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Abstract: In order to minimize re-discovery of already known anti-infective compounds, we focused
our screening approach on understudied, almost untapped marine environments including marine
invertebrates and their associated bacteria. Therefore, two sea cucumber species, Holothuria leucospilota
and Stichopus vastus, were collected from Lampung (Indonesia), and 127 bacterial strains were
identified by partial 16S rRNA-gene sequencing analysis and compared with the NCBI database.
In addition, the overall bacterial diversity from tissue samples of the sea cucumbers H. leucospilota and
S. vastus was analyzed using the cultivation-independent Illumina MiSEQ analysis. Selected bacterial
isolates were grown to high densities and the extracted biomass was tested against a selection
of bacteria and fungi as well as the hepatitis C virus (HCV). Identification of putative bioactive
bacterial-derived compounds were performed by analyzing the accurate mass of the precursor/parent
ions (MS1) as well as product/daughter ions (MS2) using high resolution mass spectrometry (HRMS)
analysis of all active fractions. With this attempt we were able to identify 23 putatively known
and two previously unidentified precursor ions. Moreover, through 16S rRNA-gene sequencing we
were able to identify putatively novel bacterial species from the phyla Actinobacteria, Proteobacteria
and also Firmicutes. Our findings suggest that sea cucumbers like H. leucospilota and S. vastus are
promising sources for the isolation of novel bacterial species that produce compounds with potentially
high biotechnological potential.

Keywords: marine bacteria; sea cucumber; anti-infective marine derived compounds; de-replication;
mass spectrometry
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1. Introduction

Many marine invertebrates, particularly sessile or slow-moving organisms, are a rich source of
valuable bioactive metabolites. Among marine invertebrates, sea cucumbers, or holothurians, have
been utilized as food and folk medicines by Asia and Middle East communities [1]. Asian people,
especially Chinese believe that consuming holothurians may treat a variety of impediments and
illnesses such as weakness, impotence, debility of the aged, constipation due to intestinal dryness,
and frequent urination [2]. As a consequence, these reported beneficial effects lead to the high demand
for holothurians in Chinese markets.

Among holothurians, Stichopus vastus and Holothuria leucospilota were reported to have medicinal
application. S. vastus is well-known for its wound healing activities which were proven by pre-clinical
test in rats [3]. In addition, the integument tissue is rich in collagen and can be used as a functional
ingredient in nutraceuticals, cosmetics and food products [4]. Furthermore, S. vastus contains novel
bioactive peptides which inhibit angiotensin I converting enzyme (ACE) and also possesses radical
scavenging activities [5]. H. leucospilota is widespread throughout the Red Sea, Persian Gulf and
the entire Indo-Pacific. Its main habitat are shallow areas, such as reef flats, shallow costal lagoons,
and seagrass beds. In some areas such as the Federated States of Micronesia (FSM), Marshall Islands,
Kiribati, Samoa, Tonga, Cook Islands, Papua New Guinea (PNG), Solomon Islands and Fiji, people
consume holothurian´s gonad as food delicacies and as additional protein diets [6]. H. leucospilota
has shown antioxidant effects as well as anticancer activities against HeLa, human lung carcinoma
(A549) and skin melanoma (B16F10) cells [7–10]. Several bioactive compounds have been isolated
from it such as leucospilotaside A to C, echinoside B, holothurin A, holothurin B, and holothurin
B2 [11]. Organic extracts of body wall, gonad and intestine of H. leucospilota exhibited bacteriostatic
rather than bactericidal activity against Gram-positive Bacillus subtilis and Staphylococcus aureus [12].
This bacteriostatic effect from the organic extracts was confirmed against the Gram-negative bacteria
like Escherichia coli, Salmonella typhi, and Pseudomonas aeruginosa and against the Gram-positive S. aureus
and the filamentous fungi Aspergillus niger, A. fumigatus, A. flavus and A. brasilensis [13].

Numerous natural products from marine invertebrates show striking structural similarities to
those of microbial origins, suggesting that microorganisms are at least involved in the biosynthesis
of the targeted bioactive compound or they even represent the sole producer of the respective
metabolites [14,15]. Those findings supported efforts to isolate invertebrate associated bacteria as the
real producer of the bioactive compounds to overcome the supply problem as harvest from the wild is
not sustainable for most bioactive marine invertebrates [16].

Bioprospecting for bioactive marine bacteria recognizes the noticeable capacity of marine bacteria
as a source of new natural products which can be utilized to overcome the antimicrobial resistance
crisis [17]. (Multi-)drug-resistant bacteria are becoming the global challenge leading to the strong
demand for new antibiotics, either in chemical structures or mode of actions [18]. In addition, spreading
of slow progressing but deadly virus, such as Hepatitis C (HCV) menace human population particularly
in developing countries. Therefore, the detection and development of new anti-infective drugs is
urgently needed [19,20].

There has been an increasing number of publications focusing on the isolation of invertebrate
associated bacteria for the discovery on new bioactive compounds, with sponges being the
invertebrate phylum that has received most attention for isolation of the associated microbiome [21–28].
However, holothurians likely present another very interesting target for the isolation of bioactive
bacteria. Since they are being (a) used in traditional Chinese medicine and (b) exposed to, ingesting
and reworking marine sediments, which have been shown to be a promising source for the isolation
of bioactive bacteria. Even more so, if Actinobacteria, which are prolific producers of bioactive
compounds, are the target bacteria phylum, since Actinobacteria have been isolated repeatedly from
terrestrial soil and marine sediments. Thus, sediment bioturbating holothurians with their associated
microbiome should be a promising target to isolate novel Actinobacteria. A recent publication by
Gao, et al. (2014) showed that Actinobactria were enriched in the gut of four deep-water holothurian,
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accentuating that also shallow water holothurians could be a promising target for the isolation of
bioactive Actinobacteria [29].

In this study, we reported the potential of bioprospecting underexplored marine associated
bacteria derived from the sea cucumbers H. leucospilota and S. vastus.

2. Results

2.1. Bacterial Isolation, Taxonomic Identification, and Antimicrobial Assay

In this study, a total of 275 bacterial colonies were isolated in Indonesia from the internal and
external parts of the two sea cucumbers, Holothuria leucospilota (HL) and Stichopus vastus (SV). Back in
Germany, bacterial colonies were re-grown on marine agar (MA) resulting in 127 different strains
based on 16S rRNA gene sequence analyses (Table 1). A detailed compilation of all isolated bacterial
strains from HL and SV are shown in Table S1. Our results of the identified phyla are in line
with previous studies that attempted to isolate cultivable bacteria from marine macroorganisms and
environments [30–32]. However, as determined by next generation sequencing studies, the cultivable
bacteria still only represent about 1% of the estimated microbial diversity [33].

Table 1. Summary of all isolated and identified bacteria grouped on a phylum level as well as its source
of isolation.

Phylum
Holothuria leucospilota (HL) Stichopus vastus (SV)

TOTAL
Internal Part External Part Internal Part External Part

Actinobacteria 23 19 3 18 63

Firmicutes 5 8 6 14 33

Proteobacteria 11 10 1 8 30

Bacteroidetes - - - 1 1

TOTAL 39 37 10 41 127

From the identification result, some Actinobacteria from H. leucospilota (HL 108, HL 111, HL 255,
HL 66 and HL 268) show less than 98% similarity to the next type strains when compared to those in the
NCBI database (http://www.ncbi.nlm.nih.gov/; using the Basic Local Alignment Search Tool (BLAST))
and thus are representatives of a putative new bacterial species. HL 108 is related to Glutamicibacter
nicotianae (96.38% sequence similarity), HL 111 to Nocardioides exalbidus (97.96% sequence similarity),
HL 255 to Kytococcus sedentarius (97.58% sequence similarity), and the others to Kocuria palustris (97.64%
and 97.45% sequence similarity), respectively (Table S1).

