, “mudflat” with 70,000 hits, “tidal mudflat”

with 49,900 results, “intertidal mudflat” with 41,300 hits, “mud-flat”

with 25,100 hits, “tidal mud-flat” with 16,200 results, and “intertidal

mud-flat” with 15,900 hits. In the MDPI database, the most

frequently occurring term was “mudflat” with 97 results, followed

by 21 results for “intertidal mudflat”, 20 results for “tidal mudflat”,

and 15 results for “mudflat”. No results were found for the terms

“mud-flat”, “tidal mud-flat”, “tidal mud flat”, “intertidal mud flat”,

or “intertidal mud-flats”. In the ACS database, “tidal mudflat”

produced 147,199 hits, “mud flat” generated 672 hits, “tidal mud-

flat” yielded 139 hits, “mudflat” resulted in 121 hits, “intertidal

mud-flat” produced 43 hits, “tidal mud flat” had 41 hits, “intertidal

mudflat” had 1 hit, and “intertidal mud flat” also had 1. No results

were found for “mud flat”. In the Science Direct and PubMed

databases, “mudflat” had 1317 and 646 results, “mud flat” had 796

and 115 results, “mud-flat” had 796 and 73 results, “tidal mudflat”

had 445 and 113 results, “tidal mud flat” had 365 and 40 results,

“tidal mud-flat” had 365 and 0 results, “intertidal mudflat” had 796

and 218 results, “intertidal mud flat” had 268 and 45 results, and

“intertidal mud-flat” had 268 and 0 results, respectively.

Based on our findings, we concluded that the term “mudflat” is

a more suitable terminology to use for this research. While

“mudflat” itself did not yield the highest number of results in the

database search, it encompasses both “intertidal mudflat” and “tidal

mudflat.”Additionally, “mudflat” is more appropriate for indicating

the specific terrain compared to “mud flat” or “mud-flat.”

After establishing the terminology for “mudflat,” we studied

secondary metabolites of actinomycetes derived from mudflats

using other terms that could be utilized as search keywords. For

example, “mudflat actinomycetes,” “mudflat metabolites,” and

“mudflat natural products” yielded appropriate results. However,

a search for “mudflat bacteria” produced results that were too broad

and deviated from the focus of the paper.
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3 Mudflat actinomycetes

3.1 Microbial biodiversity of mudflat
and actinomycetes

Biodiversity or biological diversity refers to the diversity of life

on Earth at all levels, from genes to ecosystems, and includes the

ecological, cultural, and evolutionary processes that support life

(Swingland, 2013). The microbial biodiversity of mudflat focused

on actinomycete in several countries, including Canada, China,

and India, as revealed by the studies has been summarized

in Table 1.

In Canada, Duncan and other researchers obtained a total of

eight sediments from four stations in the Bay of Fundy, New

Brunswick. The diversity of culture-independent and culture-

dependent microorganisms in each area was then investigated.

Notably, when considering the diversity of actinomycetes, the

most dominant actinomycetes was found to be Nocardioidaceae,

not Streptomycetaceae (Duncan et al., 2014). Biodiversity

investigations were also conducted at locations in China and

India (Diu Island and Nalbana Island). In China, Li and others

collected a total of thirty-nine samples by repeating three times at

thirteen stations in the Yellow River Delta, South Coast of Bohai Sea

and West Coast of Laizhou Bay (Li et al., 2021). In India, Jose and

Jha got a total of eighteen sediments from three stations on Diu

Island in the Arabic Sea. As a result of the biodiversity investigation,

Streptomyces was found to be the most common among the

actinomycetes discovered (Jose and Jha, 2017). In another case

study, a total of eighteen sediments collected from the mudflat of

Nalbana Island in Chilika Lagoon resulted in actinomycetes as the

second most prevalent bacteria found per station after

proteobacteria (Mohapatra et al., 2021).
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3.2 The culture conditions of the
mudflat actinomycetes

A strain that originates from a mudflat may not be endemic to

the mudflat because of the alternating characteristic of mudflat

between terrestrial and marine environments. However, because

this point can be a mechanism to increase the longitudinal

biological diversity of mudflats, it can be useful for the discovery

of new natural products. The information about the media

employed for the isolation and culture of the mudflat-derived

actinomycetes from which the underlisted compounds originated,

is shown in Table 2. Most researchers used separate media

compositions for the isolation and mass culture of these

actinomycetes. Most of the culture media employed either natural

or artificial seawater, or added sodium chloride to maintain the salt

concentration, ranging from 75 to 100% of seawater. Only one

exception was reported, employing a distilled water-based medium

for mass culture (Seo and Moon, 2021). The information listed in

Table 2 can be used as a reference when studying the production of

natural products from mudflat-derived actinomycetes, as well as for

determining the best conditions for isolating actinomycetes

from mudflats.
4 Natural products

4.1 Phenols

A marine Streptomyces strain which was collected from a tidal

mudflat in Buan, Republic of Korea, was found to produce two

novel compounds named buanmycin (1) and buanquinone (2).

