@° PLOS | ONE

Check for
updates

E OPEN ACCESS

Citation: Betancur LA, Naranjo-Gaybor SJ,
Vinchira-Villarraga DM, Moreno-Sarmiento NC,
Maldonado LA, Suarez-Moreno ZR, et al. (2017)
Marine Actinobacteria as a source of compounds
for phytopathogen control; An integrative
metabolic-profiling / bioactivity and taxonomical
approach. PLoS ONE 12(2): e0170148.
doi:10.1371/journal.pone.0170148

Editor: Marie-Joelle Virolle, Universite Paris-Sud,
FRANCE

Received: September 19, 2016
Accepted: December 29, 2016
Published: February 22, 2017

Copyright: © 2017 Betancur et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files. Data are also available at the following link:
https://osf.io/dym7w/.

Funding: LAB thanks the Programa Doctoral Becas
Colciencias (567) for the granted scholarship
(2012). SIN thanks SENESCYT Ecuador for the
granted scholarship (2012-2). AAG is recipient of
an "Es Tiempo de volver 2015-2016" postdoctoral

RESEARCH ARTICLE

Marine Actinobacteria as a source of
compounds for phytopathogen control: An
integrative metabolic-profiling / bioactivity
and taxonomical approach

Luz A. Betancur'2, Sandra J. Naranjo-Gaybor', Diana M. Vinchira-Villarraga', Nubia

C. Moreno-Sarmiento', Luis A. Maldonado*, Zulma R. Suarez-Moreno®, Alejandro Acosta-
Gonzalez®, Gillermo F. Padilla-Gonzalez’, Ménica Puyana®, Leonardo Castellanos',
Freddy A. Ramos'*

1 Universidad Nacional de Colombia, Sede Bogota, Departamento de Quimica, Carrera, Edificio de Quimica
of 427, Bogota, Colombia, 2 Universidad de Caldas. Departamento de Quimica. Edificio Orlando Sierra,
Bloque B, Sede Palogrande Calle. Manizales, Caldas, Colombia, 3 Universidad de las Fuerzas Armadas,
ESPE Carrera de Ingenieria Agropecuaria IASA Il Av. General Rumifiahui s/n, Sangolqui- Ecuador,

4 Universidad Auténoma Metropolitana Rectoria—Secretaria General, Prolongaciéon Canal de Miramontes,
Col. Ex-hacienda San Juan de Dios, Tlalpan, México DF, 5 Investigacion y Desarrollo, Empresa Colombiana
de Productos Veterinarios VECOL S.A., Bogota D.C, 6 Universidad de la Sabana, Facultad de Ingenieria,
Autopista Norte, Chia, Cundinamarca, Colombia, 7 Universidade de S&o Paulo, Faculdade de Ciéncias
Farmacéuticas de Ribeirdo Preto, Av. do de Sao Paulo, Faculdade de Ciéncias Farmacéuticas de Ribeirdo
Preto, Av. do Café, Ribeirdo Preto—SP, Brazil, 8 Departamento de Ciencias Bioldgicas y Ambientales,
Programa de Biologia Marina, Universidad Jorge Tadeo Lozano, Carrera, Modulo, Oficina, Bogotd, Colombia

* faramosr@unal.edu.co

Abstract

Marine bacteria are considered as promising sources for the discovery of novel biologically
active compounds. In this study, samples of sediment, invertebrate and algae were col-
lected from the Providencia and Santa Catalina coral reef (Colombian Caribbean Sea) with
the aim of isolating Actinobateria-like strain able to produce antimicrobial and quorum
guenching compounds against pathogens. Several approaches were used to select actino-
bacterial isolates, obtaining 203 strains from all samples. According to their 16S rRNA gene
sequencing, a total of 24 strains was classified within Actinobacteria represented by three
genera: Streptomyces, Micromonospora, and Gordonia. In order to assess their metabolic
profiles, the actinobacterial strains were grown in liquid cultures, and LC-MS-based analy-
ses from ethyl acetate fractions were performed. Based on taxonomical classification,
screening information of activity against phytopathogenic strains and quorum quenching
activity, as well as metabolic profiling, six out of the 24 isolates were selected for follow-up
with chemical isolation and structure identification analyses of putative metabolites involved
in antimicrobial activities.
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Introduction

During the second half of the twentieth century, one of the major concerns in agriculture was
focused on pollution originated by the extensive use of highly toxic agrochemicals such as pes-
ticides [1, 2]. Studies since the 1970s have shown that, besides the harmful effects at the public-
health level, the use of pesticides have led to the emergence of phytopathogen resistance caused
by the systematic use of a product [3]. As the presence of pathogens in crops of global eco-
nomic importance is persistent, both industry and academy have increased their efforts in
finding solutions to this problem.

Bacterial colonies of both, pathogenic and benefic strains are recognized as social commu-
nities that are able to regulate their gene expression in a density-dependent way, phenomenon
known as Quorum sensing (QS) [4]. QS systems regulate many processes related to metabo-
lism, development and virulence in bacterial cells, through the production of small signaling
molecules, that increase in concentration with increasing cell numbers [5]. Once the concen-
tration of these molecules reaches a specific threshold, different signal transduction cascades
are induced resulting in changes in gene expression, including pathogenic effects. The expres-
sion of some virulence-related traits are dependent on QS and many plat-pathogenic bacteria
are reliant on this kind of systems to evoke disease in its plant host [6, 7]. As an example, it has
been widely recognized that toxoflavin production in some Burkholderia species (particularly
in B. glumae) is controlled by a QS system and that, the production of this phytotoxin is a key
pathogenicity factor in rice rot and wilt [8].

An alternative to solve this problem is the search of antibiotic compounds derived from
microorganisms, largely recognized as the main source of antimicrobial compounds, with a
potential use against phytopathogens [9]. Microorganisms from terrestrial environments have
been the traditional source of these compounds. Marine microorganisms have been recognized
as an important source of secondary metabolites with the potential to control these pathogens
during the last years [10, 11]. Furthermore, marine representatives of the Phyla Actinobacteria
are recognized as one of the most important groups with biotechnological potential [12], thus
contributing to increasing the supply of new bioactive compounds [13]. Marine-derived metab-
olites become prototypes for the development of new substances with a putative insecticidal and
antimicrobial potential, which make them excellent candidates for their use as agrochemicals
[14, 15]. One clear example is the case of Kasugamycin™, a systemic fungicide against Magna-
porthe grisea and bactericide against Burkholderia glumae [16]. This bioactive compound was
isolated for the first time from Streptomyces kasugaensis, a terrestrial Actinobacteria, and later
from marine strains of Streptomyces rutgersensis subsp. gulangyunensis [17, 18].