Two Actinobacteria from S. vastus, SV 16 and SV 203, showed less than 98% similarity to the
next type strain. These bacteria are related to Serinicoccus profundi (97.91% sequence similarity)
and Mariniluteicoccus endophyticus (96.26% sequence similarity), respectively (Table S1). In addition,
an Actinobacteria from S.vastus showed less than 95% similarity the next type strains. Isolated from
the external part of S. vastus, SV 17 is putatively a member of a new genus of the Propionibacteriaceae
(93.3% sequence similarity with Pseudopropionibacterium rubrum). The phylogenetic position, based on
16S rRNA-gene analyses, of selected isolated Actinobacteria is presented in Figure S1.

A total of 33 strains of Firmicutes that related to the genera Staphylococcus and Bacillus could be
isolated from both, H. leucospilota and S. vastus (cf. Figure S2). Bacterium HL 79 showed only 92.88%
similarity to the next type strain Bacillus sonorensis, and thus probably represents a new genus (Table 2).
Isolates that had more than 99% sequence similarity with Staphylococcus cohnii subsp. urealyticus were
found in all samples.

http://www.ncbi.nlm.nih.gov/
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Table 2. Bacteria isolated from Holothuria leucocpilota (HL) and Stichopus vastus (SV). Closest type strain based on the NCBI database, accession and strain number, %
similarity to the closest type strain, sequence length of the 16S rRNA-gene sequence, sample origin and antimicrobial activity are provided. Here, bacteria were
considered as putatively new bacteria species if they had a sequence similarity of less than 98% and considered as new genus if the sequence similarity was less than
95%. The letter in parentheses in the antimicrobial column indicates the level of activity based on the last active location in the test-well (A–H) in 1:2 serial dilutions.

No. Next Related Type Strain
Sample

Accession
Number

Type Strain
Accession
Number

Similarity to
Type Strain (%)

Sequence
Length (bp)

Sample Name
Antimicrobial Activity

Antibacteria Antifungal

Phylum Actinobacteria

1. Brevibacterium luteolum MK696423 NR_114872.1 99.63 1076 SV 4 (ext) - -

2. Cellulosimicrobium funkei MK696437 NR_042937.1 99.78 915 HL 61 (ext) - -

3. Corynebacterium pilbarense MK696498 NR_116953.1 98.74 829 HL 119 (ext) - -

4. Dermacoccus nishinomiyaensis MK696488 NR_044872.1 99.72 1063 HL 57 (ext) Bs (B), Sa (C) Rg (A), Mh
(A)

5. Dermacoccus profundi MK696484 NR_043262.1 99.89 1076 HL 11 (int) - -

6. Dermacoccus profundi MK696494 NR_043262.1 99.72 916 SV 127 (ext) - -

7. Dietzia maris MK696467 NR_118596.1 98.84 1126 SV 164b (ext) Sa (A) -

8. Glutamicibacter sp.* (G. nicotianae) MK696438 NR_026190.1 96.38 1056 HL 108 (ext) Bs (B), Sa (A) Rg (A)

9. Isoptericola chiayiensis MK696432 NR_116696.1 98.88 894 HL 44 (ext) Bs (A) -

10. Janibacter alkaliphilus MK696433 NR_109453.1 98.92 1018 SV 51 (ext) Bs (A) -

11. Janibacter anophelis MK696442 NR_043218.1 99.15 1062 HL 24 (int) - -

12. Janibacter melonis MK696486 NR_025805.1 99.79 964 HL 40 (int) Bs (A) -

13. Kocuria flava MK696544 NR_044308.1 99.21 892 HL 55 (int) Bs(E), Ec (A), Sa (D) -

14. Kocuria palustris MK696435 NR_026451.1 99.90 1045 HL 6 (ext) Bs (C), Sa (C) Rg (A)

15. Kocuria palustris MK696424 NR_026451.1 100.00 956 HL 7 (ext) Bs (B) -

16. Kocuria palustris MK696425 NR_026451.1 100.00 922 HL 8 (ext) Bs (A) -

17. Kocuria palustris MK696524 NR_026451.1 99.81 879 HL 60 (ext) - -

18. Kocuria palustris MK696426 NR_026451.1 100.00 1021 HL 12 (int) Bs (B) -

19. Kocuria palustris MK696522 NR_026451.1 99.71 917 HL 42 (int) - -

20. Kocuria palustris MK696441 NR_026451.1 98.76 913 SV 14 (ext) - -
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Table 2. Cont.

No. Next Related Type Strain
Sample

Accession
Number

Type Strain
Accession
Number

Similarity to
Type Strain (%)

Sequence
Length (bp)

Sample Name
Antimicrobial Activity

Antibacteria Antifungal

21. Kytococcus sedentarius MK696431 NR_074714.2 99.88 1041 HL 30 (int) Bs (A) -

22. Kytococcus sedentarius MK696446 NR_074714.2 99.72 838 HL 43 (int) - -

23. Kytococcus sedentarius MK696483 NR_074714.2 99.72 980 SV 2 (ext) Bs (B) -

24. Micrococcus aloeverae MK696444 NR_134088.1 99.78 1041 HL 33 (ext) - -

25. Micrococcus aloeverae MK696430 NR_134088.1 99.79 937 HL 29 (int) Bs (A) -

26. Micrococcus aloeverae MK696436 NR_134088.1 99.52 918 SV 5 (ext) Bs (A) Rg (A)

27. Micrococcus aloeverae MK696523 NR_134088.1 99.36 908 SV 52 (ext) - -

28. Micrococcus endophyticus MK696473 NR_044365.1 98.62 1018 HL 261 (int) - -

29. Micrococcus flavus MK696517 NR_043881.1 99.20 1005 HL 237 (int) Bs (B), Sa (B), Rg (B) -

30. Micrococcus terreus MK696528 NR_116649.1 99.44 1081 SV 137 (ext) - -

31. Nocardioides sp.* (N. exalbidus) MK696451 NR_041526.1 97.96 1036 HL 111 (ext) Bs (A), Sa (H) -

32. Ornithinimicrobium kibberense MK696459 NR_043056.1 99.59 988 SV 135 (ext) - -

33.
New Genus of family
Propionibacteriaceae *

(Pseudopropionibacterium profundi)
MK696480 NR_159102.1 93.29 1047 SV 17 (ext) - -

34. Rothia kristinae MK696477 NR_026199.1 99.29 989 HL 37 (ext) - -

35. Serinicoccus sp.* (S. profundi) MK696482 NR_116387.1 97.91 719 SV 16 (ext) - -

36. Streptomyces cavourensis MK696479 NR_043851.1 100.00 1034 SV 21 (int) Bs (H), Sa (E) Mh (G)
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Table 2. Cont.