Compound 1 is a pentacyclic xanthone while 2 is a pentacyclic
TABLE 1 Microbial biodiversity of mudflat.

Location
(date),
(Reference)

Microbial diversity

Bay of Fundy,
New Brunswick,
Canada (Aug 2009),
(Duncan et al., 2014)

Culture-independent [Gammaproteobacteria (15.3% to 49.5%), Flavobacteria (12.2% to 26.8%), Betaproteobacteria (0.5% to 10.7%),
Deltaproteobacteria (0.4% to 8.0%), Sphingobacteria (0.3% to 4.5%), Actinobacteria (0.4% to 8.0%)].
Culture-independent Actinomycetes [Nocardioidaceae (18.0% to 40.0%), Micrococcaceae (1.7% to 6.7%), Cellulomonadaceae (40%), unclassified
Actinomycetes (13-3% to 100%)].

Yellow River Delta,
South Coast of Bohai
Sea and West Coast
of Laizhou Bay,
China (May and Nov
2018), (Li
et al., 2021)

The species composition of the top ten species at the phylum-level classification, including Proteobacteria, Firmicutes, Bacteroidetes,
Actinobacteria, Cyanobacteria, Verrucomicrobia, Chloroflexi, Planctomycete, Acidobacteria, and Tenericutes.
Firmicutes, Proteobacteria, Bacteriodetes, and Actinobacteria had the highest proportions [more than 90% in all samples].
Cyanobacteria was the dominant bacteria, and Proteobacteria, Actinobacteria, and Firmicutes— with relatively high abundance—accounted for
about 90% of the total bacterial flora.

Diu Island,
India (Nov 2015),
(Jose and Jha, 2017)

Seven different families [Glycomycetacea, Micromonosporaceae, Nocardiaceae, Nocardipsaceae, Pseudonocardiaceace, Streptomycetaceae, and
Thermomonosporaceae].
At genus level [Streptomyces (61.5%), Micromonospora (15.4%), Nocardiopsis (10.2%), Saccharomonospora (5.1%), Actinomadura (2.6%),
Glycomyces (2.6%), and Nocardia (2.6%)].

Nalbana Island,
India (Mar 2019),
(Mohapatra
et al., 2021)

Taxonomy [bacteria (93.90%, archaea (2.67%), and fungi (2.67%)].
Bacterial communities [Proteobacteria (PD: 42.5%, SB: 36.4%, SP: 35.4%), Actinobacteria (PD: 19.0%, SB: 18.8%, SP: 21.9%), Chloroflexi (PD:
5.4%, SB: 7.3%, SP: 7.0%), Acidobacteria (PD: 5.2%, SB: 8.7%, SP: 6.9%), Bacteriodes (PD: 5.2%, SB: 3.6%), Firmicutes (PD: 4.6%, SB: 4.8%, SP:
4.1%), Planctomycetes (PD: 2.0%, SB: 2.2%, SP: 2.4%), and Verrucomicrobia (PD: 1.1%, SB: 1.4%, SP: 1.6%)].
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anthraquinone. While compound 2 showed no significant

antibacterial and antifungal properties, the pentacyclic xanthone 1

showed significant antibacterial activity against Bacillus subtilis and

Salmonella enterica, with an equal IC50 value of 0.7 mM and a

moderate antifungal activity against Candida albicans with MIC

value of 21.1 mM. In addition, compound 1 displayed significant

bacteriostatic activity against Staphylococcus aureus by inhibiting

sortase A, an important enzyme for adhesion and host invasion by

Gram-positive bacteria, with a reported IC50 value of 43.2 mM.

Furthermore, compound 1 exhibited potent cytotoxicity against the

human carcinoma cell lines MDA-MB231 (breast cancer), SNU638

(gastric cancer), A549 (lung cancer), SK-HEP1 (liver cancer), and

HCT116 (colon cancer) with IC50 values of 0.8 to 1.9 mM, but not

against K562 (leukemia). On the other hand, the pentacyclic

anthraquinone 2 had no significant activity against all tested cell

lines but with moderate cytotoxicity to K562 with IC50 value of 18.3

mM (Moon et al., 2015). No other study reports the isolation of both

compounds from literature.

In addition, a Streptomyces strain LL-31F508 was isolated from

an intertidal sediment sample collected in Key West, Florida

(Bernan et al., 1994). Bioxalomycins (3−6) were isolated from this

strain exhibiting potent antimicrobial activity against

Staphyloccoccus and Enterococcus sp. Compounds 5 and 6 are the

quinone form of compounds 3 and 4 respectively. These

bioxalomycins are similar to naphthyridinomycin, but for the

additional oxazolidine ring formed from C-7 and C-9. The

excellent antibacterial activity of 4 suggests that the reduction of

the ketone group at positions C-10 and C-13 together with the CH3

group at the C-5a position plays a critical role in the improved

activity of 4 compared to other bioxalomycins. This is the only

study that reports the isolation of the bioxalomycins. The chemical

structures of 1−6 are shown in Figure 1.
4.2 Polyketides

Streptomyces sp. HK10 was collected from Shinui Island,

Republic of Korea, and was found to produce salternamides A−E

(7−11, Figure 2). Salternamides are monocyclic compounds

belonging to the munamycin family, with compound 7 as the first
TABLE 2 Media of mudflat-derived actinomycete strains for isolation
and mass culture.