The mode of therapeutic efficacy of antibiotics is attributed to the inhibition of bacterial
growth in vivo when antibiotic concentrations exceed the MIC. However, concentrations
below the MIC can still attenuate growth and the expression of a variety of bacterial virulence
factors, compromising the ability of the pathogen to cause disease. This activity of antibiotics
is referred to as sub-MIC effects, and the compounds that produce these effects are known as
quorum quenching compounds.

Quorum quenching compounds also have been used in order to inhibit the expression of
phytopathogen virulence factors. One of three different strategies can achieve this: the produc-
tion of enzymes, that degradates the signal molecules; the inhibition of the enzymes (its tran-
scription or its activity) involved in the biosynthesis of the signal-molecule; or the inhibition of
the activation receptors of QS [4]. There are some examples of bacterial strains able to inhibit
QS systems for pathogenic strains. For example, the expression of lactonase enzyme from
Bacillus 240B1, codified by the aiiA gene, in Pectobacterium carotovorum (formely Erwinia car-
otovora) reduce significantly AHL release and soft rot disease symptoms in different detached
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tissues of potato, eggplant, Chinese cabbage, carrot and celery [19]. In addition, some strains
of Streptomyces have demonstrated ability to inhibit the expression of different virulence fac-
tors regulated by QS in P. caratovorum, through the production of some secondary metabolites
identified as piericidin A and glucopiericidin A, showing that they could have potential use as
control agents of some plants pathogens [20]. Compounds derived from marine microorgan-
isms have also been evaluated for their role as quorum quenchers, suitable for acting as anti-
pathogenic compounds through interruption of pathogenic bacterial communication; this
interruption reduces damage in the host [21, 22]. For instance, the linear dipeptides Pro-Gly
and N-amido-o-proline from Actinobacteria associated to a marine sponge showed inhibitory
activities against quorum sensing (QS) mediated virulence factors in Pseudomonas aeruginosa
[23].

However, despite the efforts to isolate new compounds from marine environments, tradi-
tional bioprospecting approaches including bioassay-guided fractionation often lead to isola-
tion of already known compounds [24]. This, in part, is due to the use of classical approaches
for selecting microbial strains based solely on taxonomical or antimicrobial information [25].
Furthermore, studies based exclusively on chemical diversity of compounds lack data on their
biological activity, which limits their impact for further applications. For these reasons, bio-
prospecting of microbial strains for isolating new bioactive compounds has moved towards
integrated strategies, which combines phylogenetic data and bioactivity tests with dereplica-
tion approaches, as a quick alternative for identifying known and bioactive metabolites in a
sample mixture [26]. These strategies, complemented with accurate multivariate analyses
(PCA, HCA, OPLS and others), have shown to be effective in identifying new bioactive com-
pounds, improving the pipeline for drug discovery programs using microorganisms [27].

In this study, we present a strategy to study the metabolic potential of selected strains of
marine Actinobacteria from the Colombian Caribbean Sea, based on the integration of taxo-
nomical information; screening data of antimicrobial activities against phytopathogenic strains
(Burkholderia plantarii ATCC 43733, Burkholderia glumae ATCC 33617, Burkholderia gladioli
3704-1-FEDEARROZ-). For antifungal tests, phytopathogenic fungi Fusarium oxysporum f.
sp. dianthi race 2, Colletotrichum gloeosporioides 26B and quorum quenching activity (Chromo-
bacterium violaceum ATCC 31532) were used, along with their HPLC-MS metabolic profile.
All the data sets obtained here were integrated to prioritize selection of isolates for follow-up
with chemical isolation and structure identification analyses of active compounds. A discus-
sion on the advantages of the integrative approach and the possible outputs of this strategy is
also presented.

Materials and methods
Isolation of bacterial strains

In order to conduct this research the ANLA (Autoridad Nacional de Licencias Ambientales)
and the Ministerio de Ambiente y Desarrollo Sostenible granted permission to collect samples
and study the recovered bacteria (Permission N° 4 of 10/02/2010, Anexo 2, Contrato de Acceso
a Recurso Genético No 108). For bacterial strains isolation, small pieces (2 cm?) of marine
invertebrates, algae and sediments were collected by SCUBA diving at reefs at Old Providence
Island (Colombian Caribbean Sea). The geographic coordinates of sampling area was 13°
23°0,00"N a 13°25’0.00"N 81°22°0.00"O to 81°24°0,00". Samples of the same substrates were col-
lected in duplicate at five different sites on March of 2013. Fragments of gorgonians and algae
were cut off with sharp scissors. Sponge fragments were cut off with a diving knife. Sediment
samples (5 cm3) were collected using plastic spoons. Each sample was individually placed in a
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small ziplock bag and brought to the surface. Samples were gently rinsed with sterile water and
then placed directly on the surface of solid culture media plates.

The recovery of actinobacterial strains was performed by using enriched media such as ISP-
2 agar (yeast extract 4g/L, malt extract 10 g/L, dextrose 4 g/L, agar 20 g/L) and oatmeal agar
supplemented with salts (oatmeal 30 g/L, NaCl 20.8 g/L, KC1 0.56 g/L, MgSO, 4.8 g/L, Rila sea
salt 1.5 g/L, glycerol 1.5 g/L, agar 18 g/L). Plates were incubated for two weeks at 30°C.

Once bacterial growth was detected, agar was fragmented into pieces with a sterile needle.
The obtained fragments were transferred to 2.0 mL of sterile saline solution (0.85%) and then
homogenized in a vortex and supplemented with 50 mg of CaCOj in order to improve the
growth of Actinobacteria strains. Such suspensions were incubated at 26°C for one week and
then serially diluted with Tween-80®) (0.1%). Dilutions from 107! to 107> were massive culti-
vated in casein-starch agar (CSA) (Casein 1 g/L, Starch 10 g/L, K,HPO, 0.5 g/L Agar 15 g/L)
and incubated at 26°C for a period of 4 to 6 weeks.

Purification of bacterial isolates was performed by successive sub-culture of single colonies
in CSA medium. A total of 203 isolates was recovered, including, 162 bacteria and 41 fungi.
Bacterial isolates were preserved as follows: i) For the bacteria forming mycelium (typical of
Actinobacteria-like organisms), single colonies were grown in CSA plates at 4°C (short term
preservation) and mycelia suspensions were preserved with glycerol (50%) at -80°C (Long
term preservation) [28]. ii) For those bacteria with no mycelia formation, a single colony was
grown in tryptic soy agar (Difco), and a loopful of biomass was suspended in Tryptic Soy
Broth supplemented with glycerol 50%, which were then stored at -80°C. Taxonomical identi-
fication, biochemical characterization and metabolic profiling studies were done to 24 strains
due to their microscopic and macroscopic characteristics as Actinobacteria-like strains (vide
infra). All the strains were registered in the collection of microorganisms of the IBUN (Insti-
tuto de Biotecnologia—Universidad Nacional de Colombia—Sede Bogota).