No. Next Related Type Strain
Sample

Accession
Number

Type Strain
Accession
Number

Similarity to
Type Strain (%)

Sequence
Length (bp)

Sample Name
Antimicrobial Activity

Antibacteria Antifungal

Phylum Firmicutes

1. Bacillus aryabhattai MK696496 NR_115953.1 99.91 1134 HL 270 (int) - -

2. Bacillus cereus MK696514 NR_157734.1 99.91 1132 HL 229 (int) - -

3. Bacillus idriensis MK696468 NR_043268.1 99.47 948 HL 251 (int) - -

4. Bacillus safensis MK696463 NR_041794.1 100.00 927 SV 147 (ext) Bs (B), Sa (H) -

5. Bacillus safensis MK696525 NR_113945.1 99.91 1126 HL 63 (ext) Sa (H) -

6. New genus of family Bacillaceae
(Bacillus sonorensis) * MK696542 NR_113993.1 92.88 1081 HL 79 (ext) Sa (A) -

7. Staphylococcus arlettae MK696500 NR_024664.1 99.65 1149 SV 133 (ext) - -

8. Staphylococcus cohnii MK696452 NR_036902.1 99.80 990 HL 113 (ext) - -

9. Staphylococcus cohnii subsp.
urealyticus MK696447 NR_037046.1 99.31 1121 HL 67 (ext) Sa (H) -

10. Staphylococcus cohnii subsp.
urealyticus MK696422 NR_037046.1 100.00 1116 SV 1 (ext) Bs (B) -

11. Staphylococcus cohnii subsp.
urealyticus MK696458 NR_037046.1 99.73 953 SV 131 (ext) - -

12. Staphylococcus cohnii subsp.
urealyticus MK696440 NR_037046.1 99.80 1098 SV 144 (ext) Sa (A) -

13. Staphylococcus edaphicus MK696526 NR_156818.1 99.73 1108 HL 75 (ext) Bs (C), Sa (B) Rg (B)

14. Staphylococcus haemolyticus MK696532 NR_113345.1 99.33 1044 SV 183 (ext) - -

15. Staphylococcus pasteuri MK696531 NR_114435.1 99.91 1117 SV 173 (ext) - -

16. Staphylococcus warneri MK696543 NR_025922.1 99.91 1084 HL 100 (ext) Sa (A) -
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Table 2. Cont.

No. Next Related Type Strain
Sample

Accession
Number

Type Strain
Accession
Number

Similarity to
Type Strain (%)

Sequence
Length (bp)

Sample Name
Antimicrobial Activity

Antibacteria Antifungal

Phylum Proteobacteria

1. Acinetobacter schindleri MK696475 NR_025412.1 98.95 1047 HL 265 (int) - -

2. Epibacterium mobile MK696445 NR_114024.1 99.64 1112 HL 38 (ext) Bs (B) -

3. Erythrobacter vulgaris MK696434 NR_043136.1 99.18 980 SV 54 (int) Ec (A) -

4. Erythrobacter vulgaris MK696478 NR_043136.1 99.36 937 HL 45 (ext) Bs (A) -

5. Pantoea septica MK696487 NR_116752.1 99.14 1080 SV 138 (ext) Bs (A) -

6.
New genus of family

Rhodobacteraceae
(Paracoccus beibuensis)

- NR_116400.1 93.08 1011 SV 155 (ext) Sa (E) -

7. Paracoccus sp.* (P. koreensis) MK696429 NR_114060.1 97.33 940 HL 28 (int) Bs (A) Mh (A)

8. Paracoccus marinus MK696491 NR_113921.1 99.03 928 HL 256 (int) Bs (A), Sa (A) -

9. Paracoccus sulfuroxidans MK696428 NR_043887.1 98.25 861 HL 27 (int) - -

10. Pseudomonas stutzeri MK696497 NR_041715.1 99.21 1079 HL 26 (int) Bs (B) -

11. Psychrobacter celer MK696489 NR_043225.1 99.27 1100 HL 58 (ext) - -

12. Psychrobacter marincola MK696539 NR_025458.1 99.40 1165 HL 72 (ext) Sa (A) -

13. Vibrio alginolyticus MK696427 NR_118258.1 99.52 1039 HL 22 (ext) Bs (G), Sa (E), Ms
(A) Rg (B), Mh (B)

14. Vibrio sp.* (V. harveyi) MK696456 NR_043165.1 96.23 1074 HL 125 (ext) Bs (A), Sa (A) -

15. Vibrio harveyi MK696454 NR_113784.1 99.80 996 HL 121 (ext) Sa (A) Rg (A)

16. Vibrio owensii MK696449 NR_117424.1 99.34 907 HL 107 (ext) - -

17. Vibrio owensii MK696499 NR_117424.1 99.44 1082 HL 122 (ext) Sa (A) Rg (A)

(*): represent new bacterial species (closest match in NCBI database). Bs: Bacillus subtilis, Ec: Escherichia coli, Mh: Mucor hiemalis, Rg: Rhodotorula glutinis, Sa: Staphylococcus aureus; HL:
Holothuria leucocpilota; SV: Stichopus vastus; -: not active; NT: Not tested; (int): isolated from internal part, (ext): isolated from external part.
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We identified 30 strains belonging to 9 different genera of Proteobacteria (Phylogeny tree see
Figure S3). The genera Vibrio and Paracoccus were found in both H. leucospilota and S. vastus. Vibrio
alginolyticus was isolated from both sea cucumbers (Table 2). Both Vibrio alginolyticus and Vibrio harveyi
have caused diseases in aquatic animals including sea cucumbers [34,35]. Pathogenicity of the genus
Vibrio is not only caused by suitable conditions (i.e., temperature, low host immunity and nutrition)
but also by the presence of the vibriolysin-like protease [36].

Analyses of sequences resulted in several Proteobacteria showing less than 98% similarity to the
next type strains: HL 125 showed 96.23% sequence similarities to Vibrio harveyi and HL 28 showed 97.33%
similarity to Paracoccus koreensis. These bacteria probably represent new species. Bacterium SV155 is
putatively a member of a new genus of the Rhodobacteraceae which showed closest relationship to the
genus Paracoccus (93.08% sequence similarity with Paracoccus beibuensis, Table 2).

We tested all 127 bacterial strains with the agar plug diffusion assay against environmental
bacteria in a preliminary screening. Subsequently the 69 active strains were further cultured and
extracted for additional bioassays. There were 19 bacterial strains that active in the preliminary test
from 39 bacterial strain from internal part of H. leucospilota extracted and further assayed against
microorganisms. About 47.4% (9 out of 19) of the bacterial extracts from the internal part of the H.
leucospilota showed activity against Gram-positive Bacillus subtilis and 15.8% (3 out of 19) were active
against Staphylococcus aureus. Strain HL 55, identified as Kocuria flava (99.21% sequence similarity),
displayed potent activity against the two Gram-positives strains and additional activity against the
Gram-negative E. coli (Table 2). Only one strain from the internal parts of the H. leucospilota showed
activity against filamentous fungi M. hiemalis (5.3%, 1 out of 19). However, fungal activity was markedly
higher against filamentous fungi M. hiemalis and R. glutinis when bacterial extracts from the external
parts of H. leucospilota were tested (22.2%, 6 out of 27 tested).”

Antimicrobial testing on 27 bacterial strains from the external part of the H. leucospilota which
active in the preliminary screening showed as much as 44.4% (12 out of 27) were active against B.
subtilis, 51.9% were active against S. aureus, 3.7% were active against M. smegmatis, 7.4% active against
M. hiemalis, and 25.9% active against R. glutinis. Strains with the highest activity were HL 22, HL
63, HL 67, HL 111, which related to Vibrio alginolyticus, Bacillus safensis, Staphylococcus cohnii subsp.
urealyticus, and Nocardioides sp., respectively (Table 2). The observed antimicrobial activities are in line
with previous studies [37–39], but bioactivities on S. cohnii have not been reported so far.

From 23 different bacterial strains that showed already activity in the preliminary screening,
bioactive compound producing strains isolated from S. vastus were identified as Streptomyces cavourensis
(SV 21), Bacillus safensis (SV 147), and a putatively new genus of the Rhodobacteraceae which closely
related to genus Paracoccus (SV 155, Table 2). Streptomyces cavourensis has been reported to strongly
inhibit plant pathogenic fungi [40]. The antimicrobial activity of Paracoccus spp. has been recorded
against Salmonella sp., Proteus sp., and MRSA [41]. In addition, recent studies reported algicidal
activities of Paracoccus sp. against harmful algal blooms of Prorocentrum donghaiense [42].