Actinomycete
strain

Compound Media* (Reference)

Streptomyces
sp. SNR69

Buanmycin (1)
Buanquinone (2)

for strain isolation: actinomycete
isolation medium
for mass culture: YEME medium
(Moon et al., 2015)

Streptomyces sp.
LL-31F508

Bioxalomycins
(3−6)

for strain isolation: yeast extract
based medium
for mass culture: A-1 medium
(Bernan et al., 1994)

Streptomyces sp.
HK10

Salternamides A
−E (7−11)

for strain isolation: actinomycete
isolation medium
for mass culture: YEME medium
(Kim et al., 2015a; Kim
et al., 2015b)

Streptomyces sp.
SNM31

Mohangic acids
A−E (12−16)

for strain isolation: A5 medium
for mass culture: YEME medium
(Bae et al., 2016)

Streptomyces sp.
OC1610.4

Landomycin N
(17)
Galtamycin C
(18)
Vineomycin D
(19)
Saquayamycin B
(20)
1-Acetyl-b-
carboline (41)
Indole-3-acetic-
acid (42)

for strain isolation: Gause’s
synthetic medium
for mass culture: S-medium
(Peng et al., 2018)

Streptomyces
sp. JMS132

Cystargamides B
−D (21−23)

for strain isolation: M1 medium
for mass culture: bennet medium
(Seo et al., 2022)

Streptomyces sp. JB5 Dentigerumycin
E (24)

for strain isolation: actinomycete
isolation medium
for mass culture: YEME medium
(Shin et al., 2018)

Nocardiopsis sp.
JMS59

Boholamide
A (25)

for strain isolation: KUSTER agar
medium
for mass culture: YEME medium**
(Seo and Moon, 2021)

Streptomyces sp.
OID44

Epoxinnamide
(26)

for strain isolation: ISP medium 4
for mass culture: YEME
(Kang et al., 2022)

Streptomyces
sp. SNM55

WS9326H (27)
Hormaomycins
B and C (28
and 29)

for strain isolation: A5 medium
for mass culture: YEME medium
(Bae et al., 2015; Bae et al., 2018)

Streptomyces sp.
JML48
Streptomyces
sp. JMS33

Actinoflavosides
B−D (30−32)

for strain isolation: A1 agar
medium (JML48) TWYE agar
medium (JMS33)
for mass culture: YEME medium
(Jeong et al., 2022)

Streptomyces
sp. CMDD10D111

Anmindenols A
and B (33
and 34)

for mass culture: medium Mar 4
(Lee et al., 2014)

(Continued)
TABLE 2 Continued

Actinomycete
strain

Compound Media* (Reference)

Streptomyces
sp. 10A085

Anithiactins A
−C (35−37)

for strain isolation: ISP medium 4
for mass culture: SYP medium
(Kim et al., 2014)

Streptomyces
sp. SCO0718

Violapyrone J
(38)
Violapyrones B
and C (39
and 40)

for mass culture: SYP medium
(Leutou et al., 2015)
*The same media name may have different ingredients or composition ratios.
**Distilled water based medium.
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known chlorinated member. They have characteristic pentanoic

acid and trimethyl nonadienamide moieties, except for 11 which

has a tetramethyl nonadienamide moiety. The salternamides

exhibited cytotoxicity against various cancer cell lines (Kim et al.,

2015a; Kim et al., 2015b). Notably, compound 7 displayed a

significant antiproliferative effect against HCT116 (colon cancer)

and SNU638 (gastric cancer) cell lines, each with an IC50 value of

0.96 mM. In addition, compounds 7 and 10 exhibited weak

inhibitory activity against Na+/K+ ATPase (Kim et al., 2015a).

Furthermore, compound 11 exhibited weak cytotoxicity against

the human carcinoma cell lines HCT116, SK-HEP1, A549, SNU638,

K562, and MDA-MB231, with reported IC50 values of 85, 91, 83, 75,

70, and 54 mM, respectively (Kim et al., 2015b). Compared to

others, the significant cytotoxicity of 7 can be attributed to chlorine

substitution at C-6. Similarly, the stronger inhibitory activity of

compound 10 against Na+/K+ ATPase suggests the importance of

the methyl-substitution at C-2′. No other study reports the isolation
of salternamides from literature.