Biochemical characterization of bacterial strains

Single colonies of the Actinobacteria-like strains were characterized by their colony morphol-
ogy in nutrient agar, ISP-2, ISP-3, and ISP-4 (S1 Fig). Catalase and oxidase (Bactident ®) Oxi-
dasa MERKC) activity were tested as suggested for Streptomyces-like bacteria [29, 30]. Other
biochemical characteristics such as fermentation or oxidation of sugars (glucose, manitol, ino-
sitol, sorbitol, rhamnose, sucrose, melibiose, amygdalin and arabinose); enzyme activity (-
galactosidase, arginine-dihydrolase, lysine decarboxylase, ornithine decarboxylase, ureasae,
tryptophan deaminase, gelatinase); citrate utilization; production of sulfide, indole and acet-
oin; and nitrate reduction were tested with the API 20E kit (bioMérieux Inc., Durham, NC)
(S1 Table). The results were compared with those described for other Actinobacteria-like bac-
teria [31].

For a chemotaxonomic characterization of the Actinobacteria strains, the presence of L,L-
diaminopimelic acid (LL-A,pm) or meso- diaminopimelic acid in the cell wall of the isolates
was determined through the protocol established by Staneck and Roberts [32] with some mod-
ifications [33]. Briefly, two or three loopfuls of fresh biomass (7-14 days growth) were sus-
pended in 500 uL of HCI 6N. Such suspension was homogenized in a vortex for 10 min and
then placed in an oven at 100°C for 8 h. After centrifugation, spent supernatants were trans-
ferred to a new Eppendorf tube, and dried at 100°C. 500 uL of sterile distilled water were
added to each tube, and samples were centrifuged and dried once more, until supernatants
were completely dried. This material was the suspended into 75 pL of distilled water, and 3 pL
of each sample used for further TLC analyses and 1 uL diaminopimelic acids mixture (CHE-
M-IMPEX INT L INC, 1% in distilled water) were loaded on cellulose TLC plates 20x20. TLC
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plates were developed in saturated glass chambers containing methanol-water-6N HCI-pyri-
dine (80:26:4:10, v/v). The plates were dried, sprayed with a freshly prepared ninhydrin
solution (0.2%, w/v dissolved in acetone) and heated at 100°C for 5 min. Presence of L,L-dia-
minopimelic acid was detected in those regions showing a characteristic olive green color
(Rf = 0.6). (S2 Fig).

Scanning Electron Microscope (SEM) analysis

Scanning electron micrograph analysis strains were growing for 8 days on ISP-2 agar medium
using filter paper. Cultures of strains are fixed using Milloning phosphate buffer (0.1 M, pH
7.2) Glutaraldehyde (1%). The cells were rinsed with distilled water subsequently dehydrated
with ethanol. The filter paper was first dried, then fixed onto stubs and coated with graphite.
The scanning microscopy analysis was performed using SEM-Tescan Vega 3 SB [34, 35].

Taxonomical identification and accession numbers

24 isolates were selected for further studies based on their microscopic and macroscopic char-
acteristics consistent with Actinobacteria-like strains. For the taxonomical identification of the
selected strains, PCR amplification and sequencing of the entire 16S rRNA locus were done by
using universal primers 27F and 1492R, as previously described [36]. Sequences were trimmed
and assembled with DNA Baser software 2.9 and an accurate alignment was obtained using
the SINA online tool [37]. Neighbor-joining trees of isolates and their closest relatives were
generated using the ARB software [38] and the LTPs123 available in the SILVA database [39].
All DNA 16S rRNA nucleotide sequences for the 24 strains were deposited in GenBank/
EMBL/DDB]J, under the accession numbers KX641378 to KX641401, as presented in Table 1.

Selected morphotypes were identified in parallel to 16S rRNA approach by mass spectrome-
try with MALDI-TOF (Matrix-assisted laser desorption/ionization time of flight) Biotyper
BRUKER. For this purpose, strains were re-growth in LB media and incubated for eight days
at the same temperatures. Identification was done by direct smear method, where a single col-
ony was picked and placed onto a MALDI target plate as a thin layer and allowed to dry at
room temperature. The MALDI plate was subsequently overlaid with 1 pL of 70% formic acid
and then covered with the matrix solution (a-cyano-4-hydroxycinnamic acid—HCCA) and
air dried. The profiles were visualized with the software FlexControl (version 3.0) and the
MALDI Biotyper RTC. Dendograms were obtained using BioTyper software 3.0. For calibra-
tion and as a positive control, we used a Bacterial Test Standard (BTS) Escherichia coli (DH50.)
(Bruker Daltonik GmbH, Bremen, Germany) proteic profile.

Bioassays using marine bacteria strains

Antimicrobial assays. Antibacterial activity from 24 Actinobacteria-like isolates was first
tested against 3 bacterial rice pathogens by using a direct confrontation assay. The bacterial
pathogens strains included: Burkholderia plantarii ATCC 43733, Burkholderia glumae ATCC
33617, and Burkholderia gladioli CIAT 3704-1, kindly provided by FEDEARROZ, which were
isolated from symptomatic rice plants of bacterial panicle blight and rice seedling blight. These
bacterial strains were recovered and grown as previously described [40-43]. The confrontation
assay was performed as follows: single colonies of each Actinobacteria-like isolates were mas-
sively streaked on Mueller-Hinton agar plates covering half of the surface, and plates were
incubated at 28°C for 10 days. Pathogenic Burkholderia where then streaked in a horizontal
line, perpendicular to the actinobacterial growth area. Plates were incubated at 37°C and
growth of Burkholderia strains was daily monitored for three days. Actinobacteria-like isolates
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Table 1. Affiliation of Actinobacteria strains isolated from marine samples.

