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Actinobacteria phyla and were distributed among 28 gen-
era. Several genera known for their capacity to produce 
bioactive natural products (Micromonospora, Streptomy-
ces, Serinicoccus and Verrucosispora) were retrieved from 
the invertebrate samples. To query the bacterial isolates for 
their ability to produce bioactive metabolites, all strains 
were fermented and fermentation extracts profiled by 
UP LC-HRMS and tested for antimicrobial activity. Four 
strains exhibited antimicrobial activity against methicillin-
resistant Staphylococcus aureus (MRSA) and Staphylococ-
cus warneri.

Keywords  Marine bacteria · Antimicrobial · 16S rDNA · 
Bacterial community · Luidia senegalensis · Olivancillaria 
urceus

Introduction

Microorganisms are widely recognized as one of the most 
important sources of bioactive natural products, many 
of which have found utility as treatments for a variety of 
diseases such as cancer, diabetes, hypercholesterolemia 
and infections causes by pathogens (Haygood et al. 1999; 
Spellberg et  al. 2008; Hong et  al. 2009; Fischbach and 
Walsh 2009). Antibiotic-resistant pathogens are an increas-
ing health threat that makes the need to find new antibiotics 
particularly urgent (Kim et al. 2011). More than two-thirds 
of clinically used antibiotics are natural products or their 
semisynthetic derivatives. Despite this need for new bio-
active compounds, natural product discovery has declined 
in the last few years, in part because of the rediscovery of 
known compounds and the difficulty in finding new antibi-
otics. Recent efforts to reinvigorate the antibiotic discovery 
via bioprospecting from underexplored ecological niches, 

Abstract  Shrimp fisheries along the Brazilian coast have 
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catch contains many invertebrates that may host a great 
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that the isolates belonged to Proteobacteria, Firmicutes and 
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unexplored bacterial taxa and even the genomes of well-
studied bacteria have yielded novel antimicrobial natural 
products, whereas new screening strategies have begun to 
circumvent the time-consuming problem of rediscovery 
(Fischbach and Walsh 2009).

Most natural product antibiotics have been discovered 
from bacteria within the order Actinomycetales (commonly 
referred to as actinomycetes), which are common soil 
inhabitants. Though more than 50 % of the microbial anti-
biotics discovered so far originate from actinomycetes, two 
genera (Streptomyces and Micromonospora) account for 
most of these compounds (Wagman and Weinstein 1980; 
de Procópio et  al. 2012). Recent explorations of marine 
environments have established marine bacteria, includ-
ing marine actinomycetes, as a promising source of bio-
active natural products (El Amraoui et al. 2014). This fact 
is exemplified by the discoveries of the potent anticancer 
agent salinosporamide A and the novel antibiotic abyss-
omicin C from the marine actinomycetes Salinospora trop-
ica and Verrucosispora sp., respectively (Bister et al. 2004; 
Niewerth et al. 2014).

Despite the awareness of the biomedical potential of 
microbial natural products, the first natural product isolated 
from a microorganism discovered by Brazilian researchers 
was reported only in 2000 (Ióca et al. 2014). Among micro-
bial natural products discovered in Brazil, only a small per-
centage (9  %) were discovered from bacteria (Ióca et  al. 
2014). Thus, bacteria from Brazilian habitats represent an 
underexplored resource.

Many marine invertebrates harbor a plethora of micro-
organisms, which also have the potential to produce novel 
bioactive compounds (Blunt et  al. 2015). In some cases, 
symbiotic microorganisms are the true producers of metab-
olites first isolated from marine invertebrates (Mincer et al. 
2002). One way to study marine organisms without gener-
ating extra alterations to the ecosystem is to investigate the 
unintentionally harvested marine organisms in fishing prac-
tices, commonly referred to as by-catch. By-catch fauna is 
defined as any organism that is not the intended target of 
the harvest, including fishes, turtles, crustaceans, mollusks 
and other organisms.

By-catch is a global problem, and the Food and Agricul-
ture Organization (FAO) estimates that nearly 7 million tons 
of by-catch are discarded annually, an amount equivalent to 
8 % of the world’s marine fisheries (Eayrs 2007). The by-
catch associated with shrimp trawling in tropical waters is 
particularly egregious, accounting for 28 % of all by-catch 
(Eayrs 2007). Bottom trawling fishing practices not only 
lead to low harvest selectivity, but also the destruction of 
the neritic biological diversity, particularly in the demersal-
benthic layer. In spite of high by-catch rates, the marketable 
portion of the catch is sufficiently profitable that current 

fishing practices remain profitable. Continued use of non-
selective fishing practices reduce biodiversity as the major-
ity of discarded by-catch perishes, thereby disrupting the 
ecological balance of fished areas (Graça Lopes et al. 2002; 
Severino-rodrigues et al. 2004; Dos Santos 2007).

Two marine species commonly harvested as by-catch 
in bottom trawling fishing practices are the starfish Luidia 
senegalensis (Lamark, 1816) (Clarck and Downey 1992) 
and the gastropod Ollivancilaria urceus (Röding, 1798) 
(Röding 1798). To expand the breadth of Brazilian research 
in the area of bacterial natural product discovery and to add 
potential value to these by-catch organisms, we set out to 
study the culturable bacteria associated with L. senega-
lensis and O. urceus for their ability to produce bioactive 
natural products. A marine sediment sample collected in 
the same area as the invertebrates was also examined as 
sediments are an established source of natural product-pro-
ducing marine bacteria (Sponga et al. 1999; Gontang et al. 
2007; Dalisay et al. 2013). Due to their proven track record 
as a rich source of novel natural products, we focused our 
isolation methods on those selective for actinomycetes. Iso-
lated bacteria were identified by 16S rRNA gene sequenc-
ing, and fermentation extracts from selected isolates were 
screened for antimicrobial activity. The chemical composi-
tion of bioactive extracts was characterized by liquid chro-
matography–high-resolution mass spectrometry to iden-
tify compounds potentially responsible for the observed 
bioactivity.