Mohang i c ac id s A−E (12−16 , F i gur e 2 ) a r e p -

aminoacetophenonic acids with a conjugated diene moiety. These

compounds were isolated from the culture broth of a marine

Streptomyces sp. collected from a mudflat in Buan, Republic of

Korea (Bae et al., 2016). Compounds 12−16 were tested for their
Frontiers in Marine Science 05
cytotoxicity activity against various human cancer cell lines, including

SK-HEP1 (liver cancer), A549 (lung cancer), SNU638 (gastric

cancer), MDA-MB231 (breast cancer), HCT116 (colon cancer), and

K562 (leukemia). The results showed that compounds 12−16 did not

exhibit significant activity against tested cancer lines with IC50 values

> 10 mM. In a different study, compound 12was isolated from a deep-

sea bacterium Alcanivorax dieselolei BC-5 together with mohangic

acids F and G, where both showed no cytotoxic activity against PC-3

and HCT-116 cancer cell lines with a reported IC50 >10 mM (Zhao

et al., 2022). This was congruent with the works of Bae and colleagues,

who also reported the lack of cytotoxic action for mohangic acids

(Bae et al., 2016). Contrary to compounds 12−16, mohangic acids F

and G possess a conjugated triene moiety. Furthermore, compounds

12−16 showed no significant effects (MIC > 128 mM) against

pathogenic fungi and bacteria. On the other hand, 16 displayed a

significant (20 µM) and concentration-dependent quinone-reductase

activity in the cultured Hepa-1c1c7 murine hepatoma cell line,

suggesting the function of 16 as a cancer chemopreventive (Bae

et al., 2016). The quinone-reductase activity of 16 suggests the

importance of the b-glucose moiety attached to the amine at C-4′
of the p-aminoacetophenonic acid.

Other reported polyket ides f rom mudflat-der ived

actinomycetes include four angucycline glycosides, landomycin N
FIGURE 1

Phenolic natural products (1−6) from mudflat actinomycetes.
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(17), galtamycin C (18), and vineomycin D (19) and saquayamycin

B (20), which were isolated from a culture broth of Streptomyces sp.

OC1610.4, obtained from intertidal sediment from Xiaoshi Island

in Weihai, China (Peng et al., 2018). Among these angucycline

glycosides, compounds 17−19 are novel but without significant

cytotoxic activity. The known compound 20 exhibited potent

cytotoxic activity against hepatoma carcinoma cells HepG-2,

SMMC-7721, and plc-prf-5, with IC50 values between 0.033
Frontiers in Marine Science 06
−0.244 µM respectively. According to Shaaban and colleagues,

cytotoxic activities of angucyline glycosides are better for

compounds containing more sugar moiety (Shaaban et al., 2012).

The presence of two disaccharides and aquayamycin aglycone thus

explains the cytotoxicity of 20. Also, compound 20 showed a better

cytotoxic profile on PC3 cells compared to other saquayamycins

(Shaaban et al., 2012), indicating the importance of the connected

sugar type. The compounds are shown in Figure 2.
FIGURE 2

Polyketides (7−20) from mudflat actinomycetes.
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4.3 Peptides

Cystargamides B−D (21−23, Figure 3) were produced from

Streptomyces sp. JMS132, which was obtained from tidal-flat

sediment collected at Beolgyo, South Korea (Seo et al., 2022).

Cystargamides are cyclic lipopeptides having six amino acids and

an oxidized fatty acid chain. The first cystargamide was obtained

from the fermentation broth of another actinomycete,

Kitasatospora cystarginea (Gill et al., 2014). Compound 21 has

been previously isolated from a Streptomyces strain derived from

Kaempferia galanga rhizome where it inhibited NS2BglyNS3

protease by 67% and 44% at concentrations of 200 and 100 mg/
mL respectively (Kitani et al., 2018). Meanwhile, the study of Seo

and colleagues represents the first and only report on the isolation

of compounds 22 and 23. Furthermore, antioxidant evaluation

results showed that compounds 21−23 exhibited strong radical

scavenging ability in both DPPH free-radical and ABTS cation-

radical assays. Notably, compound 23 reduced ABTS free radicals

by 100% at 200 µg/mL and compound 22 decreased DPPH free

radicals by about 53% at 200 µg/mL (Seo et al., 2022). The results of

the study revealed that the length of the epoxy fatty acid side chain

influences the antioxidant activity of cystargamides.

Another cyclic hexapeptide, dentigerumycin E (24, Figure 3)

was discovered through co-cultivation of Streptomyces sp. JB5,

derived from a mud sample collected from Wando Island,

Republic of Korea, with a marine Bacillus sp. GN1 (Shin et al.,

2018). It is composed of unusual amino acid piperazic acids and a

pyran-bearing polyketide acyl chain. Compound 24 was found to

exhibit moderate antiproliferative activities against human cancer

cell lines HCT116, SK-HEP-1, MDA-MB-231, A549, and SNU638

with reported IC50 between 27−39 µM. In the wound healing assay,

compound 24 inhibited cell migration at 20 and 40 µM by 20% and

48%, respectively, revealing the antimetastatic potential of this

compound (Shin et al., 2018). Compared to the 2-N,16-N-deoxy

and methyl ester derivatives of 24, it can be deduced that both the

N-OH and carboxylic acid functional groups are essential for

biological activity. Although there are reports of other

dentigerumycins from other sources (Oh et al., 2009; Bae et al.,

2021), this is the only report on the isolation of dentigerumycin E.