Cluster (OTU) Closest neighbors Sim % | Strain number | Strain/ GenBank accession numbers Source
1 Streptomyces griseochromogenes | 99.86 3 KX641378 Niphates digitalis (Porifera)
6 KX641383 Niphates digitalis (Porifera)
Streptomyces violascens 99.86 13 KX641381 Sediment
87 KX641385 Niphates digitalis (Porifera)
Streptomyces resistomycificus 99.86 89.3 KX641386 Niphates digitalis (Porifera)
89.4 KX641387 Niphates digitalis (Porifera)
Streptomyces hydrogenans 99.86 161a KX641396 Bryopsis sp. (Chlorophyta)
161b KX641397 Bryopsis sp. (Chlorophyta)
Streptomyces albidoflavus 99.86 184 KX641399 Eunicea fusca (Gorgonacea)
194 KX641400 Sediment
208 KX641401 Eunicea fusca (Gorgonacea)
2 Streptomyces sp. MBRL172 99.03 182 KX641398 Amphiroa sp. (Rhodophyta)
3 Streptomyces sanyensis 99.72 5 KX641379 Niphates digitalis (Porifera)
143 KX641389 Niphates digitalis (Porifera)
144 KX641390 Niphates digitalis (Porifera)
144a KX641391 Niphates digitalis (Porifera)
145 KX641392 Niphates digitalis (Porifera)
148 KX641393 Niphates digitalis (Porifera)
149 KX641394 Niphates digitalis (Porifera)
149a KX641395 Niphates digitalis (Porifera)
4 Streptomyces microflavus 99.86 46b KX641384 Codium sp. (Chlorophyta)
Streptomyces fulvorobeus 99.86
5 Streptomyces pratensis 100 9 KX641380 Dictyota sp. (Phaeophtyta)
6 Micromonospora chalcea 99.79 102N KX641388 Dictyota sp. (Phaeophtyta)
Micromonospora maritima 99.38
Micromonospora sediminicola 99.15
Micromonospora marina 99.44
7 Gordonia bronchialis 98.41 25 KX641382 Xestospongia sp.(Porifera)

doi:10.1371/journal.pone.0170148.t001

able to induce total or partial growth inhibition of the pathogens after 48 hours were consid-
ered as positive for antibacterial activity.

Antifungal activities from all 24 strains were measured as described by Kanini et al. [44].
For antifungal tests, phytopathogenic fungi Fusarium oxysporum f. sp. dianthi race 2, isolated
from vascular wilt symptomatic carnation plants [45], and Colletotrichum gloeosporioides 26B,
obtained from yam plants with classical symptoms of anthracnose [46] were tested. These phy-
topathogenic fungi were kindly provided by the “Grupo de Estudio en Name” from the Bio-
technology Institute, and the “Estudio de Actividades Metabolicas Vegetales” research group
of the Chemistry Department from the Universidad Nacional de Colombia.

Quorum quenching assay of marine strains. In order to test the ability of the 24 Actino-
bacteria-like isolates to disrupt the quorum sensing systems, Chromobacterium violaceum
ATCC31532 was used as a biosensor by means of a cross streak antagonistic assay [43, 47, 48].
Briefly, LB agar plates were seeded with each Actinobacteria-like isolate by streaking them in a
horizontal line, near to one of the extremes of the agar plate. Then, the biosensor was seeded
perpendicularly to this line and incubated for 48 hours. The growth of the C. violaceum strain
without violacein production (white colonies) was regarded as a quorum quenching positive
result, while the growth of purple colonies of C. violaceum or the absence of growth of the bio-
sensor were regarded as a negative effect.
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Marine bacteria strains culture and extraction. Isolates were recovered from their glyc-
erol stock into ISP-2 plates incubated at 28°C. Strains were subsequently cultured in 100 mL
by triplicate in Trypticase Soy Broth (TSB Bacto '™ BD) medium in 500 mL conical flasks by
shaking at 130 rpm at 25°C for 2 weeks. Cultures were then centrifuged and filtrated by
0.22 pm, and their spent supernatants were extracted three times with ethyl acetate (EtOAc).
Organic extracts were concentrated under vacuum and kept frozen until their use for bioactiv-
ity screening (antibacterial, antifungal and quorum quenching activity) and for LC-MS analy-
sis. An EtOAc extract of the culture media TSB was used as blank for both bioassays and
chemical analysis.

Bioassay using organic extracts. Antibacterial activity of the extracts: Antibacterial
activity of the extracts against Burkholderia pathogens strains was evaluated by a diffusion test
in 96-well microtiter plates [49]. Single colonies of Burkholderia spp. were grown in liquid
medium King B (KB) at 30°C prior to use. 30 pL of each bacterial culture were then diluted
into 200 pL of KB agar medium, in 96 well microtiter plates. 500 pg of each EtOAc extract
were then suspended into 30 pL of DMSO 5%, and added into each well. Plates were statically
incubated for 24 h at 37°C, and the growth of each Burkholderia culture was monitored after
24 h by visual inspection; those wells showing inhibition of Burkholderia growth were consid-
ered positive for the presence of antibacterial compounds. Gentamicin 0,2 pg/mL was used as
positive control for bacterial inhibition, and DMSO 5% and TSB were used as negative
controls.

Antifungal activity of the extracts: Antifungal activity was also tested using EtOAc extracts
obtained for each Actinobacteria-like isolate in a 24-well microtiter plate assay. Briefly, each
fungal strain was grown in PDA plates, and a conidial suspension was prepared with 0.85%
NaCl solution. Then, this conidial suspension was used to inoculate each well, previously filled
with 2 mL of PDA. Simultaneously, 500 ug of each EtOAc extracts were dissolved in 30 pL 5%
DMSO, and this solution was added to the surface of each well, previously inoculated with the
conidial suspension. The plates were then incubated at 26°C for 96 h. Total or partial inhibi-
tion of the fungal growth was regarded as positive for the presence of antifungal compounds in
such an EtOAc extract. A solution of 1% clotrimazole (5 uL/well) was used as positive control,
and 5% DMSO and TSB were used as negative controls.

Quorum quenching activity of the extracts: Organic extracts of marine strains were also
tested for the presence of quorum quenching compounds, by using a disc-diffusion plate assay
[50]. AHL-producing strain Chromobacterium violaceurn ATCC31532 was used as a biosensor,
and 5 mm diameter discs were loaded with 300 pg of each EtOAc fraction. Discs were subse-
quently placed on the surface of agar plates previously inoculated with a bacterial suspension
of C. violaceum ATCC 31532 (OD gponm 0.5). Plates were incubated for 24 h at 30°C. As nega-
tive and positive controls, 300 pL of DMSO (5% v/v) and 200 ug 4-hydroxybenzaldehyde
(PHB) per disc were used, respectively. Presence of quorum quenching compounds was identi-
fied by the lack of violacein production around the discs [51]. In contrast, whenever zones of
growth inhibition were observed, this result was reported as antibacterial extract.