2.2. Illumina MiSEQ Analysis from the Tissue of Sea Cucumber

In total, there were 12 major phyla detected from the external and internal tissue samples from
the sea cucumber H. leucospilota and S. vastus (Figure 1). Proteobacteria were the most abundant one.
This result is comparable with a previous study on the bacterial communities from the gut content
and ambient sediment from Stichopus japonicus [29]. Previous study on microbial diversity of the
coelomic fluid of H. leucospilota found at least five bacterial genera from two phyla such as Bacillus and
Exiguobacterium from phylum Firmicutes. Meanwhile Pseudomonas, Stenotrophomonas and Vibrio from
phylum Proteobacteria [43].
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SV = Stichopus vastus).

Other phyla such as Firmicutes, Bacteroidetes and Actinobacteria were also detected and thus
resembles the results from the cultivable approach. Interestingly, relative abundance of Proteobacteria
was lower in the internal parts compared to the external parts of both species, while relative abundance
of other phyla increased. For example, relative abundance of Actinobacteria was 3.6 and 9.6 times
higher in the internal parts compared to the external parts of S. vastus and H. leucospilota, respectively.

2.3. Testing the Effect of Bacterial Extracts on the Infectivity of Hepatitis C Virus (HCV)

This screening identified four bacterial extracts from H. leucospilota, which inhibited HCV infectivity
by more than 50% (Figure 2), while all showed no cytotoxicity on the liver cells compared to negative
control (Figure S4). The green tea molecule epigallocatechin gallate (EGCG) was used as positive
control [44]. Both bacterial extracts HL 7 from the internal part and HL 30 from the external part of the
H. leucospilota showed the strongest inhibition of HCV infectivity. They also showed low activity against
B. subtilis (Table 2). Partial identification with Sanger sequencing of HL 7 showed 100% similarity to
Kocuria palustris, while HL 30 showed 99.88% similarity with Kytococcus sedentarius.
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Figure 2. (A) and (C) Inhibition of HCV infectivity of extracts derived from bacterial isolates of
the external sea cucumber parts; (B) and (D) Inhibition of HCV infectivity of extracts derived from
bacterial isolates of the internal sea cucumber parts. NC-negative control, epigallocatechin gallate
(EGCG)-positive control. Viability assay results are given in the supplementary section (Figure S4).

On the other hand, only one bacterial extract from both the internal and external part of S. vastus
showed an inhibitory effect of more than 50% inhibition against HCV. Bacterial extract S. cavourensis SV
21 resulted in a very strong inhibition of HCV infectivity, but also displayed toxicity towards the target
cells. These effects may be caused by the high concentration of the active compound in the extract.

Bacterium SV 17 was putatively a member of a new genus of the Propionibacteriaceae (93.3%
sequence similarity with Pseudopropionibacterium rubrum). Both bacteria SV 17 and SV 147 (100%
sequence similarity with Bacillus safensis) were isolated from the external part of S. vastus and both
their bacterial extracts revealed almost 50% inhibition of HCV infectivity (cf. Figure 2C). Bacillus
sp. has been reported to have bioactivities against HCV [45], but this could be the first report of
antiviral activity against HCV infectivity by a bacterium which has closest sequence similarity to genus
Pseudopropionibacterium.

2.4. Identification of Putative Compounds from Bioactive Fractions

All bacterial extracts that showed high activities against any tested pathogen were fractionated
further in order to isolate and potentially identify the responsible bioactive compounds.
Preliminary compound identification was done by comparing exact mass of the precursor/parent ions
(MS1) of the active fractions with known databases (i.e., MarinLit, Dictionary of Natural Products (DNP),
METLIN, and Global Natural Product Social Molecular Networking (GNPS)). Furthermore, we analyzed
the product/daughter ions (MS2) of the respective peaks by comparing the most prominent MS2 spectra
with available databases (METLIN, GNPS) and/or literature. A summary of this approach is provided
in Table 3.
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Table 3. The summary of 25 precursor/parent (MS1) as well as product/daughter (MS2) ion analysis
from the bioactive bacterial strains. Exact masses from HRMS analysis (±0.005 Da) were compared with
known databases (MarinLit, DNP, METLIN and GNPS). The MS2 data were compared with available
library from the public databases (METLIN and Mass Spectrometry Search Tool (MASST) in GNPS).

Strain Precursor Ions (m/z)

Finding Match
Compounds Based on
MS1 in Databases (M

± 0.005)

Finding Match
Compounds Based on

MS2 in Databases
(incl. Analog) *

Annotation

Streptomyces
cavourensis SV 21

458.181 [M + H]+

(M = 457.173) F LV Partly identified with low
match value

490.207 [M + H]+

(M = 489.200) F LV Partly identified with low
match value

1128.665 [M + NH4]+

(M = 1110.630) F F Putative Valinomycin *

1142.678 [M + NH4]+

(M = 1124.644) NF F Partly identified as
valinomycin derivate *

663.454 [M + H]+

(M = 662.447) F LV Partly identified with low
match value

Kocuria flava HL 55

1140.219 [M + H]+

(M = 1139.211) NF NF unidentified

1515.373 [M + H]+

(M = 1514.366) F F Putative kocurin *

Bacillus safensis HL
63 and

Staphylococcus
cohnii subsp.

urealyticus HL 67

1070.643 [M + H]+

(M = 1069.636) NF F Putative surfactins

1102.616 [M + H]+

(M = 1101.609) F F Putative surfactins

1076.629 [M+Na]+

(M = 1053.640) NF F Putative surfactins

1068.661 [M + H]+

(M = 1067.654) F F Putative surfactins

1022.674 [M + H]+

(M = 1021.667) F F Putative surfactins

1058.671 [M + Na]+

(M = 1035.684) F F Putative surfactins *

1072.686 [M + Na]+

(M = 1049.698) F F Putative surfactins *

1096.692 [M + H]+

(M = 1095.685) F F Putative surfactins

1086.702 [M + Na]+

(M = 1063.714) F F Putative surfactins

875.534 [M + Na]+

(M = 852.545) NF NF unidentified

1100.717 [M + Na]+

(M = 1077.723) F F Putative surfactins

Staphylococcus
edaphicus HL 75

347.212 [M + H]+

(M = 346.205) F LV Partly identified with low
match value

395.213 [M + H]+

(M = 394.206) F LV Partly identified with low
match value

Bacillus safensis SV
147, SV 155

(putatively new
genus of

Rhodobacteraceae),
and Nocardioides sp.

HL 111

1336.478 [M + H]+

(M = 1335.471) F F Putative plantazolicin A *

1044.657 [M + Na]+

(M = 1021.668) F F Putative surfactins

1058.671 [M + Na]+

(M = 1035.683) F F Putative surfactins

1050.705 [M + H]+

(M = 1049.698) F F Putative surfactins

1086.703 [M + Na]+

(M = 1063.713) F F Putative surfactins

F = Found; LV = low match value; NF = Not Found. * MS2 spectra are given as examples for compounds marked
with a star (cf. Figures S5–S12).
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The aim of the chemical analysis, using MS1 and MS2 spectral data, was to determine compounds
in the bioactive fractions by comparing mass spectral data with other databases and/or literature.
Dereplication that only considers MS1 to determine putative compounds has been somewhat unreliable
due to isobaric compounds. Fragmentation spectra (MS2 spectral data) have become necessary in
order to support results from the MS1 analysis [46]. Such comprehensive information is crucial to
prioritize samples for further isolation of the potential novel anti-infective compounds.

In this study, 25 precursors have been found from eight different bacterial extracts (Table 3).
From these 25 targets only 20% (5 out of 25) were unknown based on the comparison of the exact
mass (±0.005 Da) from the precursor ions (MS1) with databases (MarinLit, DNP, METLIN and GNPS).
Based on the MS2 spectra, as much as 28% (7 out of 25) could not be matched to a known candidate
compounds or having a low match with known compounds by either showing a low cosine score or
low numbers of shared peaks. Only 8% (2 out of 25) were unidentifiable in both, MS1 and MS2 analysis.