Materials and methods

Sample collection

Collections were performed off the coast of Ubatuba, 
State of São Paulo, Brazil, by bottom trawling with a 
typical shrimp fishing net for 1  h, on April 19, 2013, 
between the coordinates 23°29′21″S/44°59′95″E and 
23°33′01″S/45°00′54″E at depths of 15–20  m. After 
1  h of trawling, by-catch specimens were collected and 
stored on ice until the fishing vessel returned to port 
(~3  h). On shore, the specimens were separated by spe-
cies and then stored at −20 °C for 10 days until analysis. 
The sediment sample was collected at the end of the trawl 
(23°33′01″S/45°00′54″E) using a van Veen grab sampler 
deployed from the fishing vessel. The sediment sample was 
kept wet with sea water and stored on ice until arrival in the 
laboratory (24 h post-collection). In the laboratory, it was 
kept refrigerated at 4 °C for 10 days until processing. All 
samples were transported to Canada for processing. Inver-
tebrate samples were transported frozen and the sediment 
sample in cold packs.
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Isolation of bacteria

For the isolation of bacteria, four different pretreatments 
specific to each type of sample were performed. When sea-
water was needed, seawater collected from the northern 
coast of Prince Edward Island, Canada, was filtered over a 
0.45-µm cellulose nitrate membrane and autoclaved. Serial 
dilutions were prepared using sterile sea water. Isolation 
plates were incubated at 28 ºC for a period of 10 days.

1.	 Dry-stamp method (dry sediment) (Mincer et al. 2002). 
A portion (5 g) of wet sediment was dried aseptically 
in a sterile petri dish (24 h, 37 °C) and ground lightly 
with a sterile mortar and pestle. An autoclaved foam 
plug (diameter 10  mm) was pressed into the ground 
sediment, and excess sediment was dislodged from 
the plug by gently tapping the edge of the plug. Agar 
plates were inoculated by stamping the foam plug on 
the surface of the plate in a circular fashion, resulting 
in a serial dilution effect. Three plates each of media 
1–5 were inoculated in this fashion.

2.	 Dispersal and differential centrifugation technique 
(DDC—wet sediment) (Hopkins et  al. 1991). Five 
grams of wet sediment were ground with a sterile 
mortar and pestle in 10.0 mL of 0.1 % (w/v) sodium 
cholate solution. The ground sediment was asepti-
cally transferred to a 50-mL centrifuge tube, and 
an additional 10  mL of 0.1  % (w/v) sodium cholate 
solution was added along with 30 sterile glass beads 
(4  mm diameter). The tube was shaken on its side at 
60  rpm at 5  °C for 2 h. The mixture was centrifuged 
at 500 g for 2 min and the supernatant saved (DDC1). 
The precipitate was suspended in 10  mL of 50  mM 
Tris–HCl buffer (pH 8.0) and stirred for 1  h at 5  °C. 
The mixture was then centrifuged at 500 g for 1 min. 
The supernatant was combined with DDC1. The pel-
let was suspended in 20  mL sodium cholate solution 
and sonicated in a Misonix Sonicator 3000 (New York, 
USA) at low power for 1  min. Following sonication, 
10 mL of sodium cholate solution was added and the 
tube was shaken on its side at 60 rpm for 1 h at 5 °C. 
The mixture was centrifuged at 500 g for 1 min and the 
supernatant (DDC2) saved. The pellet was suspended 
in 10  mL of 50  mM Tris–HCl buffer (pH 8.0) and 
shaken on its side at 60 rpm for 1 h at 5 °C. The mix-
ture was centrifuged at 500 g for 1 min and the super-
natant combined with DDC2. Cells present in DDC1 
and DDC2 were collected by centrifugation (12,000g, 
4  °C) and suspended in 10  mL of 50  mM Tris–HCl 
buffer. For media 1–5, 0.1 mL of undiluted and a 10−1 
dilution of DDC1 and DDC2 were plated on five plates 
of each medium. For marine agar (MA), DDC1 and 

DDC2 were serially diluted (10−0–10−7), and 0.1 mL 
of each dilution was spread on three plates per dilution.

3.	 Heat-shock method (invertebrates) (Mincer et  al. 
2002). Invertebrates were thawed at room temperature, 
and in the case of O. urceus, shells were aseptically 
removed once thawed. From the starfish, two arms and 
the center disk of one specimen were homogenized. 
From O. urceus, two entire specimens were homog-
enized. Both invertebrates were mixed with 9  mL of 
sterile seawater and blended in a stainless steel auto-
claved Waring blender. The mixture was heated for 
60 min at 55 °C to reduce the viability of asporogenous 
bacteria and then vortexed for 1 min. The homogenates 
were serially diluted (10−1–10−8) in sterile seawater, 
and 0.1 mL of each dilution was plated on agar plates. 
For media 1–5, the 10−1–10−3 dilutions were plated 
on each medium in triplicate. For MA, 0.1 mL of each 
dilution (10−1–10−8) was plated in triplicate.

4.	 Phenol method (invertebrates) (Hayakawa et al. 2004). 
Phenol (1.5 % v/v) was added to 10 mL of each inver-
tebrate homogenate and shaken at 200 rpm for 30 min. 
Phenol-treated homogenates were diluted and plated as 
described for method 3.

Bacteria were also isolated from invertebrate homoge-
nates without pretreatment. For these samples, a portion 
(0.1 mL) of serially diluted homogenates (10−1–10−8) was 
plated on triplicate plates of MA.

Culture media

Five media were used, which had previously been devel-
oped for the isolation of Actinobacteria. The composition 
of the media is listed below.

Culture Medium 1 (Hayakawa and Nonomura 1987) 
(per L): humic acid, 1.0 g (solubilized in 10.0 mL NaOH 
0.2  N); Na2HPO4, 0.5  g; KCl, 1.71  g; MgSO4·7H2O, 
0.05 g; FeSO4·7H2O, 0.01 g; CaCO3, 0.02 g; vitamins (thi-
amine HCl, riboflavin, niacin, pyridoxine HCl, inositol, Ca-
pantothenate and p-aminobenzoic acid, 0.5  mg each, and 
0.25 mg of biotin); agar, 18.0 g; seawater, to 1.0 L; pH 8.0; 
vitamins were filter sterilized (0.22 μm) and added to the 
medium after autoclaving. Culture Medium 2 (Rowbotham 
and Cross 1977) (per L): KH2PO4, 0.466  g; Na2HPO4, 
0.732  g; KNO3, 0.10  g; MgSO4·7H2O, 0.10  g; CaCO3, 
0.02  g; sodium propionate, 0.20  g; FeSO4·7H2O, 200  µg; 
ZnSO4·7H2O, 180 µg; MnSO4·H2O, 20 µg; thiamine 4 mg; 
agar, 18.0 g; seawater, to 1.0 L; pH 8.0. Thiamine was filter 
sterilized (0.22 μm) and added to the medium after auto-
claving. Culture Medium 3 (Athalye et  al. 1981) (per L): 
yeast extract, 10.0 g; glucose, 10.0 g; agar, 15.0 g; seawater, 
to 1.0 L; pH 8.0. Culture Medium 4 (Vicente et al. 2013): 