Metabolic profiling analysis of marine strains

Sample preparation and HPLC-MS analysis. Organic extracts for each isolate and
medium blank were prepared at a concentration of 1 mg/mL in MeOH. Liquid chromatography-
mass spectrometry experiments were carried out in an HPLC LaChrom (VWR HITACHI-E-
LITE) coupled to ESI-IT mass spectrometer Amazon X (Bruker-Daltonics). The chromatographic
analysis used a XTerra C-18 column (4.6 x 150 mm, 5um) and a flow rate of 1.0 mL/min. The
mobile phase consisted of 0.075% formic acid (A) and acetonitrile with 0.075% formic acid (B).

PLOS ONE | DOI:10.1371/journal.pone.0170148 February 22, 2017 7/25



@° PLOS | ONE

Marine Actinobacteria as a source of compounds for phytopathogen control

The solvent program started with 10% B for 3 min and a linear increase to 40% B in 17 min, fol-
lowed by a linear increase to 100% B in 15 min, then followed by 10 min at 100% B. The total
analysis time for each sample was 50 min. The sample (20 uL) was injected by an autosampler.
The mass spectrometry was carried out in both positive and negative ionization modes with a
spray voltage at 4 kV and capillary temperature at 250°C. The mass range was set from m/z 70-
3000. Raw data files generated by HPLC-MS were first converted to netCDF files.

Data analysis. The netCDF files were then imported to MZmine 2.10 software [52] for
preprocessing steps. Peak detection in MZmine was executed following noise removal, chro-
matogram construction, and peak deconvolution steps [53]. First, the mass values were
detected using the centroid mode in each spectrum and the peaks below 1x10° of the height
were discarded as noise. In the second step, chromatograms were constructed for each of the
mass values, which span over a certain time range. The minimum time span over the same ion
was set as 1 min and the error of the ion m/z value was allowed within 100 ppm. The minimum
intensity of the highest data point in the chromatogram was set at 1x10°. Finally, a deconvolu-
tion algorithm was applied to each constructed chromatogram of each mass ion to recognize
the actual chromatographic peaks. The “base line cut off” algorithm, which searches for local
minima in the chromatogram and separates individual peaks at minimal points was used. The
separated peaks were then deisotoped using the function of isotopic peaks grouper in which
we set m/z tolerance at 1 m/z; retention time tolerance at 1 (min); maximum charge of 3; and
representative isotope being the most intense. The retention time normalizer was also used
after deisotoping to reduce inter-batch variation by setting m/z tolerance at 1 m/z; retention
time tolerance at 1 absolute (min), and minimum standard intensity at 1.1 x 10°. Selected
MZmine parameters were chosen according to the characteristics of the LC-MS system (e.g.
resolution, etc) and experimental results (retention time and m/z deviation). The remaining
peaks in different samples were aligned based on the mass and retention time of each peak. The
ion m/z tolerance for alignment was 1.0 or 100 ppm, retention time was 1 absolute (min), and
weight for m/z was 20 and Rt was 15 respectively. Following alignment, the resulting peak list
was gap-filled with missing peaks using the intensity tolerance of 20% and retention time toler-
ance of 1 min. The aligned peak list was then exported as a comma separated value (.CSV) file.
Data were imported to SIMCA-P 14 (Umetrics, Sweden) for further multivariate data analysis
[54]. Barcoding was generated in Microsoft Excel using the IF function (= IF (cell>0,1,0)). This
presence-absence created a binary dataset for each bacterial extract showing the overall chemi-
cal diversity. Values of “1” are shown as black, while values of “0” are white [27]. Additionally,
an in-house developed Excel tool was used to sort and remove features (pair of m/z ratios and
retention times) associated with cultured media blank (TSB). Dereplication process was done
using AntiMarin natural products database, and isotopic abundance was confirmed in
HPLC-MS raw data [54].

Results and discussions
Marine bacteria isolation and characterization

Environmental samples collected from the coral reef of Providencia (Colombia, South-west
Caribbean Sea) were studied to recover associated microorganisms. Environmental samples
were processed by using classical enrichment protocols for isolation of culturable Actinobac-
teria, such as the use of ISP-2 and oatmeal agar culture media. [55]. One week later, once the
bacterial growth was detected, both agars were fragmented into pieces and transferred to saline
solution supplemented with CaCO3, in order to improve the growth of Actinobacteria strains
[56]. Purification of bacterial isolates was performed by successive sub-culture of single colo-
nies in CSA medium, recovering 203 isolates: 162 were described as bacteria while 41 as fungi.
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In order to identify Actinobacteria strains, the bacteria were morphologically characterized in
four culture media (ISP-2, ISP-3, ISP-4, nutrient agar), and biochemical tests for sugar fermen-
tation and oxidation as well as for other enzyme activities were also performed. Determination
of L,L-diaminopimelic acids (L,L-A,pm) as chemotaxonomic marker for Streptomyces was
also carried out [57]. A complete description of the obtained results for all these biochemical
traits is presented in Table and Fig (S1 Table and S1 Fig). Morphological and biochemical data
showed that 22 isolates belong to the genus Streptomyces as they contained whole-organism
hydrolysates rich in L,L-A,pm, and they formed extensively branched substrate mycelia that
carried abundant aerial hyphae able to differentiate into chains of spores. This set of isolates
was of particular interest because Streptomycetes are known to be one of the most prolific
sources of secondary metabolites [58, 59]. The other two isolates (25 and 102N) showed to
contain meso-A,pm (S2 Fig), which indicate that they belong to different genera, and it needs
the 16S rRNA to be established. Overall, results of biochemical profiles obtained by API 20E
test in all 24 strains exhibited differences, which could indicate that isolates are not redundant
(S1 Table). For example, although strains 9 and 5 showed the same biochemical tests profile,
strain 9 was considered different from 5 since its morphology in four different culture media
(ISP-2, ISP-3, ISP-4, nutrient agar) was different from that presented by strains 5. In the same
sense, it was found that isolates 89.3 and 89.4 are similar in their biochemical profile, and they
only differ in their oxidase phenotype. Regarding the catalase test, all strains were catalase posi-
tive, except that of 161b. Additionally the SEM of the strains (S3 Fig) show the spore-surface
morphology and the characteristic growth of Actinobacteria. These procedures allowed us to
recover 24 Actinobacteria isolates out of the 162 bacterial isolates (c.a. 15%) obtained from
marine sources.