The comparison of the exact masses of the precursor ions (±0.005 Da) to compounds in the
databases often resulted in similarities with multiple compounds isolated from various organisms (cf
Table S2). In these cases, we also compared the literature MS2 data of the compounds with our MS2

sample data.
The analysis of the active fraction of S.cavourensis SV 21 resulted in the detection of five precursor

ions (Table 3). Results of the search in the MS1 databases can be found in Table S2. Precursor ion
of m/z 458.181 [M + H]+ matched with the previously identified compound medermycin (457.173
[M]) from Streptomyces sp. This result was supported by the results of the MS2 experiments and
comparison of the obtained mass data with the GNPS database (cosine score 0.74, by only 10 shared
peaks). Intriguingly, medermycin’s precursor in the GNPS database was m/z 457.17 with adduct ion
[M + H]+. A difference of 1.01 with the precursor in our sample and also with the exact mass in the
MS1 databases.

One of the closest matched compounds for the precursor ion m/z 490.207 was the antibiotic OA
6129E (489.2145 [M]), which had been originally isolated from Streptomyces sp. OA-6129 [47]. The MS2

spectra of the compound was not mentioned in those articles. However, comparison of the MS2 spectra
490.207 [M + H]+ with the GNPS Database resulted in low similarity to candesartan (precursor ion of
m/z 441.17, cosine score of 0.61, and only 7 shared peaks). Even though the cosine score were high,
the shared peaks were low. Besides, the putative compound was not reported from Streptomyces.
Thus, further isolation, activity testing and compound identification is needed.

An interesting compound was detected in the active fraction from S. cavourensis SV 21 with
a precursor ion of m/z 1142.67 [M + NH4]+. Based on the MS1 analysis, the precursor had not
been reported in the databases yet. However, the MS2 data of the compound have been reported
in [48]. It showed a difference of 14.01 Da with valinomycin (precursor m/z 1128.66 [M + NH4]+,
cf. Figure S5). The MS2 spectra of the precursor ion of m/z 1142.67 [M + NH4]+ also showed high
similarity to valinomycin in the GNPS library with a cosine score of 0.82 and 46 shared peaks (Figure S6).
It indicated that the unidentified compound was putatively a valinomycin derivate with a molecular
mass difference of 14.01 Da with valinomycin. The fragmentation pattern of valinomycin and its
derivate (Figure 3) showed a difference in the substitution of valine with either isoleucine or leucine.
All of the mentioned fragments in Figure 3 can be found in the MS2 spectra in Figures S5 and S6.
Further isolation and identification are needed for confirmation of the chemical structure.
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Figure 3. Logic MS2 interpretation of putative structure of: (A) valinomycin (m/z 1128.66 [M + NH4]+)
and (B) its derivate (m/z 1142.67 [M + NH4]+). The difference between A and B is 14 Da. It might have
from the substitution of valine with either isoleucine or leucine. Figure was adapted from [48].

Precursor m/z 663.454 [M + H]+ in the active fraction from S. cavourensis SV 21 showed matches
with multiple compounds based on the MS1 analysis. Further analysis using the MS2 GNPS
database resulted in the match with sarmentoside B with a cosine score of 0.76 and 19 shared
peaks. Interestingly, sarmentoside B (m/z 665.317 [M + H]+) is a glycoside from the plant Strophanthus
sarmentosus [49]. It has not been reported from bacteria yet. However, further isolation and identification
of the compound is needed for the confirmation.

The two putative bioactive precursor ions, 1140.219 [M + H]+ and 1515.373 [M + H]+, were
identified from the fraction of Kocuria flava HL 55. The detected precursor ion 1140.219 [M + H]+ is to
this point unidentified and has neither been reported by MS1 nor by MS2 (cf. Figure S7). Based on the
MS1 and MS2 spectra from the literature, the precursor ion 1515.373 was identified as kocurin [50].
The MS2 logic of the kocurin fragmentiation showed similar fragments with [50], except for the m/z
1095 (Figure 4). All of the mentioned fragments can be seen in the MS2 spectra in Figure S8.
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to (-)-pipoxide (precursor m/z 367.12 [M + H]+) and to 4-acetyloxy-8-(3-oxo-2-pent-2-enylcyclopenten-
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Figure 4. MS2 interpretation of putative structure of kocurin (m/z 1515.373 [M + H]+). Figure was
adapted from [50].

As much as 11 precursors were detected in the active fraction from Bacillus safensis HL 63 and
Staphylococcus cohnii subsp. urealyticus HL 67. The precursors m/z 1070.643 [M + H]+, 1076.629 [M
+ Na]+, 1068.661 [M + H]+, 1022.674 [M + H]+, 1058.671 [M + Na]+, 1072.686 [M + Na]+, 1096.692
[M + H]+, 1086.702 [M + Na]+, 1102.616 [M + H]+, and 1100.717 [M + Na]+ were identified as
putative-surfactins in MASST GNPS (exemplified in Figures S9 and S10). The logic MS2 fragments
were exemplified by m/z 1072.686 [M + Na]+ (Figure 5) which were similar to surfactins reported in [51],
except for the fragments below m/z 731. This finding confirmed the result of MS1 databases search for
precursors m/z 1022.674 [M + H]+, 1058.671 [M + Na]+, and 1072.686 [M + Na]+ (cf. Table S2).
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Figure 5. MS2 interpretation of putative structure of surfactin (1072.686 [M + Na]+). Figure was
adapted from [51].

While a precursor m/z 875.534 [M + Na]+ (Figure S11) in the active fraction from Bacillus safensis
HL 63 and Staphylococcus cohnii subsp. urealyticus HL 67 had not been reported by MS1 nor by MS2.

The two precursor ions m/z 347.212 [M + H]+ and m/z 395.213 [M + H]+ were identified from
the active fraction of Staphylococcus edaphicus HL 75. However, both precursor ions had similar exact
masses with multiple compounds found in the databases. The MS2 analysis resulted in low similarity to
(-)-pipoxide (precursor m/z 367.12 [M + H]+) and to 4-acetyloxy-8-(3-oxo-2-pent-2-enylcyclopenten-1-yl)
octanoic acid (precursor m/z 349.2 [M −H]-), respectively. Those compounds had not been reported
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from bacteria. Therefore, further isolation for identification of the compounds for respective precursors
are needed.

There were five detected precursor ions that were identified in the active fraction of Bacillus safensis
SV 147, Paracoccus beibuensis SV 155 as well as Nocardioides exalbidus HL 111.

The precursor m/z 1336.478 [M + H]+ had the closest exact mass to plantazolicin A, a compound
isolated from Bacillus sp. [52]. MS2 analysis with MS2 spectra from [52] gave shared product ion
peaks with m/z 455.059; 523.122; 630.230; 679.259; as well as 1277.425 (MS spectra of the sample is
shown in Figure S12). The MS2 spectra in Figure 6 showed the product ions of m/z 1277.43 and
630.23 from plantazolicin A. Therefore, the precursor of m/z 1336.478 [M + H]+ was putatively assigned
as plantazolicin A. Further isolation and identification of the compound is needed for confirmation.
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The precursor ions m/z 1044.657 [M + Na]+, 1058.671 [M + Na]+, 1050.705 [M + H]+ and 1086.703
[M + Na]+ have similar fragment profiles with m/z 1072.686 [M + Na]+ as mentioned earlier. Thus, they
were identified as putative-surfactins. These results indicate that bacteria from different taxa are able
to produce the same compounds. Further analyses are needed to confirm the chemical composition of
these bacteria and whether these bacteria have the same bioactive gene clusters (BGCs).