158	 Arch Microbiol (2017) 199:155–169

1 3

mannitol, 0.5 g; peptone, 0.1 g; agar, 18.0 g; seawater, to 
1.0 L; novobiocin (20 mg) was filter sterilized and added 
post-sterilization. Culture Medium 5 (Vicente et  al. 2013) 
(per L): colloidal chitin, 0.5 g; agar, 18.0 g; seawater to 1.0 
L. Marine Agar (Difco™) (MA) was prepared with deion-
ized water according to the manufacturer’s recommenda-
tions. Cycloheximide (50 mg/L) was added to media 1, 2, 
4, and 5 to suppress fungal growth (Williams and Davies 
1965). Rifampicin (5  mg/L) and streptomycin (15  mg/L) 
were added to medium 3 to suppress the growth of fast-
growing Streptomyces and to favor the isolation of less 
frequently isolated Actinobacteria such as Actinoplanes 
(Dworkin et al. 2006). Novobiocin (20 mg/L) was added to 
media 4 and 5 to suppress the growth of non-actinomycetes 
(Qiu et al. 2008).

Emerging colonies were purified by serial subculturing 
on the same medium from which they were first observed. 
Following initial purification, isolates were transferred to 
MA culture medium and those exhibiting similar morpho-
logical characteristics from the same source were grouped 
and one of each group was selected for identification.

Bacteria identification

Bacteria were identified by sequencing of the small-subunit 
(16S) ribosomal RNA gene. To generate template DNA 
for PCR amplification, one colony of each axenic strain 
was suspended in 50-µL PCR grade DMSO (Sigma). PCR 
amplification of the 16S rRNA gene was conducted in 
50 µL volumes and consisted of the following: EconoTaq® 
PLUS GREEN 2X Master Mix (25 µL) (Lucigen, Middle-
ton, WI, USA), 0.5 µM of the primers pA (5′-AGAGTTT-
GATCMTGGCTCAG) and pH (5′-AAGGAGGTGWTC-
CARCC) and genomic DNA (2.5 µL of template in DMSO) 
(Edwards et  al. 1989). Thermal cycling parameters con-
sisted of initial denaturation at 94 °C for 2 min, 30 cycles 
of 94  °C for 30  s, 60  °C for 30  s and 72  °C for 1.5 min 
followed by a final extension at 72 °C for 5 min. A negative 
control, which lacked template DNA (DMSO only), was 
included in each set of PCRs. Amplification was evaluated 
by agarose gel electrophoresis.

Partial sequencing of 16S rDNA amplicons was per-
formed by Eurofins MWG Operon (Huntsville, AL, 
USA) using the 16S936R primer (5′-GGGGTTATGCCT-
GAGCAGTTTG) (Duncan et al. 2014).

Phylogenetic analysis of cultured bacteria

Sequences were analyzed, edited and grouped into opera-
tional taxonomic units (OTUs) using the Contig Express 
application within the Vector NTI version 10.3 software 
package (Invitrogen, Carlsbad, CA, USA). The level of 16S 
rDNA sequence identity which corresponds to genomic 

species demarcation based on a genome average nucleo-
tide identity of 95–96  % was recently determined to be 
98.65 % (Kim et al. 2014). This determination was based 
on nearly full-length 16S rDNA sequences. As we obtained 
partial sequences approximately 600–800  bp in length, a 
more conservative species-level 16S rDNA identity cutoff 
of 99 % identity was used to define OTUs. To identify the 
closest relatives, sequences were compared to those in the 
NCBI database (http://www.ncbi.nlm.nih.gov/) using the 
Basic Local Alignment Search Tool (BLAST) (Altschul 
et al. 1990). Sequences were aligned using BioEdit version 
7.2.5 with the ClustalW tool, and phylogenetic analysis 
of partial 16S rDNA sequences was conducted using the 
neighbor-joining algorithm (Saitou and Nei 1987) based 
on distances estimated by Kimura’s two-parameter model 
using Molecular Evolutionary Genetics Analysis—MEGA 
version 6.0 (Tamura et  al. 2013). Neighbor-joining (NJ) 
trees were prepared using default settings with complete 
deletion (Felsenstein 1985). The robustness of the resulting 
phylogeny was evaluated by bootstrap analysis of NJ data 
based on 1000 re-samplings (Felsenstein 1985).

Bacteria cultivation and extraction

Marine Broth (Difco™) medium was prepared with 
ultrapure water according to the manufacturer’s recom-
mendations and dispensed (7  mL) into culture tubes 
(150 × 25 mm) containing 3 glass beads (4 mm dia) and 
sterilized by autoclaving (121  °C for 30  min). Seed cul-
tures were prepared by inoculating an axenic colony into 
a fresh tube and culturing for 3 days at room temperature 
(22–25 °C) and 200 rpm. After this period, 1.0 mL of the 
broth was transferred to a new tube containing the same 
medium, which was fermented for one more day under the 
same conditions. A portion (210 µL) of the second stage 
seed culture was used to inoculate duplicated culture tubes 
containing 7 mL of Marine Broth. Tubes were incubated at 
room temperature and 200  rpm for 7 days. Fermentations 
were extracted twice with 10 mL ethyl acetate by rapid agi-
tation (200 rpm) at room temperature for 1 h. Ethyl acetate 
extracts were washed with Milli-Q water to remove salts 
and then dried under air.

Antimicrobial assays

 All microbroth dilution antimicrobial screening was carried 
out in 96-well plates in accordance with Clinical Labora-
tory Standards Institute testing standards (NCCLS, 2003) 
using the following pathogens: methicillin-resistant Staphy-
lococcus aureus ATCC 33591 (MRSA), S. warneri ATCC 
17917, vancomycin-resistant Enterococcus faecium EF379 
(VRE), Pseudomonas aeruginosa ATCC 14210, Proteus 
vulgaris ATCC 12454, and Candida albicans ATCC 14035. 

http://www.ncbi.nlm.nih.gov/


159Arch Microbiol (2017) 199:155–169	

1 3

Pathogens were cultured in 20  mL of CAMHB (cation 
adjusted Mueller–Hinton broth) (all bacteria) and SD (Sab-
ouraud dextrose broth) (C.albicans). After growth overnight, 
the cell density of each culture was adjusted to 4.5 ×  104 
CFU/mL by dilution into fresh media. Extracts were dis-
solved in sterile 20 % DMSO (aq) and assayed at 100 µg/
mL with a final DMSO concentration of 2 % DMSO (v/v; 
aq). Each plate contained three uninoculated positive con-
trols (media +  vehicle), three untreated negative controls 
(Media + vehicle + organism), and six wells containing a 
concentration range of a control antibiotic (vancomycin for 
MRSA, and S. warneri, rifampicin for VRE, gentamicin 
for P. aeruginosa, ciprofloxacin for P. vulgaris, nystatin 
for C. albicans). The optical density (OD) of the plate was 
recorded using a Thermo Scientific Varioskan Flash plate 
reader at 600 nm at time zero and then again after incuba-
tion of the plates for 22  h at 37  °C. After subtracting the 
time zero OD600 from the final reading, the percentage of 
microorganism survival relative to vehicle control wells 
were calculated using the equation 100 −  100 ×  (Tfinal − 
Tzero) − Media Blank)/(Negative Control—MediaBlank).