16S rRNA analyses presented in Table 1 and Fig 1 (each> 1400 bp in length) suggested that
all 24 isolates were phylogenetically affiliated to phyla Actinobacteria, representing three different
genera namely Streptomyces (22 strains), Gordonia (one strain, number 25) and Micromonospora
(one strain, number 102N). These results are in agreement with the biochemical profiles obtained
from API 20-E, which suggest that their phenotype is consistent with their 16S rRNA genotype.
Further studies will be carried out in order to determine the precise taxonomical identification to
the species level. The majority of the Actinobacteria are free-living organisms that are widely dis-
tributed in both terrestrial and marine ecosystems, the genera of this phylum exhibit enormous

Fig 1. Comparison of a phylogenetic reconstruction based on 16S rRNA genes of the actinobacterial
isolates and MALDI-TOF profiles clustering. A Neighbor Joining phylogenetic tree based on 16S rRNA
genes of the actinobacterial isolates and their closest relatives (cultivable and uncultivable) was done (left
side). Bootstrap calculation was done (1000 repetitions) and is show for the main branches in the tree. A
dendrogram based on MALDI-TOF profiles of each isolate (right side) was calculated to compare the obtained
results by these two methodologies of classification.

doi:10.1371/journal.pone.0170148.9001
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diversity in terms of their morphology, physiology, and metabolic capabilities. The producing
capacity of individual Actinobacteria can also vary enormously. Some Streptomyces species pro-
duce a single antibiotic, while others produce a range of different compounds and compound
classes [60].

The closest neighbors and similarity percentage for each strain are presented in Table 1.
The phylogenetic tree based on 16S rRNA locus for the 24 Actinobacteria isolates presented in
Fig 1 shows seven operational taxonomical units (OTUs). A total of eleven Streptomyces was
forming the first clade (OTU 1), composed mainly of related strains recovered from five differ-
ent sources (Table 1), suggesting the ubiquity of the cluster, which is not considered as a
redundant parameter. Its closest neighbors have been recovered mainly from soil. Only S. albi-
doflavus, recovered mainly from sea and also soil exhibits both, antifungal and antibacterial
activities [61, 62]. Two close neighbors, S. violacens and S. resistomycifus have shown antibacte-
rial activity. Srains of S. violascens have been reported to produce antibiotics such as actinomy-
cin [63]. The other neighbors S. griseochromogens and S. hydrogenans have shown antifungal
activity [64, 65]

Strains 5, 143, 144, 144a, 145, 148, 149 and 149a were grouped within the same cluster
(OTUS). The closest neighbor to this group was Streptomyces sanyensis. This strain has been
recovered from mangrove sediments and has this is its first report of its antimicrobial activity
[66, 67]. All these eight strains were recovered from the same sponge Niphates digitalis. How-
ever, several differences observed between their biochemical profiles and their morphologies
in differential ISP media strongly indicates that they should be considered as different isolates.
Other five isolates were grouped in five single clusters (i) Strain 182 Streptomyces sp. (OTU 2),
which is closely related to Streptomyces canchipurensis [68]; (ii) Strain 9 (OTU 3), which groups
together with Streptomyces pratensis, this strain has been recovered from terrestrial environ-
ments and there are not reports for its biological activity [69]; (iii); Strain 46b (OTU 4), which
is closely related to Streptomyces microflavus and Streptomyces fulvorobeus. S. microflavus has
been reported from sea and soils, while S. fulvorubeus has been reported only from the sea
[70]. Neither of these two strains have antimicrobial activity reports (iv) Strain 102N (OTU 6)
filiated to Micromonospora sp. as the closest neighbor; Micromonospora species are widely dis-
tributed in nature, living in different environments. They have long been known as a signifi-
cant source of secondary metabolites and it was recently demonstrated that Micromonospora
species may also influence plant growth and development. The genus has also been reported to
produce a large number of antibiotics and is second only after Streptomyces in this respect, syn-
thesizing up to 500 different molecules with diverse structures and properties. Micromonos-
pora species can also produce hydrolytic enzymes, which allows them to play an active role in
the degradation of organic matter in their natural habitats [71]. and (v) strain 25 (OTU 7) with
Gordonia sp. as the closest neighbor. Members of the genus Gordonia were originally isolated
as opportunistic pathogens in humans. However, in recent years, most novel members of the
genus have been isolated from terrestrial and marine sources [72] Several members of this
taxon play important roles in biodegradation and bioremediation. The production of surface-
active compounds by Gordonia sp. has been associated with their ability to degrade the hydro-
phobic compounds [73]. Importantly, according to the current limit of circumscription of a
prokaryotic species based on the 16S rDNA sequence [74], the isolate 25 could be a putative
new species because percentage of 16S rDNA similarity against its closest relative is below
98.7%. In general, we did not find any significant correlation between isolation sources and
bacterial species here recovered, which indicates that all sources harbor different Actinobac-
teria species, without apparent recruitment of a particular OTUs by any specific source.

Recently, matrix assisted laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF MS) has been used for bacterial dereplication and preliminary identification of
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environmental isolates. This technique is based upon protein analysis of whole-strain. The
observed degree of molecular mass conservation among these proteins renders spectral simi-
larity a suitable marker of phylogenetic relatedness [75]. The MALDI-TOF analysis of 24 Acti-
nobacteria strains is shown in Fig 1 and compared to the 16S rDNA analysis. The OTUs
clustering observed for 16S rDNA agree with the clustering observed by MALDI-TOF, except
for the abundant groups (OTU 1 and 5). The spectra of all actinobacterial species available in
the MALDI-TOF database (BDAL) were used to calculate a reference cut-toff that could help us
to determine the putative similarity distance that define an actinobacterial species. The calculated
cut-off shown that similar species can be defined by 70% of similarity (S4 Fig). When both
approaches are compared, MALDI-TOF results suggest that richness of species within OTU 1
and OTU 5 could be higher than the assigned by the 16S rDNA sequence resolution (denoted by
the red color). The MSP dendrogram shows a richness of members within the for OTU 1 and
confirmed the possible heterogeneity observed among these isolates and described above, proba-
bly caused by its distinct isolation origin as commented. On the other hand, the OTU number 5
contains seven Streptomyces strains isolated from Niphates digitalis as shown by 16S rRNA analy-
sis, and although the isolation source is the same within the isolates of this group, more species
richness can be observed compared to OTU 1 where we curiously have more isolation sources.

Previous studies reported that marine Porifera often harbor communities with high diver-
sity levels [53, 63, 76]. Our results show that Porifera Niphates digitalis yielded the highest
number of Actinobacteria strains (13), while Xetospongia sp. (1), Amphimedon compressa (0),
Plakortis halichondroides (0) and Aplysina archeri (0) showed low diversity in the number of
recovered Actinobacteria strains. The other environmental sources also showed low diversity:
from algae Dictyota sp. and Bryopis sp. and from octocoral Eunicea fusca two Actinobacteria
strains were recovered, while from the algae Codium sp. and Amphiroa sp. only one Actinobac-
teria strain could be isolated. In the case of the ten studied sediments, only 2 strains could be
recovered. In summary, out of the 23 environmental samples studied, 24 Actinobacteria strains
could be recovered, including 22 Streptomyces, 1 Gordonia and 1 Micromonospora.