The cyclodepsipeptide, boholamide A (25), which had been

previously isolated from a Nocardiopsis sp. 3158H.R.1a.03 obtained

from the tissue of a mollusc (Torres et al., 2020), was isolated from

Nocardiopsis dassonvillei collected from a tidal mudflat in Muan,

Republic of Korea (Seo and Moon, 2021). The chemical structure of

25 was determined using NMR spectral analysis, as shown in

Figure 3. This compound is a 4-amido-2,4-pentadieneoate

(APD)-class peptide. The antimicrobial activity of 25 against

Bacillus subtilis, Pseudomonas aeruginosa, Escherichia coli,

Candida albicans, and Erwinia rhapontici revealed that

compound 25 did not exhibit significant activity, but it did

demonstrate inhibition against B. subtilis, with an IC50 of 0.08

mM (Seo and Moon, 2021). Cytotoxic tests done at both normal

and hypoxic levels revealed that 25 is hypoxic-selective, similar to

other APD-peptides such as vinylamycin and rakicidin A (Torres

et al., 2020). The lack of cytotoxicity displayed by vinylamycin
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(Igarashi et al., 1999; Torres et al., 2020) suggests that the

cytotoxicity of compound 25 against mammalian cell lines could

be due to a lack of hydroxyl group at position C-2′ of the polyketide
part of compound 25.

A nonribosomal peptide known to contain cinnamoyl was

isolated from a mudflat-derived Streptomyces sp. OID44, which

was collected from an intertidal mudflat at Oido, Siheung,

Gyeonggi-do, the Republic of Korea and identified as

epoxinnamide (26, Figure 3) (Kang et al., 2022). Compound 26 is

composed of a bicyclic deca-depsipeptide backbone attached to a

cinnamoyl acyl chain. The unique cinnamoyl acyl chain of this

group of peptides has been implicated in their biological activities

(Shi et al., 2019). Due to the partial structural similarity between

compound 26 and nyuzenamide C, Kang and colleagues evaluated

the quinone reductase (QR) activity and antiangiogenic potential of

both compounds. Compound 26 induced quinone reductase (QR)

activity in murine Hepa-1c1c7 cells by 1.6-fold at 5 µM and also

inhibited angiogenesis in human umbilical vein endothelial cells,

exhibiting an IC50 value of 13.4 µM. Altogether, compound 26 was

stronger for QR-inducing activity while the antiangiogenic effect of

nyuzenamide C was better (Kang et al., 2022), suggesting that the

biological activity of compound 26 is related to its amino

acid composition.

From a sediment sample collected in Mohang, Buan, Republic

of Korea, a mudflat-derived Streptomyces sp. SNM55 was isolated,

which led to the discovery of a new cyclic heptapeptide, WS9326H

(27, Figure 3), and novel hormaomycins B and C (28 and 29,

Figure 3) (Bae et al., 2015; Bae et al., 2018). These are the only

existing studies reporting the isolation of compounds 27−29. The

unprecedented pyrazolone ring structure of 27 and its acyl chain

modification not only distinguish 27 from other nonribosomal

WS9326 peptide family but also highlights it as a novel

chemotype. Notably, compound 27 exhibited a significant

angiogenetic effect by inhibiting the formation of VEGF-induced

human umbilical vein endothelial cells (HUVECs) at a

concentration of 20 µM, albeit without any significant cytotoxicity

to human carcinoma cell lines, antibacterial, and antifungal

activities (Bae et al., 2018). Compounds 28 and 29 bear a

structurally unique 4-(Z)-propenylproline, 3-(2-nitrocyclopropyl)

alanine, b-methylphenylalanine, and 5-chloro-1-hydroxypyrrol-2-

carboxylic acid in their planar structure. On the other hand,

compounds 28 and 29 exhibited potent inhibitory activities

particularly against tested Gram-positive bacteria. Interestingly,

the antibacterial activity of 28 and 29 compared to the known

hormaomycin A suggests that the presence of the methyl groups at

C-17 and C-32 are important to the antibacterial properties of

hormaomycins (Bae et al., 2015).
4.4 Others

4.4.1 Flavonoids
Actinoflavosides B−D (30−32, Figure 4) are three new

flavonoid-type glycosides which were obtained from Streptomyces

sp. strains JML48 and JMS33 isolated from tidal mudflat sediment
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in Muan, Republic of Korea (Jeong et al., 2022). Compound 30 has a

similar structure to the known actinoflavoside A, except for the

stereochemistry of the proton at C-3′′′. Jeong and other researchers

reported that compound 30 inhibited the Gram-positive B. subtilis

with a MIC value of 0.14 mM and Jiang and colleagues stated that

actinoflavoside A, which was isolated from an estuarine-derived

Streptomyces strain, showed antibacterial activity against all test

Gram-positive bacteria with MIC values of 0.12 mM (Jiang et al.,

1997; Jeong et al., 2022). MIC values of 0.29 and 0.30 mM inhibited

the growth of Gram-positive P. aeruginosa for compounds 30 and

32 respectively (Jeong et al., 2022). These results further suggest that
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the 2-methyl-3-hydroxy-butyramide moiety is significant to the

displayed antibacterial activity, compared to compound 31. Also,

compound 32 significantly increased interleukin-2 (IL-2)

production, a cytokine essential for T-cell proliferation and

differentiation in mouse splenocytes. The ability of 32 to increase

IL-2 production showed the effect of the substitution of the

aromatic ring at C-2 in 30 with 2-methyl propyl in 32.