UPLC‑HRMS analysis

Extracts that showed antimicrobial activity were analyzed 
by ultrahigh-performance liquid chromatography–high-
resolution mass spectrometry (UPLC-HRMS) using an 

ESI-LTQ Orbitrap Velos (Thermo Scientific®) operat-
ing with a resolution of 30,000 and using a Core–Shell 
100  Å C18 column (Phenomenex® Kinetex, 1.7  μm 
50  ×  2.1  mm). A linear solvent gradient from 95  % 
H2O/0.1 % formic acid (solvent A) and 5 % CH3CN/0.1 % 
formic acid (solvent B) to 100 % solvent B over 4.8 min 
followed by a hold for 3.2 min with a flow rate of 500 μL/
min. Eluent was detected by ESI–MS monitoring m/z 190–
2000 in positive mode, evaporative light scattering detector 
(ELSD; Sedex) and PDA (200–600 nm). All analyses were 
processed using Thermo Xcalibur 2.2 SP1.48 software. To 
putatively identify ions observed in UP LC-HRMS analy-
ses, observed molecular weights of pseudomolecular ions 
were used to search the Antibase 2014 (Wiley–VCH) data-
base. To avoid interference from media components, media 
blanks were analyzed using the same method and the ions 
observed subtracted from the sample files.

Results

Bacteria isolation and identification

A total of 230 isolates were picked from initial isolation 
plates inoculated with dilutions of the two invertebrate 
and single sediment sample. Initial dereplication of strains 
obtained from each sample was conducted on the basis 

Table 1   Summary of isolates obtained from different samples using different pretreatments and isolation media. Numbers represent “number of 
isolates/number of genera”

Sample Dry sediment (41/10) Wet sediment (9/2) Snail (31/12) Sea star (53/20)

Culture media 1 2 3 4 5 1 2 3 4 5 MA 1 2 3 4 5 MA 1 2 3 4 5 MA

Actinobacteria

 Untreated – – – – – – – – – – – – – – – – 4/3 – – – – – 14/7

 DDC – – – – – 0/0 0/0 0/0 0/0 0/0 0/0 – – – – – – – – – – – –

 Dry-stamp 0/0 5/5 0/0 1/1 10/2 – – – – – – – – – – – – – – – – – –

 Heat-shock – – – – – – – – – – – 1/1 1/1 0/0 0/0 1/1 – 1/1 2/2 0/0 3/1 2/2 –

 Phenol – – – – – – – – – – – 0/0 0/0 0/0 0/0 0/0 – 0/0 0/0 0/0 1/1 1/1 –

Proteobacteria

 Untreated – – – – – – – – – – – – – – – – 6/2 – – – – – 8/4

 DDC – – – – – 0/0 0/0 0/0 2/1 1/1 6/2 – – – – – – – – – – – –

 Dry-stamp 2/2 1/1 0/0 0/0 0/0 – – – – – – – – – – – – – – – – – –

 Heat-shock – – – – – – – – – – – 0/0 0/0 0/0 0/0 0/0 – 0/0 0/0 0/0 0/0 0/0 –

 Phenol – – – – – – – – – – – 0/0 0/0 0/0 0/0 0/0 – 0/0 0/0 0/0 0/0 0/0 –

Firmicutes

 Untreated – – – – – – – – – – – – – – – – 5/3 – – – – – 2/2

 DDC – – – – – 0/0 0/0 0/0 0/0 0/0 0/0 – – – – – – – – – – – –

 Dry-stamp 6/2 15/5 0/0 1/1 0/0 – – – – – – – – – – – – – – – – – –

 Heat-shock – – – – – – – – – – – 4/2 5/3 1/1 0/0 0/0 – 5/3 1/1 2/1 1/1 2/2 –

 Phenol – – – – – – – – – – – 1/1 2/1 0/0 0/0 0/0 – 4/3 6/3 0/0 0/0 1/1 –
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of morphological characteristics (e.g., colony shape, size 
and color) and resulted in the selection of 134 strains for 
identification by partial 16S rRNA gene sequencing. The 
distribution of isolates between samples was as follows: 
sediment—50 isolates, L. senegalensis—53 isolates, O. 
urceus—31 isolates. In total, 64 OTUs were obtained using 
a 99 % sequence identity cutoff. Isolates were distributed 
among 28 genera belonging to the phyla Proteobacteria 
(8 OTUs), Actinobacteria (22 OTUs) and Firmicutes (34 
OTUs) (Tables 1 and S1).

The wet sediment yielded the fewest isolates (9) and 
lowest number of genera with only Pseudoalteromonas 
(89 %; 1 OTU) and Vibrio (11 %; 1 OTU) recovered from 
this sample (Tables 1 and S1). A substantially higher num-
ber of isolates, OTUs (41 isolates/18 OTUs) and a greater 
variety of genera were obtained from the dried sediment 
(Tables  1 and S1). The majority of isolates were Firmi-
cutes (53 % of isolates/7 OTUs); Bacillus spp. constituted 
the majority of this group (81  %, 6 OTUs). Actinobacte-
ria were the next most abundant group (40 % of isolates/8 
OTUs). Five actinobacterial genera were obtained, with 
Micromonospora spp. accounting for 66  % of isolates (5 
OTUs). Other Actinobacteria obtained from dried sediment, 

which are notable due to their propensity to produce bio-
active natural products, was a single Streptomyces isolate 
and two Verrucosispora isolates. The remaining isolates 
(7 %) were Proteobacteria belonging to the genera Wenx-
inia and Erythrobacter (1 OTU each). Among the marine 
invertebrates, the sea star L. senegalensis yielded the larg-
est number of isolates and the greatest taxonomic variety, 
with 53 isolates and 28 OTUs distributed among 20 genera 
(Tables 1 and S1). Firmicutes and Actinobacteria accounted 
for the overwhelming majority of isolates from L. senega-
lensis (50 and 46  % of isolates, respectively), while Pro-
teobacteria (Pseudomonas and Psychrobacter) accounted 
for the remaining 4 %. Among the Firmicutes, Bacillus spp. 
were the most abundant (29  %) followed by seven other 
genera each accounting for 2–9 % of isolates. The propor-
tions of Actinobacteria isolates were more evenly distrib-
uted among 10 genera: Micromonospora (9  %), Kocuria 
(9 %), Streptomyces (6 %), Rhodococuccus (6 %), Cellu-
losimicrobium (4  %), Dietzia (4  %), Arthrobacter (2  %), 
Microbacterium (2  %) and Serinicoccus (2  %). The snail 
O. urceus yielded 31 isolates belonging to 16 OTUS and 10 
different genera (Tables  1 and S1). Firmicutes accounted 
for 61  % of isolates, with Bacillus spp. constituting the 