Bioactivity assays

Since no redundancy among isolates could be established, it was decided to include these 24
isolates in further biological activity tests. In order to evaluate the ability of all 24 Actinobac-
teria strains for phytopathogen-growth inhibition (Fig 2), an antagonism test (direct confron-
tation) was conducted against the bacterial phytopathogens Burkholderia glumae ATCC 33617
(causes bacterial panicle blight), B. gladioli 3704-1 (causes bacterial grain rot and leaf-sheath
browning) and, B. plantarii ATCC 43733 (causes seedling blight in rice). Isolates were also
tested for its antifungal activity against phytopathogenic fungi Fusarium oxysporum f. sp. dia-
nthii (Carnation) and Colletotrichum gloeosporioides 26B (Yam).

In addition, as several marine compounds have proved their role as quorum quenchers
(QQ) [16], an anti-pathogenic effect that could interrupt bacterial communication reducing
damage in the host, the 24 Actinobacteria isolates were also tested against Chromobacterium
violaceum biosensor as an approach to identify strains able to use this mechanism of control of
phytopathogens.

Results for some selected Actinobacteria strains in antibacterial (Fig 2A), quorum quench-
ing (Fig 2B) and antifungal (Fig 2C) activity tests are presented in Fig 2A-2C. The results for
all tests, including the evaluation of the activity for their organic extracts in EtOAc, are sum-
marized in Fig 2D.

The 24 selected strains included in this study showed activity in the direct confrontation
test; for some of them maintain their activity in their organic extract. This suggests that
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Fig 2. Antimicrobial activity and quorum sensing inhibition tests for bioactivity results of 24
Actinobacteria strains. (A1) Picture of Burkholderia spp. phytopathogens without confrontation (Bg:
Burkholderia glumae. Bgl: Burkholderia gladioli; Bpl: Burkholderia plantarii). (A2) Picture of confrontation test
of Burkholderia spp. phytopathogens against strain number 9. (B1) Picture of Chromobacterium violaceum.
(B2) Picture of quorum quenching test against strain number 46b. (C1). Picture of Fusarium oxysporum f. sp
dianthirace 2 against strain 5. (D) Heat map of bioactivity for the 24 strains and their organic extracts. Results
for antibacterial, antifungal and QQ activities are summarized in Fig 2D. Horizontal axis shows the codes of
the 24 Actinobacteria and vertical axis shows each one of the pathogens tested in both, direct confrontation
and extract growth inhibition test. Color indicates the total or partial control of each phytopathogen, assumed
as a positive result.

doi:10.1371/journal.pone.0170148.9g002

phytopathogen growth control was made by secondary metabolite production. For some
strains, this activity was observed in the aqueous extract (S5 Fig). However, the high polarity of
these extracts makes difficult the isolation of these hydrophilic compounds for further studies.
Most extracts keep the same activity observed in direct confrontation tests against. B. plantarii
and C. gloeosporioides, (8 out of 11 and 15 out of 19 respectively). Similar results were observed
in the QQ activity against tests using C. violaceum, in which 7 out of the 8 strains showed par-
tial or total inhibition of violacein production. Other extracts showed lower or no antibacterial
activity in direct confrontation tests against B. glumae (9/16), B. gladioli (6/19), and F. oxy-
sporum (0/5).

In the direct confrontation test against three phytopathogen bacteria, the most active iso-
lates were: strains 5, 9, 13, 46D, 89.3, 161a, 161b, 182 and 208. Against fungi, the most active
strains were 3, 5, 13, 161b; and against C. violaceum, the most active strains were 46b, 89.3,
102N, 1494, 161a, 161b, 184 and 194. In addition, strains 5, 13, 89.3, 161a, and 161.b, showing
to be active in five out of the six assays conducted. In this group, all of them were active against
Burkholderia spp except 161b that does not control B. plantarii. On the other hand, the least
active strain is 25, a Gordonia species that only controls B. gladioli. A poor profile is also
observed for the Micromonospora strain (Strain 102N), and for Streptomyces spp. strains 144
and 149.

In the extract test, the most active one is 161a that shows activity in four out of the five posi-
tive direct confrontation assays. This strain extract loses the activity against B. gladioli. Extracts
obtained from strains 3, 13, 89.3, 161b, and 194 are active in three out of the five positive assays
previously conducted, meaning that these extracts lose activity against two pathogens. Interest-
ingly, EtOAc extracts from these strains were in most of the cases active against B. glumae and
C. gloeosporioides. On the other hand, extracts of strains 6, 9, 46b, 87, 89.4, 143, 144a, 149a, 182
and 208 showed to be active in two out of the six assays, mainly against B. plantarii, and C.
gloeosporioides. Extracts of five strains were active against one pathogen (5, 102N, 145, 148,
and 184), and extract of three strains showed no activity (25, 144, and 149).
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Metabolic profiling analysis

One of the main goals of this study was to select strains with different chemical profiles for fur-
ther studies according their metabolic diversity. In order to evaluate such differences in metab-
olite production, an LCMS analysis of the 24 organic extracts was carried out. Multivariate
data analysis (MDVA) allows to simultaneously evaluate a huge number of metabolites and
determine their correlations with certain biological properties. Independently from the
selected analytical technique, the usually huge number of data used in metabolomics would
require multivariate analysis to classify the samples into different groups and to facilitate their
interpretation in terms of metabolite distribution under distinct variables. Thus, MVDA
applied to LCMS data is required to evaluate chemical richness of the extracts defined as num-
ber of compounds present in each extract [54]. Data were exported to an Excel matrix (.CSV)
and then preprocessed in MZmine 2.10 free software. For the multivariate analysis, the SIM-
CA-P 14 statistical package was used. A Hierarchical Cluster Analysis (HCA) was conducted
for all 24 EtOAc extracts in addition to the extract of the culture media (TSB), as presented in
Fig 3.

The HCA dendrogram of Fig 3 shows that the strains extracts were grouped into seven clus-
ters (I to VII) according to their chemical profile by LCMS. In HCA, the distance measure of
two objects corresponds to the degree of similarity between them. Hence, in this case, a small
cluster distance indicates a high similarity between the strains chemical profile, and as this dis-
tance increases, so does the degree of divergence among them. The TSB blank extract grouped
in cluster IV also included strains 9, 46b, 102N and 194, suggesting that the metabolic produc-
tion of these isolates did not differ substantially from the profile obtained from the culture

medium.