3. Discussion

A first step in the drug discovery process is the identification of novel bioactive compounds
or known compounds with newly identified bioactivities. One approach has been high throughput
screening of synthetic and/or natural products libraries, which is not really possible in University
settings due to lack of financial and human resources. Another approach is to focus on drug discovery
from unusual environments and unusual biological sources. As many of the terrestrial environments
have been investigated in detail for decades, screening of terrestrial organisms and plants is increasingly
yielding known compounds rather than novel compounds and new drug leads. Likewise, antibiotic
screens from soil derived microorganisms often resulted in the re-discovery of already known antibiotic
compounds [53]. To circumvent re-discovery, untapped sources such as various marine ecosystems
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(e.g., coral reefs, twilight zone habitats) are getting in the focus of researchers [54]. For example, marine
bacteria such as Actinobacteria and Bacilli derived from marine sediments have been proven to be a
valuable source of new antibiotics [55].

Bacteria associated with marine invertebrates can be a promising source of new antimicrobial
compounds, as confirmed by the identification of potent antimicrobial extracts from the sea cucumber S.
vastus and H. leucospilota associated bacteria. The isolated Actinobacteria produced interesting bioactive
metabolites, which exhibited activity against HCV, bacteria, and fungi. In addition, the potentially novel
Actinobacteria genera and species displayed anti HCV properties, requiring further research on these
bacteria to identify the new anti-infective compounds. It is known that secondary metabolite producing
bacteria synthesize different metabolites under certain environmental conditions (i.e., temperature,
salinity, O2 stress, different media composition) or when co-cultured with other microorganisms.
Such an approach could be a promising strategy for the discovery of new anti-infectant compounds
with the new bacteria genera and species.

The main underlying reasons on performing a screening approach for new anti-infective
compounds from sea cucumber derived bacteria was the biotechnological potential and ecological
roles of the hosts [1,56]. There are several reasons why sea cucumbers are a promising source of novel
bacteria and potentially bioactive compounds: (1) Sea cucumber have an important ecological role
in the marine environment through bioturbation of the sediment, thereby extracting and removing
organic material, microalgae and bacteria from the sediment and defecating sediment with a lower
organic content [57]. During this process they likely enrich certain bacteria in their gut microbiome [29].
(2) Due to their slow movement and soft to leathery body walls, sea cucumbers rely mainly on potent
chemistry for their defense against predators such as fishes. Echinoderms in general are known to
have a diverse metabolome that can be highly affected by their surrounding environment and their
diet [58]. However, up to this point, it is not known whether the bioactive compounds are produced by
the host or the associated microorganisms.

The role of bacteria for the sea cucumber, especially the producers of bioactive compound, remains
unclear. Associated Actinobacteria could be an ecological advantage by providing the host with
bioactive compounds for i.e., protection against infection by pathogenic bacteria or protection against
predators [59]. The function of Staphylococcus bacteria in the sea cucumbers is still unknown, but a
study suggested that the orange color in the respiratory track of H. leucospilota may be an result of the
pigment-producing strain Staphylococcus klosii [60].

Compared to the overall sea cucumber microbiome of S. vastus and H. leucospilota, Actinobacteria
are only represented by a small number of associated bacteria. The majority of the associated bacteria
belong to the phylum Proteobacteria (Figure 1). In this study, some identified Proteobacteria showed
antimicrobial activities and also produced putatively novel compounds, and thus emphasizing the
need to follow up the identified leads for bioactive compounds. In addition, we also isolated putatively
new species of bacteria which belonged to the phyla Proteobacteria and Actinobacteria, representing
further opportunities for the discovery of novel bioactive metabolites.

Bioassays of the bacterial extracts identified eight promising bacterial strains that were derived
mostly from Actinobacteria and Firmicutes. For example, Streptomyces cavourensis SV 21 showed
strong activity against bacteria and HCV (Table 2, Figure 2). Analysis of the active fraction of
Streptomyces cavourensis SV 21 showed five precursors. The precursor ion of the largest peak was
identified as valinomycin. Valinomycin, a cyclodepsipeptide, holds a potent antibiotic activity that
had been previously recovered from various soil-derived Actinomycetes, such as S. fulvissimus, S.
roseochromogenes and S. griseus var. flexipartum [61] as well as from marine Streptomyces species that
were associated with the sponge Axinella polypoides and Aplysina aerophoba [62]. Another interesting
bioactivity of valinomycin was its potency against the causative agent of the world’s first pandemic in
the 21st century; the SARS-CoV virus. Unfortunately, valinomycin also showed enhanced cytotoxicity
that prevented the drug to enter the clinical phase [63,64]. The other precursor ions (cf. Table 3) were
either unidentified compounds or could only be partially identified. Therefore, in order to define the
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additional active compounds and to determine their structure, further isolation and identification
are needed.

We also found an unidentified compound from the active fraction of Kocuria flava HL 55 with
the precursor ion of m/z 1140.219 [M + H]+. It eluted in the UPLC-HRMS (Waters Synapt G2-Si,
Milford, MA, USA) chromatogram close to the precursor ion m/z 1515.373 [M + H]+ which was
identified as kocurin. Kocurin, isolated from Kocuria palustris, was previously described as potent
antibiotic compound against methicillin-resistant Staphylococcus aureus (MRSA) [50]. Another study of
a bacterium with 96% sequence similarity to Kocuria flava S43 was able to inhibit bacteria causing coral
disease, so called yellow blotch [65]. Detection of kocurin in extracts from this study indicated that it
seems to be a common metabolite produced by bacteria of the genus Kocuria.

UPLC-HRMS analysis of the active fraction from Bacillus safensis HL 63 and Staphylococcus cohnii subsp.
urealyticus HL 67, revealed an unidentified precursor ion with the mass of m/z 875.534 [M + Na]+.

In this study, the two precursor ions of m/z 1140.219 [M + H]+ (from Kocuria flava HL 55) &
875.534 [M + Na]+ (from Bacillus safensis HL 63 and Staphylococcus cohnii subsp. urealyticus HL 67)
could not be identified in both, MS1 and MS2 databases, and thus these two remain, to the best of our
knowledge, as unidentified and might be putative novel bioactive compounds. However, one should
keep in mind that identified precursor ions in either MS1 or MS2 compound databases might still be
false positive, if they contained only a low number of matched peaks of their product/daughter ions.
Precursor annotation as false positive in MS2 databases has been reported to be in linear correlation
with true positive precursor annotation [66]. It means, as more compounds or libraries are added to
MS2 databases, the probability of a false positive analysis of the target compounds becomes higher.
Orthogonal analysis of the compounds (cf. Table 3.) that are responsible for the putatively new or
partially identified precursors need to be done in order to find the actual structure of the compounds.

We isolated and tested some bacteria from the same species i.e, Kocuria palustris and Kytococcus
sedentarius, but not all of them had the same bioactivities. This might be caused by the different
compounds produced, even within the same species. A study by [67] showed that bacterial strains
which are identical based on their 16S rRNA gene sequence similarity can actually produce different
secondary metabolites, as the overall genome of the strains could be still somewhat different and
therefore encode for different metabolites.

Overall, this study confirmed that the use of understudied marine invertebrates such as sea
cucumbers is a promising approach for the isolation of novel bacteria strains and identification of
compounds in bioactive fractions.

4. Materials and Methods

4.1. Isolation of Bacteria

An individual of both Holothuria leucospilota and Stichopus vastus were collected in Sari Ringgung,
Lampung, Indonesia (coordinates: S 05◦33.706’ E 105◦16.220’) on the 19 April 2016. Sea cucumbers
were kept cold on ice until the bacterial isolation was carried out.