Fig. 1   Phylogenetic analysis of Proteobacteria isolates obtained 
from Brazilian sediment and the invertebrates Luidia senegalensis 
and Olivancillaria urceus. Prior to tree construction, sequences shar-
ing >99  % sequence identity were grouped into OTUs and a single 
representative of each OTU was used in the phylogenetic analysis. 
The sources of isolates belonging to an OTU are indicated by sym-

bols which follow the strain number: wet sediment—square; dry 
sediment—diamond; Luidia senegalensis—triangle; Olivancillaria 
urceus—circle. Neighbor-joining tree constructed using MEGA 6. 
The analysis considered 577 nucleotides. 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



161Arch Microbiol (2017) 199:155–169	

1 3

Fig. 2   Phylogenetic analysis 
of Firmicutes isolates obtained 
from Brazilian sediment and 
the invertebrates Luidia sen-
egalensis and Olivancillaria 
urceus. Prior to tree construc-
tion, sequences sharing >99 % 
sequence identity were grouped 
into OTUs and a single repre-
sentative of each OTU was used 
in the phylogenetic analysis. 
The sources of isolates belong-
ing to an OTU are indicated by 
symbols which follow the strain 
number: wet sediment—square; 
dry sediment—diamond; 
Luidia senegalensis—triangle; 
Olivancillaria urceus—
circle. Neighbor-joining tree 
constructed using MEGA 6. 
The analysis considered 573 
nucleotides. 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
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majority (39 %). Two Proteobacteria genera were recovered 
from O. urceus (Psychrobacter spp.—18 %, Pseudoaltero-
monas spp.—3 %), while the Actinobacteria isolates could 
be assigned to four genera (Kocuria—3  %, Serinicoc-
cus—6 %, Kytococcus—6 % and Micrococcus—3 %).

Among all isolation media, media 4 and 5 were the most 
selective for Actinobacteria, as the greatest number of act-
inobacterial isolates (17) and genera (3) were recovered 
on these media (Tables  1 and S1). The greater selectivity 
for Actinobacteria corresponded to a lower recovery rate 
of Proteobacteria and Firmicutes on these media. Medium 
3 yielded the fewest isolates (3), all of which were Firmi-
cutes. The greatest number of isolates was obtained from 
Media 1 (20) and 2 (38); however, these media were less 
selective for Actinobacteria, as Firmicutes were primarily 
isolated from these media (41 isolates). MA also yielded 
a high number (45) of taxonomically different isolates and 
remarkably Actinobacteria were more abundant (21 iso-
lates) than Firmicutes and Proteobacteria.

 Evaluating the pretreatment methods utilized on the sedi-
ment sample, dispersal and differential centrifugation tech-
nique (DDC) was less productive than the dry-stamp method 
as it yielded only nine Proteobacteria strains belonging to 
two genera. The dry-stamp method was a better approach 
for the study of sediments, since it yielded a higher number 
of total isolates (41) and a greater variety of genera (10). 
In these experiments, the dry-stamp method was superior 
to the DDC technique for the isolation of Actinobacteria, 
as indicated by the isolation of Streptomyces (1 isolate), 

Micromonospora (24 isolates) and Verrucosispora (2 iso-
lates) strains, which are prolific sources of bioactive natural 
products as discussed previously. Among the methods used 
to isolate bacteria from the invertebrate samples, the heat-
shock method provided a higher total number of isolates 
(30) and greatest variety of genera (14). The heat-shock 
approach also resulted in the isolation of the greatest num-
ber of Actinobacteria isolates (10), which were identified as 
Micromonospora spp. (4), Kytococcus sp. (1), Cellulosimi-
crobium spp. (2), Micrococcus sp. (1) and Rhodococcus spp. 
(2). The phenol method resulted in the preferential isolation 
of Firmicutes (14 isolates) compared to Actinobacteria (2 
isolates) and Proteobacteria (0 isolates). Plating the untreated 
invertebrate homogenate on MA resulted in the isolation of 
the greatest number of Actinobacteria strains (18) with the 
greatest taxonomic variety (8 genera) (Tables  1 and S1). 
Other than a single Streptomyces isolate, this non-selective 
approach yielded amycelial taxa belonging to the orders 
Micrococcales and Corynebacteriales. Not surprisingly, this 
approach also yielded the highest numbers of Firmicutes and 
Proteobacteria. Overall, heat-shock and phenol pretreatments 
selected for the isolation of Gram-positive bacteria (Firmi-
cutes and Actinobacteria), as no Proteobacteria (Gram-nega-
tive) were obtained using these pretreatments (Table 1).

Phylogenetic analysis

All strains cultivated from the sediment sample and the 
two invertebrates were closely related to previously culti-
vated bacteria. In all cases, the 16S rRNA gene sequences 
of the isolated bacteria shared >99 % sequence similarity 
with cultured type strains (Table S1). The phylogenetic 
relationships of bacteria isolated in this study and selected 
type strains are shown in Figs. 1, 2 and 3. In general, each 
of the three samples examined in this study yielded a taxo-
nomically distinct set of bacterial isolates, as evidenced by 
the small number of OTUs (8) formed by isolates obtained 
from more than one sample (Figs. 1, 2, and 3; isolates with 
more than one symbol following the strain number of the 
OTU representative).