4.4.2 Terpenoids
A marine-derived Streptomyces strain which was isolated from

tidal-flat sediments collected at Dongmak, on the west coast of the
FIGURE 3

Peptides (21−29) from mudflat actinomycetes.
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Republic of Korea yielded two new sesquiterpenoids, anmindenols

A and B (33 and 34) with a characteristic indene moiety (Lee et al.,

2014). The unique 6,5-indene ring system in compounds 33 and 34

has never been reported for sesquiterpenoids from actinomycetes.

Both compounds showed no significant cytotoxic activity against

human pancreatic and renal cancer cell lines at concentrations of up

to 100 mM. However, both 33 and 34 were found to inhibit NO

production in lipopolysaccharide (LPS)-activated mouse

macrophage RAW264.7 cells, with IC50 values of 23 mM and 19

mM respectively. The novel skeleton of these anmindenols therefore

makes them suitable as templates for developing iNOS inhibitors

(Lee et al., 2014). Also, the additional hydroxyl groups in compound

34 at position C-4 may be attributed to the improved inhibitory
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activity on NO production. These compounds are illustrated

in Figure 4.

4.4.3 Thiazoles
Anithiactins A−C (35−37, Figure 4) were the first aniline-

thiazole natural products produced from Streptomyces sp. 10A085

which was obtained from the mudflat at Jaebu Island, GyeongGi-

Do, the Republic of Korea, in 2010 (Kim et al., 2014). Interestingly,

at about the same time, compound 35 was isolated from another

marine Actinomycetospora strain with the name thiasporine C (Fu

and Macmillan, 2015). These natural products have an unusual

aniline moiety which differentiates them from other members of the

2-phenylthiazoline class such as pulicatins and aeruginoic acid
FIGURE 4

Other classes of natural products (30−42) from mudflat actinomycetes.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1297446
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ryu et al. 10.3389/fmars.2023.1297446
(Kim et al., 2014). The AChE-inhibitory and cytotoxicity activities

of these compounds indicated that compounds 35−37 exhibited

moderate AChE-inhibitory effects (IC50 = 63, 53, and 68 µM,

respectively), but did not show any significant cytotoxic effects

against human cancer cell lines ACHN and A-498 (Kim et al.,

2014). The lack of cytotoxicity shown by compound 35 agrees with

the cytotoxicity reports from Fu and Macmillan for compound 35

against non-small-cell lung cancer cell lines HCC44, H2122, A549

and HCC366, (Fu and Macmillan, 2015). The increase in AChE

inhibitory effect for compound 37 can be attributed to the

nucleophilicity offered by the attached amine group. Also,

compounds 35−37 were evaluated for their inhibitory activity on

monoamine oxidase isoforms, MAO-A and MAO-B, which are

drug targets for neuropsychiatric disorders. While compounds 36

and 37 were either weak inhibitors or inactive, compound 35

displayed selective inhibition for MAO-A only, with an IC50 value

of 13.0 µM. The hydrophobic methyl substituent in 35 may be

crucial to the inhibition of MAO-A (Lee et al., 2015b).

4.4.4 a-Pyrones
Violapyrone J (38), a novel a-pyrone derivative, was isolated

from the culture broth of marine-derived Streptomyces sp. SC0718,

along with known violapyrones B and C (39 and 40), as shown in

Figure 4. The strain was obtained from mudflat sediment at

Suncheon Bay, in the South Sea of the Republic of Korea (Leutou

et al., 2015). Compounds 39 and 40 were first discovered from

Streptomyces strain isolated from fresh feces excreted by healthy adult

Hylobates hoolock in Yunnan Wild Animal Park, Kunming, Yunnan

Province, China (Zhang et al., 2013). Both 39 and 40 were also

rediscovered from another Streptomyces strain isolated from crown-

of-thorns starfish, Acanthaster planci, which was collected from

Chuuk, Federated States of Micronesia (Lee et al., 2015a). Also,

compound 38 was later rediscovered from the fermentation broth

of a Streptomyces strain obtained from the rhizosphere of Radix

stellariae, which showed no known cytotoxicity toMCF-7/TamR cells

(Yang et al., 2017). Both 39 and 40were found to exhibit antibacterial

activity against Bacillus subtilis and Staphylococcus aureus, with MIC

values ranging from 4 to 16 mg/mL (Zhang et al., 2013). This result

suggests that the antibacterial potential of these 3,4,6-trisubstituted a-
pyrone derivatives reduces with increasing alkyl chain (Leutou et al.,

2015). Zhang and others deduced that the antibacterial potential ofa-
pyrones might not necessarily be directly proportional to the alkyl

side chain length, but that their antibacterial activity weakens when

the alkyl side chain is oxygenated (Zhang et al., 2013).