Skin (external) and intestine (internal) parts of the sea cucumbers were used for bacterial isolation.
Several media were prepared including Marine Agar 100% (MA, made from Marine Broth (MB,
Carl Roth, Karlsruhe, Germany) according to manufacturer’s instruction with addition of 9 g/L agar
(Agar-agar Bacteriological, Carl Roth, Karlsruhe, Germany)), Marine Agar 10% (MA2, was made
by a 10-fold dilution of MA with distilled water) and M1 media (1.8% agar, 1% starch, 0.4% yeast
extract, 0.2% peptone and filtered seawater). We choose the rich nutrient media MA and M1 for the
isolation as it was used in the previous publications [30,31,68]. While the lower nutrient MA2 media
was provided to allow slow growing bacteria more time to form colonies before the agar plates were
eventually covered by fast growing bacteria like in the MA media. We swabbed with sterile cotton
buds the surface of sea cucumbers after they had been washed with sterile sea water to isolate the
associated bacteria. Swaps were streaked onto agar plates. In addition, a one cm piece from the outer
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and inner (intestine) body part was mixed with 1 mL of sterile sea water, homogenized and serially
diluted to give 10×, 100×, and 1000× dilutions. The function of the dilution was to increase the percent
cultivability and diversity of the bacterial isolates by reducing the competition among bacteria [69].
As much as 150 µL of each serial dilution was plated onto agar plates.

Agar plates were incubated at 28 ◦C for 14 days. Bacterial colonies were picked from the agar,
and then re-inoculated multiple times to get pure bacterial strains. Pure cultures were transferred
to 10 mL MB (Marine Broth, Carl Roth, Karlsruhe, Germany) in sterile Corning tubes. After 72 h
incubation in room temperature, the glycerol stocks from each pure culture were made by mixing sterile
glycerol with broth culture 3:1 in 2 mL cryo tubes and storing them in −80 ◦C. Before identification
of the bacteria via Sanger sequencing, bacteria were visually de-replicated based on the colonies’
appearances (e.g., color, shape, optical property and size of colony) to reduce duplication.

4.2. Identification of Bacteria by 16S rRNA Gene Sanger Sequencing and Construction of Phylogenetic Tree

All pure isolates were transferred onto MA. Subsequently, their identity was determined by 16S rRNA
gene Sanger sequencing using universal forward primer 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and
reverse primer 1492R (5’-GGTTACCTTGTTACGACTT-3’) [70]. One reaction mixture contained 10 µL 5
× GoTaq reaction buffer (Promega, Madison, WI, USA), 1 µL dNTPs (10 mM, Promega), 0.5 µL GoTaq
DNA polymerase (5 u/µL, Promega), 1 µL upstream primer (10 µM), 1 µL downstream primer (10 µM),
1 µL template (briefly frozen and thawed bacterial biomass in TE Buffer) and 35.5 µL nuclease-free water
(Promega). The PCR program consisted of initial denaturation at 95 ◦C for 5 min; 30 cycles of denaturation
at 95 ◦C for 30 s, annealing at 52 ◦C for 40 s and extension at 72 ◦C for 90 s; and final extension at 72 ◦C for
7 min. Purified PCR products were checked on a 0.8% agarose gel and purified using DNAeasy Powersoil
Kit (Qiagen, Venlo, The Netherlands). Purified products were sent to GATC Biotech for sequencing
with primer 27F. Read ends were trimmed with DNA Baser version 3.5.4.2 (Heracle BioSoft SRL, Arges,
Romania) until there were 99% good bases (quality value > 21) in a 20-base window. To identify the
closest relatives, sequences were compared to those in the NCBI’s 16S ribosomal RNA gene sequences
(Bacteria and Archaea) database. Sequences were deposited at NCBI database under accession number
MK696422–MK696544 and MK720778–MK720780 (except for SV 155, see Table S4).

Based on the study by [71], we considered our isolates to potentially belong to novel species
if they shared less than 98% sequence similarity with the closest type strain, and potentially novel
genera if the sequence similarity was less than 95%. However, further phenotypic and/or genotypic
characterization is required to be able to confidently assign these strains to novel taxa [72].

The phylogenetic tree was constructed with 16S rRNA gene bacterial sequences and the nearest
type strains. From bacteria which show more than 99% similarity to each other, one representative
is shown in the tree. The Neighbor-joining tree was constructed using MEGA X version 10.0.5
(Philadelphia, PA, USA). Bootstrap values greater than 50% are shown at the nodes and are based on
1000 iterations. The scale bar represents the number of base substitutions per site.

4.3. Preparation of 16S Amplicon Sample Library for Illumina MiSEQ

DNA was extracted from holothurian skin and gut samples immersed in 100% ethanol using the
DNAeasy Powersoil Kit (Qiagen, Venlo, The Netherlands). Prior to DNA isolation, cell material was
spun down and the supernatant removed. For each sample, a barcoded 16S rRNA gene PCR was
performed with primers amplifying a 292 bp fragment in the V4 region as previously described [73].
The composite forward primer consisted of the Illumina 5’ adapter, a 8-nt barcode, a 10-nt pad
sequence, a 2-nt linker and the 515F-Y 16S rRNA gene-specific primer, whereas the composite reverse
primer consisted of the Illumina 3’ adapter, a 8-nt barcode, a 10-nt pad sequence, a 2-nt linker and
the 806 rB 16S rRNA gene-specific primer [74] (Table S3). PCR amplifications were performed in a
final reaction volume of 25 µL containing 5 µL Green GoTaq® reaction buffer (Promega, Madison, WI,
USA), 0.5 µL 10 mM dNTPs (Promega), 0.5 µL 10 µM forward primer, 0.5 µL 10 µM reverse primer,
0.15 µL GoTaq® DNA polymerase (5 U/µL, Promega) and 1 µL template DNA (0.1–10 ng/µL). The PCR
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program consisted of: initial denaturation of 2 min at 95 ◦C; 30 cycles of denaturation at 95 ◦C for 20 s,
annealing at 55 ◦C for 15 s, and extension at 72 ◦C for 2 min; and final extension at 72 ◦C for 10 min.
Samples were amplified in triplicate, after which the reaction volumes were pooled and 5 µL combined
solution was run on a 1% agarose gel to assess amplification success. Next, the PCR products were
purified using the QIAquick PCR Purification Kit (Qiagen, Venlo, The Netherlands). DNA was eluted
from the spin column with 10 µL distilled DNase/RNase-free water (Invitrogen, Waltham, MA, USA).
The DNA concentration of the elute was measured with the Nanodrop 2000c (Thermo Fisher Scientific,
Waltham, MA, USA). An equimolar mixture of PCR products from unique samples, i.e., a sample
library, was prepared and run on a 1% agarose gel. The gel band at ~292 bp was extracted and purified
using the ZymocleanTM Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA). Elution was
done with distilled DNase/RNase-free water. The sample mixture was reduced in volume by vacuum
drying, and subsequently sent for Illumina paired end MiSEQ sequencing (2 × 250 bp) at GATC Biotech
(Konstanz, Germany). A negative control sample was also included in the sample library because
weak amplification was regularly detected in PCRs without template. The 16S rRNA gene amplicon
sequences were deposited in the ENA SRA database under accession number PRJEB31855 (Table S3).

4.4. Processing of 16S MiSEQ Data

The 16S rRNA gene reads were processed with the MiSEQ standard operating procedure [73] (https:
//www.mothur.org/wiki/MiSeq_SOP, accessed November 30, 2017). In brief, reads were quality-filtered,
assembled into contigs, filtered for chimaeras with VSEARCH [75], and clustered into operational
taxonomic units (OTUs) based on a 97% identity threshold. The OTUs were annotated with the
Ribosomal Database Project Classifier [76] using the SILVA SSU NR 128 database as a reference [77].
OTUs that were detected at a higher relative abundance in the negative control sample than in our
biological samples were removed from the OTU table because they were assumed to be contamination.