Fig. 3   Phylogenetic analysis of Actinobacteria isolates obtained 
from Brazilian sediment and the invertebrates Luidia senegalensis 
and Olivancillaria urceus. Prior to tree construction, sequences shar-
ing >99  % sequence identity were grouped into OTUs and a single 
representative of each OTU was used in the phylogenetic analysis. 
The sources of isolates belonging to an OTU are indicated by sym-
bols which follow the strain number: wet sediment—square; dry 
sediment—diamond; Luidia senegalensis—triangle; Olivancillaria 
urceus—circle. Neighbor-joining tree constructed using MEGA 6. 
The analysis considered 621 nucleotides. 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

◂

Table 2   Antimicrobial activity 
of fermentation extracts derived 
from four strains

No activity was observed against the other four pathogens (E. faecium, P. aeruginosa, P. vulgaris and C. 
albicans). No antimicrobial activity was observed in extracts from other strains examined

Labels: –, no activity; +, 60 <80 % growth inhibition; ++, >80 % growth inhibition

Marine isolate Pathogen

S. aureus ATCC 33591 (MRSA) S. warneri ATCC 17917

RKMT_178 (Bacillus sp.) + –

RKMT_160 (Micromonospora sp.) ++ –

RKMT_184 (Halobacillus sp.) – +
RKMT_071 (Streptomyces sp.) – ++
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Antimicrobial assay

To screen isolates for their ability to produce antimicrobial 
substances, all isolates (n = 134) were cultivated in marine 
broth and the fermentation extracts tested for antimicrobial 
activity against six pathogens. No activity was observed 
against the Gram-negative pathogens (P. aeruginosa, P. vul-
garis) or C. albicans. Extracts from four strains inhibited 
the growth of the Staphylococcus spp. Two Actinobacte-
ria (Streptomyces sp. and Micromonospora sp.) exhibited 
strong activity (>80 % growth inhibition) against S. warneri 
and MRSA. The other two isolates exhibiting antimicrobial 
activity were Firmicutes (Bacillus sp. and Halobacillus sp.) 
and showed activity between 60 and 80 % growth inhibi-
tion (Table 2).

Chemical analysis of bioactive extracts

To identify metabolites potentially responsible for the 
observed antimicrobial activity, extracts were analyzed by 
UPLC-HRMS-ELSD-PDA. Peaks with high intensity in 
the ELSD and/or HRMS chromatograms were selected for 
further examination as these abundant compounds would 
be the most likely components of the extract responsible 
for the observed bioactivity. The mass spectra were ana-
lyzed to identify the pseudomolecular ions corresponding to 
each peak. In all cases, two or more pseudomolecular ions 
([M + H]+, [M + NH4]

+, [M + Na]+) were observed. To 
putatively identify these compounds, the molecular weights 
of observed pseudomolecular ions were used to search 
bacterial metabolites contained in the Antibase database 

Table 3   Summary of metabolites observed in UPLC-HRMS analyses of fermentation extracts from four strains

To identify metabolites detected in these analyses, the pseudomolecular (PM) ion m/z was used to search the Antibase 2014 database using a 5 
ppm window above and below the observed molecular weight (MW). A 10 ppm search window was used for pseudomolecular ions with m/z 
>1000. Compounds with no matches in Antibase were considered putatively novel

Strain ID tR (min) PM ion m/z Molecular formula Mass error (ppm) Compound

RKMT_071 Streptomyces sp. 3.06 [M + H]+ 560.3180 No hits – Putatively new

[M + Na]+ 582.3002

4.69 [M + H]+ 479.2907 C29H38N2O4 0.75 Ikarugamycin

[M + Na]+ 501.2729

6.83 [M + H]+ 1111.6448 C54H90N6O18 5.48 Valinomycin

[M + NH4]
+ 1128.6685

[M + Na]+ 1133.6243

7.55 [M + NH4]
+ 1142.6852 No hits – Putatively new

[M + Na]+ 1147.6389

RKMT_160 Micromonospora 
sp.

1.77 [M + H]+ 261.1233 C14H16N2O3 0.10 cis-Cyclo(tyrosylprolyl)

[M + Na]+ 283.1054

2.19 [M + H]+ 284.1393 C16H17N3O2 0.14 Tryptophan-dehydrobutyrine 
diketopiperazine

[M + Na]+ 306.1213

RKMT_178 Bacillus sp. 2.52 [M + H]+ 345.1844 No hits – Putatively new

[M + Na]+ 363.1948

2.54 [M + H]+ 389.1915 No hits – Putatively new

[M + Na]+ 411.1732

RKMT_184 Halobacillus sp. 1.97 [M + H]+ 316.1295 C16H17N3O4 0.09 Anthramycin

[M + Na]+ 338.1109

2.07 [M + H]+ 351.1213 C21H18O5 4.04 Brasiliquinone-C

[M + Na]+ 373.1032

2.07 [M + H]+ 325.1249 No hits – Putatively new

[M + Na]+ 347.1070

2.13 [M + H]+ 217.0972 C12H12N2O2 0.54 Four possible compounds

[M + Na]+ 239.0802

2.28 [M + H]+ 349.1791 No hits – Putatively new

[M + Na]+ 371.1613

2.26 [M + H]+ 375.1754 No hits – Putatively new

[M + Na]+ 397.1574
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(Wiley®, 2014). Streptomyces sp. RKMT_071 produced 
four major compounds, which eluted at 3.06, 4.69, 6.83 and 
7.55  min (Figure S1). The peak at 5.40  min in the ELSD 
trace corresponds to compounds that do not ionize in the 
positive mode in the mass spectrometry analysis. This fact 
and the high retention time suggest it corresponds to fatty 
acids already reported for bacteria (O’leary 1962). The com-
pounds eluting at 3.06 min (m/z 560.3180 [M + H]+) and 
7.55  min (m/z 1147.6389 [M +  Na]+) had no hits within 
5 ppm in the Antibase 2014 database, suggesting that these 
compounds may be novel metabolites. The compound elut-
ing at 4.69 min with a m/z of 479.2907 [M + H]+ had four 
hits in Antibase with theoretical [M + H]+ masses <5 ppm 
from the observed mass (actual deviation 0.75  ppm). All 
compounds had the molecular formula C29H38N2O4 and cor-
responded to the known Streptomyces metabolites ikaruga-
mycin (Jomon et  al. 1972), and three acylated phenazines 
(sapienic acid myristoyl ester, tetradecanoic acid saphe-
nyl ester, and 12-methyltridecanoic acid saphenyl ester) 
(Laursen and Nielsen 2004). The same ion was detected in 
the PDA detector and presented two maximal peaks at 227 
and 327 nm (Figure S2). Phenazines show a UV absorption 
at 250 and 360 nm (Mehnaz et al. 2009) and ikarugamycin 
a UV absorption of 220 and 325 nm (Jomon et  al. 1972). 
Therefore, the compound detected is most likely ikaruga-
mycin. The compound eluting at 6.83 min corresponded to 
a compound with a m/z 1111.6448 [M + H]+. Due to the 
large size of this molecule, the search window was broad-
ened to 10 ppm and resulted in a single hit corresponding 
to valinomycin (Δppm = 5.48) (Li et al. 2015). The extract 
from Micromonospora sp. RKMT_160 contained two major 
metabolites (Figure S3). The compound eluting at 1.77 min 
with a m/z 261.1233 [M +  H]+ matched four previously 
reported compounds in Antibase with [M +  H]+ molecu-
lar formulae corresponding to C14H16N2O3 (Δppm = 0.10). 
These compounds were cyclo(Tyr-Pro), previously reported 
from Aspergillus flavipes and Streptomyces sp. strains 
(Barrow and Sun 1994; Wattana-Amorn et  al. 2015), and 
cyclo(Phe-4-hydroxyPro), reported from Aureobasidium 
pullulans and unclassified marine bacteria strains (Shi-
gemori et  al. 1998; Fdhila et  al. 2003), both diketopipera-
zines with varying stereochemical configurations. The com-
pound eluting at 2.19 min with a m/z 284.1393 [M + H]+ 
matched a single entry in Antibase, tryptophan-dehydrobu-
tyrine diketopiperazine (Δppm  =  0.14) (Kakinuma et  al. 
1974). The diketopiperazines with masses matching those 
of the compounds in the RKMT_160 extracts were all pre-
viously reported from Streptomyces.