4.4.5 Alkaloids
Two known alkaloids, containing an indole moiety were

obtained from mudflat-derived Streptomyces sp. OC1610.4

originating from intertidal sediment collected at Xiaoshi Island,

Weihai, China. These alkaloids were identified as 1-acetyl-b-
carboline (41) and indole-3-acetic acid (42), as shown in Figure 4

(Peng et al., 2018). Compound 41 has previously been reported as a

potent inhibitor of methicillin-resistant Staphylococcus aureus
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(MRSA), while compound 42 is an important plant hormone that

plays a crucial role in plant development.
5 Phylogenetic analysis

For phylogenetic analysis, sequencing data of the actinomycetes

reported in previous sections were collected. The 16S rRNA gene

sequence data was collected using accession numbers registered in

GenBank. All sequence data collected for the phylogenetic tree were

produced using the Geneious prime program. Multiple sequences

were aligned using MUSCLE (Edgar, 2004). The phylogenetic tree

was obtained by the neighbor-joining method using Geneious

prime and the bootstrap value was 1000 x replicated (Saitou and

Nei, 1987). The phylogenetic tree result is shown in Figure 5.

There were 44 cases in which the species names of

microorganisms originating from mudflats have been mentioned

previously. Several steps were required for phylogenetic analysis.

Firstly, 15 microorganisms other than actinomycetes were excluded

from the total of 44 cases (Tambadou et al., 2014; Chen et al.,

2021b). Three strains for which sequence information was not input

were also removed (Bernan et al., 1994; Seo and Moon, 2021).

Finally, 11 strains were excluded because their base pairs were less

than 800 bp (Kim et al., 2015b; Moon et al., 2015; Shin et al., 2018;

Chen et al., 2021b).

As shown in Figure 5, a total of 16 strain sequences were used

for phylogenetic analysis. Streptomyces coelicolor A3(2) (Accession

number: AB588124) was included for comparison (Hoskisson and

van Wezel, 2019). Contrary to the fact that the marine environment

is known to be inhabited by various microorganisms, Streptomyces

species are mentioned mostly in Figure 5, indicating narrow

phylogenetic diversity recovered (Duncan et al., 2014), and

further suggesting that more research is needed concerning the

diversity of mudflat actinomycetes.
6 Conclusion

In this article, we have highlighted the secondary metabolites

derived from mudflats actinomycetes, as well as their biological

activities. We have also summarized the culture media used for the

cultivation of each metabolite-producing actinomycete strain. In

total, mudflat actinomycetes have yielded forty-two compounds,

which include six phenolic compounds, fourteen polyketides, nine

peptides, three flavonoids, two terpenoids, three thiazoles, three a-
pyrones, and two alkaloids.

Although most of the mudflat-derived actinomycete strains

belong to the genus Streptomyces, the greater diversity of mudflat-

derived natural products compared to species diversity could be

attributed to techniques employed for strain isolation. The isolation

of chemical structures with unique scaffolds, such as the

unprecedented WS9326H, anmindenols A and B, and anithiactins

A-C, as well as compounds like saquayamycin B with significant
frontiersin.org

https://doi.org/10.3389/fmars.2023.1297446
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ryu et al. 10.3389/fmars.2023.1297446
bioactivity, could serve as templates for drug discovery. This

demonstrates that the mudflat habitat possesses unique ecological

features that can stimulate the biosynthesis of distinctive natural

products It is also noteworthy that all the previous research lacks a

biosynthetic gene cluster study, despite the chemical structure

novelty of the isolated secondary metabolites.

As shown in this review, more research efforts are required to

obtain a wide range of actinomycetes from this distinct marine

environment. The isolation of a cyclodepsipeptide-producing

Nocardiopsis shows the need to employ culturing conditions that

can facilitate the isolation of rare actinomycetes which could prove

pivotal in the search for interesting natural products.
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(2014). Novel nonribosomal peptide synthetase (NRPS) genes sequenced from
intertidal mudflat bacteria. FEMS Microbiol. Lett. 357, 123–130. doi: 10.1111/
1574-6968.12532

Tian, X., Zhang, Z., Yang, T., Chen, M., Li, J., Chen, F., et al. (2016). Comparative
genomics analysis of Streptomyces species reveals their adaptation to the marine
environment and their diversity at the genomic level. Front. Microbiol. 7.
doi: 10.3389/fmicb.2016.00998

Torres, J. P., Lin, Z., Fenton, D. S., Leavitt, L. U., Niu, C., Lam, P. Y., et al. (2020).
Boholamide A, an APD-class, hypoxia-selective cyclodepsipeptide. J. Nat. Prod. 83,
1249–1257. doi: 10.1021/acs.jnatprod.0c00038