4.5. Cultivation of Bacteria and Their Biomass Extraction

All 127 strains were preliminary screened with the agar plug diffusion assay against
environmental bacteria (Acinetobacter soli, Acinetobacter pitii, Aliagarivorans marinus, Aurantimonas
coralicida, Exiguobacterium profundum, Microbulbifer variabilis, Pantoea eucrina, Pseudovibrio denitrificans,
Rhodococcus corynebacterioides, Ruegeria areniliticus, Streptomyces flavoviridis, and Vibrio coralliilyticus).
Based on these results the 69 active strains were further cultured and extracted to be tested against
human pathogenic microorganisms. Seed cultures were prepared by picking a bacterial colony from a
24 to 48 h old marine agar plate into a 15 mL Falcon tube holding 10 mL of liquid Marine Broth media
(Carl Roth, Karlsruhe, Germany). After 3 days, 1 mL of this starting culture was transferred to 250 mL
Erlenmeyer flask holding 100 mL of fresh Marine Broth media. All flasks were incubated at room
temperature (about 23 ◦C) for 10 days to assure that the cultures reached the late stationary phase.
Broth cultures were extracted with ethyl acetate (EtOAc; HPLC grade VWR International GmbH,
Hannover, Germany) using Ultra-Turrax T65 (IKA, Staufen, Germany) at 12.000 rpm for 30 s with a
broth culture: EtOAc partition of 1:2 (v/v). EtOAc extracts were separated from the aqueous phase by
using a separation funnel. Afterwards the organic phase was evaporated in the rotary evaporator and
stored in the −20 ◦C freezer until further analysis.

4.6. Antimicrobial Assay

The panel of test microorganisms consisted of the following bacteria: Gram-negative bacteria
Escherichia coli (DSM 1116) and Pseudomonas aeruginosa (PA16), Gram-positive bacteria Bacillus subtilis
(DSM 10), Staphylococcus aureus (DSM 346), Mycobacterium smegmatis (ATCC 7000048), yeast Candida
albicans (DSM 1665), Rhodotorula glutinis (DSM 10134) and filamentous fungi Mucor hiemalis (DSM
2656). A total of 20 µL raw extract 1 mg/mL and 180 µL bacterial/fungal suspension was tested in seven
1:2 serial dilution steps (dilution steps A to H) in 96-well plates for tissue cultures (TPP). Bacteria were
cultivated in Mueller-Hinton bouillon (Roth) and fungi/yeasts in MYC medium (1.0% phytone peptone,
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1.0% glucose, and 1.19% HEPES, pH 7.0). Start OD600 was 0.01 for B. subtilis, E. coli and S. aureus;
start OD548 was 0.1 for M. hiemalis, C. albicans, R. glutinis, M. smegmatis and P. aeruginosa. The test
organisms were cultivated at 30 ◦C and 160 rpm overnight. In this study, we use letter A-H for
showing the different serial dilution steps of 1:2 (A: starting concentration-first well; B: first 1:2 dilution
step–second well,...H: final dilution–last well). So, the highest bioactivity of the extract is the highest
dilution (highest letter) in which the well still showed activity. Extracts showing activity in at least
three wells were fractionated with semi-preparative high-performance liquid chromatography (HPLC)
for peak-activity correlation. HPLC conditions were as described in [78]. Every 30 s 150 µL extract
were collected in a new well of 96-well plates. After fractionation, the dried plate (N2) was inoculated
with the former inhibited test organism (150 µL/well) and incubated overnight. The inhibited wells
could be correlated with peaks/retention time/UV-spectrum in the chromatogram. Active extracts were
further analyzed by UPLC-HRMS.

4.7. Inhibitory Effects on Hepatitis C Virus (HCV) Infectivity

Huh7.5 cells stably expressing Firefly luciferase (Huh7.5 Fluc) were cultured in Dulbecco’s
modified minimum essential medium (DMEM, Gibco, Thermo Fisher Scientific, Schwerte, Germany)
containing 2 mM L glutamine, 1% minimum essential medium nonessential amino acids (MEM NEAA,
Gibco, Thermo Fisher Scientific, Schwerte, Germany), 100 µg/mL streptomycin, 100 IU/mL penicillin
(Gibco, Thermo Fisher Scientific, Schwerte, Germany), 5 µg/mL blasticidin and 10% fetal bovine
serum. Cells were maintained in a 37 ◦C environment with 5% CO2 supply. Cells were infected
with Jc1-derived Renilla reporter viruses in the presence or absence of compounds as described [44].
Infected cells were lysed and then frozen at −80 ◦C for 1 h following measurements of Renilla and Firefly
luciferase activities on a Berthold Technologies Centro XS3 Microplate Luminometer (Bad Wildbad,
Germany) as indicators of viral genome replication and cell viability, respectively.

4.8. Chemical Analysis of Bioactive Extracts

The identification of bioactive and potential novel secondary metabolites was detected by
UPLC-HRMS to obtain MS1 and MS2 data from the fraction of bioactive extract. MS1 were obtained
from analysis of the HPLC fraction of bioactive extracts on UPLC-HRMS (MaXis ESI TOF, Bruker
Daltonik GmbH, Bremen, Germany) using BEH C18 column (Waters ACQUITY, Milford, MA, USA)
(1.7 µm 2.1 × 50 mm). A linear gradient from 95% H2O and 5% MeCN to 5%H2O and 95% MeCN
was used. The buffer system was acetic acid and 5 mM ammonium acetate. Eluent was detected by
ESI-MS monitoring m/z 50–2000. Peaks were analyzed using software Bruker Data Analysis 4.2 (Bruker
Daltonik GmbH, Bremen, Germany). The exact mass of the detected compounds was then compared
to various databases namely Marinlit (Royal Society of Chemistry, Cambridge, UK), Dictionary of
Natural Product (ChemNetBase, Taylor&Francis, Abingdon, UK), METLIN (Scripps Research, La Jolla,
CA, USA), and GNPS (University of California San Diego (UCSD), La Jolla, CA, USA) with a search
variance of ± 0.01–0.005 Dalton. This method enables a rapid detection of putatively novel bioactive
compounds prior to time-consuming compound isolation.

MS2 were obtained in UPLC-HRMS (Waters Synapt G2-Si, Milford, MA, USA) with the same
system as mentioned above. Peaks were analyzed using the software Waters MassLynx V4.1 (Milford,
MA, USA). In this study, masses were measured in the positive mode. We analyzed the MS2 data by
using METLIN and MASST GNPS to identify the likely fragments of the compounds or its analogues.
Search parameter in METLIN MS/MS fragment were precursor tolerance of 20 ppm, collision energy
40 eV, MS/MS tolerance 0.01 Da. The peaks were picked from the 30 highest peaks in the MS2 spectra
before the precursor m/z. The MASST GNPS are open MS2 search engine like gene analysis in BLAST
in NCBI [79]. Parameter for the analysis were minimum cosine score 0.3; minimum matched peaks
6; parent mass tolerance 2; fragment mass tolerance 0.2; search also analog; and search database
was GNPS.
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5. Conclusions

In this study we identified and analyzed the culturable bacteria from just two different sea
cucumbers. Analysis of the mass spectrometry data from the highly active fractions resulted to
the identification of 23 precursor ions that either putatively known or partly identified and two
unidentified precursors. Thus, our data corroborates that the screening approach for new antibiotics
from untapped marine sources is still a promising approach in the search for new anti-infectants.
The finding of putatively novel bacteria species also provides further opportunities for the isolation of
novel compounds during follow-up studies.
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