Study of the extract from strain RKMT_178 showed no 
known compounds produced by this isolate with two major 
compounds with retention times at 2.52 min and 2.54 min 
(Figure S4).

Halobacillus sp. RKMT_184 produced six major com-
pounds (Figure S5) which eluted at 1.97, 2.07  min (two 
compounds), 2.13, 2.26 and 2.28  min. The peaks at 5.10 
and 5.57 min in the ELSD trace likely correspond to fatty 
acids as these compounds did not ionize in positive mode 
in the HRMS analysis and eluted late in the chromato-
gram, indicating that the compounds were highly nonpolar 
(O’leary 1962). The compounds eluting at 2.28  min (m/z 
349.1791 [M + H]+), 2.26 min (m/z 375.1754 [M + H]+) 
and 2.07 min (m/z 325.1249 [M + H]+) had no hits within 
5 ppm in the Antibase 2014 database, suggesting that these 
compounds may be novel metabolites. The compound elut-
ing at 1.97 min with a m/z of 316.1295 [M + H]+ had two 
hits in Antibase with the molecular formula C16H17N3O4 
(Δppm =  0.09  ppm). The compounds corresponded to the 
known Streptomyces metabolites anthramycin and mare-
mycin. Due to the antimicrobial activity of the RKMT_184 
extract, the detected compound is most likely anthramycin, 
as this compound has reported antibiotic activity (Kohn 
et  al. 1967). The compound eluting at 2.07  min with a 
m/z 351.1213 [M + H]+ had six hits in Antibase with the 
molecular formula C21H18O5 (Δppm  =  4.04  ppm). How-
ever, only one of them, brasiliquinone C, was reported 
from a bacterial source. Brasilquinone C is active against 
Gram-positive bacteria and thus may be in part responsible 
for the antimicrobial activity observed in the RKMT_184 
extract (Nemoto et  al. 1997). The compound eluting at 
2.13 min with a m/z of 217.0972 [M + H]+ had four hits 
in Antibase with the molecular formula C12H12N2O2 
(Δppm =  0.54  ppm), which is consistent with the known 
actinomycete metabolites N-acetyl-β-oxotryptamine, man-
souramycin A, sannanine and caerulomycin F. Since all 
were previously reported as produced by bacterial sources, 
no specific compound can be attributed to the ion detected. 
All the extracted chromatograms are shown in Figure S6. 
A summary of the ions detected in bioactive extract is pro-
vided in Table 3.

Discussion

The emergence of so-called superbacteria is a serious 
health concern as nosocomial infections by MRSA, as one 
example, are responsible for 19,000 deaths per year in the 
USA. These pathogens are resistant to β-lactam antibiot-
ics (e.g., penicillins, cephalosporins, carbapenens), which 
are an important class of broad-spectrum antimicrobial 
agents, comprising more than 65 % of the world antibiotic 
market (Poole 2004). Thus, the discovery of new antibiot-
ics efficacious against drug-resistant pathogens is critically 
important. As the majority of antibiotics are derived from 
microorganisms, screening new microorganisms for novel 
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antibiotics is of utmost importance for the discovery of 
more effective drugs.

Brazil hosts approximately 20  % of the entire world’s 
macro-organism biological diversity (Pylro et  al. 2014). 
Despite its geographic size, Brazilian marine microbial 
diversity is still underexplored (Berlinck et  al. 2004). In 
order to improve knowledge regarding the biotechnological 
potential of the Brazilian biodiversity, we investigated the 
cultivable bacteria associated with two marine invertebrates 
and a sediment sample collected from the Ubatuba region 
of the Brazilian coast and tested the ability of these bacteria 
to produce antimicrobial agents.

Comparison of these three sources showed that the 
sea star yielded the highest number of bacterial isolates 
and greatest variety of genera, including isolates from 
Micromonospora, Streptomyces and rare genera such as 
Serinicoccus and Verrucosispora (Yang et  al. 2013; Yi-
Lei et  al. 2014). The sediment provided the second high-
est number of isolates and variety of genera, including 
Micromonospora, Streptomyces and Verrucosispora. The 
lowest number of isolates and genera was obtained from 
O. urceus. However, rare bacteria such  as Serinicoccus 
sp. were isolated from this source. These genera, together 
with Streptomyces, are actinomycetes with a proven abil-
ity to produce bioactive metabolites (Solanki et al. 2008). 
These results show the potential of by-catch invertebrates 
as a source of a wide diversity of bacterial genera with bio-
technological potential.

Of the isolation media employed in this study, media 4 
and 5 exhibited the greatest selectivity for the isolation of 
Actinobacteria. This may be due to the low nutrient con-
centration of these media, thereby reducing the growth of 
non-actinomycete bacteria and preventing the overgrowth 
of actinomycetes (Jensen et  al. 2005). The selectivity for 
actinomycetes can also be attributed to the use of novo-
biocin in these media, since it suppresses the growth of 
Gram-positive bacteria (Dalisay et  al. 2013), such as Fir-
micutes, which were abundant on other media. Marine agar 
(MA) was also a good medium for the isolation of Actino-
bacteria, although this non-selective medium favored the 
cultivation of primarily non-filamentous Actinobacteria. 
The paucity of filamentous bacteria isolated on non-selec-
tive media indicates that filamentous actinomycetes are 
relatively rare in the samples examined in this study, thus 
necessitating the application of selective isolation media to 
increase the frequency of isolating these bacteria. The few-
est isolates were obtained from media 3, which was supple-
mented with rifampicin and streptomycin to select for the 
cultivation of rare actinomycetes. The low yield of isolates 
from this media suggests that the combination of antibi-
otics inhibited the vast majority of bacteria present in the 
three samples studied (Pankey and Sabath 2004; Bakker-
Woudenberg et al. 2005).