Trujillo, M. E., Riesco, R., Benito, P., and Carro, L. (2015). Endophytic actinobacteria
and the interaction of Micromonospora and nitrogen fixing plants. Front. Microbiol. 6.
doi: 10.3389/fmicb.2015.01341

van der Meij, A., Worsley, S. F., Hutchings, M. I., and van Wezel, G. P. (2017).
Chemical ecology of antibiotic production by actinomycetes. FEMS Microbiol. Rev. 41,
392–416. doi: 10.1093/femsre/fux005

Ventura, M., Canchaya, C., Tauch, A., Chandra, G., Fitzgerald, G. F., Chater, K. F.,
et al. (2007). Genomics of actinobacteria: tracing the evolutionary history of an ancient
phylum. Microbiol. Mol. Biol. Rev. 71, 495–548. doi: 10.1128/mmbr.00005-07

Williams, P. G., Buchanan, G. O., Feling, R. H., Kauffman, C. A., Jensen, P. R., and
Fenical, W. (2005). New cytotoxic salinosporamides from the marine actinomycete.
Salinispora tropica 70:6196–6203. doi: 10.1021/jo050511

Yan, Y. W., Jiang, Q. Y., Wang, J. G., Zhu, T., Zou, B., Qiu, Q. F., et al. (2018).
Microbial communities and diversities in mudflat sediments analyzed using a modified
metatranscriptomic method. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.00093

Yang, R.-M, Zhang, X.-L., Wang, L., Huang, J.-P., Yang, J., Yan, Y.-J., et al. (2017).
a-Pyrone Derivatives from a Streptomyces Strain Resensitize Tamoxifen Resistance
in Breast Cancer Cells. Nat. Rep. Bioprospect. 7, 329-334. doi: 10.1007/s13659-017-
0136-8

Zhang, J., Jiang, Y., Cao, Y., Liu, J., Zheng, D., Chen, X., et al. (2013). Violapyrones A-
G, a-pyrone derivatives from Streptomyces violascens isolated from Hylobates hoolock
feces. J. Nat. Prod. 76, 2126–2130. doi: 10.1021/np4003417

Zhao, H. W., Yi, Y., Li, J. Q., and Wang, J. H. (2022). Two new mohangic acid
derivatives from the deep-sea bacteria Alcanivorax dieselolei BC-5. Nat. Prod. Res.
doi: 10.1080/14786419.2022.2112578
frontiersin.org

https://doi.org/10.1146/annurev-micro-102215-095748
https://doi.org/10.1016/j.chemosphere.2021.129967
https://doi.org/10.1039/b816245j
https://doi.org/10.1016/j.jenvman.2021.112738
https://doi.org/10.1021/np500736b
https://doi.org/10.1038/nchembio.159
https://doi.org/10.3390/md16120470
https://doi.org/10.1016/j.seares.2013.07.018
https://doi.org/10.7164/antibiotics.57.271
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1016/B978-0-12-813064-3/00007-7
https://doi.org/10.22889/KJP.2021.52.4.203
https://doi.org/10.3389/fmicb.2022.904954
https://doi.org/10.1021/np300316b
https://doi.org/10.1039/c9sc00815b
https://doi.org/10.3389/fchem.2018.00498
https://doi.org/10.3390/d15010030
https://doi.org/10.3390/molecules26030588
https://doi.org/10.1016/B978-0-12-384719-5.00009-5
https://doi.org/10.1016/B978-0-12-384719-5.00009-5
https://doi.org/10.1111/1574-6968.12532
https://doi.org/10.1111/1574-6968.12532
https://doi.org/10.3389/fmicb.2016.00998
https://doi.org/10.1021/acs.jnatprod.0c00038
https://doi.org/10.3389/fmicb.2015.01341
https://doi.org/10.1093/femsre/fux005
https://doi.org/10.1128/mmbr.00005-07
https://doi.org/10.1021/jo050511
https://doi.org/10.3389/fmicb.2018.00093
https://doi.org/10.1007/s13659-017-0136-8
https://doi.org/10.1007/s13659-017-0136-8
https://doi.org/10.1021/np4003417
https://doi.org/10.1080/14786419.2022.2112578
https://doi.org/10.3389/fmars.2023.1297446
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Marine mudflat actinomycetes as a novel natural products source
	1 Introduction
	2 Mudflat
	3 Mudflat actinomycetes
	3.1 Microbial biodiversity of mudflat and actinomycetes
	3.2 The culture conditions of the mudflat actinomycetes

	4 Natural products
	4.1 Phenols
	4.2 Polyketides
	4.3 Peptides
	4.4 Others
	4.4.1 Flavonoids
	4.4.2 Terpenoids
	4.4.3 Thiazoles
	4.4.4 α-Pyrones
	4.4.5 Alkaloids


	5 Phylogenetic analysis
	6 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