Two different sets of pretreatments were applied to the 
sediment and invertebrate samples. The dry-stamp method 
was superior to the DDC pretreatment both in terms of 
diversity of genera obtained and selectivity for actino-
mycetes. Drying the sediments combined with the use of 
selective media selected against the isolation of Gram-
negative bacteria, which are abundant in marine habitats, 
and clearly favored the growth of Gram-positive bacteria 
(Gontang et al. 2007). The DDC method yielded very few 
isolates overall and no Actinobacteria despite this approach 
being successfully applied for the isolation of actinomy-
cetes from soil when coupled with selective isolation media 
(Semêdo et  al. 2001). This may be explained by the fact 
that the method is not selective for Actinobacteria and 
allows for the growth of fast-growing Proteobacteria that 
overgrew Actinobacteria present in the sample. The low 
productivity of the DDC method could also be due to the 
use of deionized water with a marine sediment. The use of 
deionized water, rather than sea water, may have caused 
osmotic stress, resulting in reduced viability of marine 
bacteria present in the sediment. The heat-shock method 
was clearly the most productive pretreatment applied to 
the invertebrate samples. This approach has been reported 
to control the over growth of non-actinomycete colonies 
on isolation plates (Varghese et al. 2015). In our study, the 
heat-shock method reduced the growth of unwanted bacte-
ria and allowed the unfettered growth of more interesting 
isolates. Pretreatment with 1.5 % phenol has been used for 
the isolation of sporogenous taxa and members of the less 
abundant Streptomyces spp. (Hayakawa et  al. 2004). The 
low number of isolates obtained using the phenol pretreat-
ment may be due to a low abundance of sporulating taxa in 
these samples. Untreated samples were a good source for 
the isolation of bacteria in general, but with no selectivity 
as Actinobacteria, Proteobacteria and Firmicutes were iso-
lated. The high proportion of Actinobacteria isolated from 
untreated samples may be attributed to the wide dilution 
performed, which allowed actinomycetes to avoid over 
growth.

Screening 134 isolates for antimicrobial activity identi-
fied four strains that produced antimicrobial substances 
active against staphylococci. The relatively low hit rate 
observed among these isolates is likely due to the use of a 
single fermentation medium, as the production of second-
ary metabolites is highly dependent on media composition 
(Bode et al. 2002). Further exploration of the metabolomes 
of the strains isolated in this study using a wider array of 
fermentation conditions would undoubtedly uncover addi-
tional bioactivity.

The observed bioactivity was limited to four isolates: 
two Firmicutes (Bacillus and Halobacillus) and two Act-
inobacteria (Micromonospora and Streptomyces). Bacil-
lus spp. are well known for their ability to produce 
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antimicrobial lipopeptides such as gramicidin A, which is 
active against S. aureus (Liou et  al. 2015). Interestingly, 
no known lipopeptides were identified in the fermentation 
extracts of RKMT_178 and RKMT_184; however, several 
low molecular weight compounds were detected in UPLC-
HRMS analyses of fermentation extracts from these strains. 
Compounds anthramycin and brasiliquinone-C were identi-
fied in the extract from RKMT_184. Both compounds are 
reported as antimicrobial agents and may be responsible 
for the antimicrobial activity exhibited by the fermenta-
tion extract of this strain (Kohn et al. 1967; Nemoto et al. 
1997). N-acetyl-β-oxotryptamine, mansouramycin A, san-
nanine and caerulomycin F were also tentatively identified, 
although further study is needed to confirm the identity of 
the active constituents of these extracts. The other com-
pounds did not correspond to known metabolites present in 
Antibase 2014. Consequently, one or more of the metabo-
lites produced by these strains may represent novel antimi-
crobial metabolites. Additionally, it should be noted that 
these strains were isolated form O. urceus and L. senega-
lensis, underscoring the biomedical potential of microbes 
obtained from by-catch organisms.

Actinobacteria such as Micromonospora spp. are 
sources of antibiotics such as aminoglycosides, macrolides 
and ansamycins (Wagman and Weinstein 1980). The anti-
microbial activity observed in fermentation extracts of 
RKMT_160 can be tentatively associated with the pres-
ence of the diketopiperazines cis-cyclo(tyrosylprolyl) and 
tryptophan-dehydrobutyrine diketopiperazine, previously 
reported for Streptomyces spp. with antimicrobial activity 
(Kakinuma et  al. 1974; Elleuch et  al. 2010). The occur-
rence of the same secondary metabolites in both Strepto-
myces spp. and Micromonospora spp. has been reported 
previously (Wagman and Weinstein 1980). Production of 
diketopiperazines by Micromonospora spp. has also been 
reported (Yang et al. 2004).

Streptomycetes are the most studied Actinobacteria and 
are known for the production of a wide diversity of active 
secondary metabolites such as antibiotics, antivirals, antitu-
moral, and immunosuppressives. The presence of the potent 
antibiotic ikarugamycin, previously reported from Strep-
tomyces spp. (Jomon et al. 1972; Li et al. 2015), is likely 
responsible for the high antimicrobial activity observed for 
Streptomyces sp. RKMT_071.

Conclusion

A great variety of bacterial genera were cultured from two 
invertebrates, O. urceus and L. senegalensis, and a single 
sediment sample collected in the region of the city of Uba-
tuba. This study underscores the great potential to discover 
an even greater diversity of marine bacteria through the 

systematic exploration of the marine habitats present in Bra-
zil’s extensive coastal areas. A lack of publications regard-
ing the marine bacteria and associated natural products from 
Brazilian waters indicates that this resource is highly under-
explored. The variety and abundance of the bacteria associ-
ated with marine invertebrates from the by-catch and sedi-
ment collected in the Brazilian southeast coast have proved 
that this habitat can be an important source of bioactive 
natural products. Also, the study showed how by-catch can 
be a good source of bacteria with biotechnological potential. 
Additional studies will be performed to isolate and char-
acterize the bioactive compounds responsible for the anti-
microbial activity observed. Also, fermentation in multiple 
media of the taxa with high biosynthetic potential may also 
provide new and active natural products.
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