Hierarchical Clustering
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Fig 3. Hierarchical Cluster Analysis (HCA) based on LC-MS metabolic profiles from the organic extracts of 24 bacterial strains and TSB
culture media. Arabic numbers represent strain codes. Roman numbers represent clusters according to their metabolic profile similarity.

doi:10.1371/journal.pone.0170148.9003
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The large distance from cluster I (strain 208) relative to the other clusters (cluster II-VII),
suggests important differences in terms of metabolic profiles for this strain when compared to
all other samples. Considering that strain 208 does not show significant differences to the
other strains in terms of bioactivity, biochemical profile and specially in its 16S rRNA se-
quences, such differences might be explained by the presence of different metabolites probably
resulting from the presence of different biosynthetic gene clusters or a differential gene expres-
sion. For instance, previous studies have demonstrated that different strains from the same
Streptomyces species (S. albus) contain different gene clusters encoding the production of
strain-specific secondary metabolites [77]. According to this study, each strain of a Streptomy-
ces species likely harbors at least one strain-specific biosynthetic gene cluster [77]. Chemical
interaction between strains and their hosts might also help explain differences in the metabolic
profile of strain 208, considering that even the same strain interacting with different hosts
might show different metabolites.

In the same extent, cluster II comprised a single strain (184), cluster III contains strains 87
and 89.4; Cluster V includes strains 6 and 149; strains 5 and 149a belong to cluster VI. Mean-
while, cluster VII contains a large group of strains 3, 13, 25, 89.3, 143, 144, 144a, 145, 148, 161a
161D, and 182. The fact that HCA does not match neither the phylogenetic reconstruction nor
the dendrogram obtained by MALDI-TOF analysis is not surprising as these techniques focus
on different sets of information within the bacterial strains, making them complementary.
While the phylogenetic tree is based on 16S rRNA sequences similarity, MALDI-TOF is com-
monly employed for medium to high molecular weight compounds including peptides and
proteins. On the other hand, LC-MS focuses on low molecular weight metabolites.

In order to display the metabolic diversity of the 24 strain extracts, chemical barcoding was
built (Fig 4). For this, the CSV file was exported to Microsoft Excel and the data observed for
medium blank were removed for each strain datum (only m/z values >200 are considered).
Then, by using IF function of Excel (= IF (cell>0,1,0)), the presence-absence created a binary
dataset (barcoding) for each bacterial extract, showing the overall chemical diversity. Values of
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Fig 4. Barcoding vs. Phylogenetic tree. Barcoding based on variables (retention time and m/z) displaying distinct metabolic profiles among the 24
Actinobacteria. Horizontal axis shows variables expressed as m/zvalues >200 of the 24 extracts. Each variable represents a single compound and its
presence is represented by black squares and vertical axis shows each one of Actinobacteria strains according to phylogenetic tree.

doi:10.1371/journal.pone.0170148.g004
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presence “1” are shown as solid black color, while values of absence “0” are white. Each variable
corresponds to a two-dimension identifier for each compound based on its retention time (LC
chromatography) and m/z value. By using this barcoding, it is possible to identify some strains
with a great metabolic richness (large number of variables), i.e. 208 (236 variables); and some
strains with low metabolic diversity such as strains 89.3 and 182 (137 and 129 variables, respec-
tively). This analysis recognized strain 208 as the producer of a large number of exclusive
metabolites (35 unique Rt and m/z values), thus confirming the HCA results as this strain
showed important differences in terms metabolic profile relative to the other samples. Other
strains (such as 149a) do not produce exclusive metabolites, because they share all the variables
(retention time and m/z) with others strains, while strain 102N produced only one unique
metabolite (variable) along with other compounds identified in the other extracts here
presented.

Orthogonal Partial Least Square-Discriminant Analysis (OPLS-DA) is a supervised MDV A
method commonly used to find X variables (e.g., compounds identified by a Rt and m/z value
in different extracts) correlating with determined Y variables (e.g., antibacterial, antifungal
and QQ activity) [78]. After cleaning of the data matrix (which includes removal of the culture
medium variables), an OPLS-DA with subsequent identification and dereplication of discrimi-
nant variables was performed. In this case, data scaling was performed by unit variance (UV-)
scaling, which makes all metabolites become equally important independently of the concen-
tration (opposite to Pareto scaling) [79].

Based on the HCA (Fig 3), two main groups (Group A with clusters II-IV; and Group B
with clusters V-VII), besides outlier cluster I (strain 208), were identified. An OPLS-DA using
as Y variable, quorum quenching, antibacterial and antifungal activity was performed for each
one of the above-mentioned groups. The obtained model for quorum quenching activity
applied for Group A (Fig 5) suggested a highly predictive model for this activity (R2Y =1,

Q2 =0.998), and the VIPs (Variable Influence on Projections) were identified with Loadings-
Plot, as presented in S6 Fig.

It was possible to identify 12 VIPs (compounds) from OPLS-DA-Quorum quenching activ-
ity. They represent the quorum quenching active compounds for the 3 active extracts of Group
A (cluster II-1V), as follow: Active strain 46b (Streptomyces OTU 4), 194 (Streptomyces OTU 1)
and 102N (Micromonospora OTU 6), and inactive strain: 9 (Streptomyces OTU 3) and 87, 89.4,
184 (Streptomyces OTU 1). Dereplication analysis attempts to reduce time and efforts in isola-
tion and identification of well-known active compounds, or redundant inactive natural prod-
ucts. The dereplication analysis conducted on this OPLS-DA model for quorum quenching

A Active
A\Non Active

- 194 A 184
e * 46b

R A 102N

1#1[1]
R2x[1] =0.15 R2Xo [1]=0.154  Ellipse: Hotelling’s T2 (95%) 1:

Fig 5. OPLS-DA- Quorum quenching activity. Score Scatter Plot of seven ethyl acetate extracts of strains
9, 46b, 87, 89.4, 102N, 184, 194. Active strain (black color) vs. non-active strain (gray color).

doi:10.1371/journal.pone.0170148.9005
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m/z RT Molecular Reported strain Hits Reported
(min) formula code (Number of Hits from Antimarin- Activity
database)
2251 39.0 194.46b.102N No hits
249.1 9.6 194.46b. 9.102N No hits
2511 36.9 194.46b.102N No hits
267.1 35.7 194.184. 46b.102N No hits
295.1 37.7 194.46b.102N No hits
355.1 343 194.46b.102N. 89.4 No hits
547.1 10.1 194.46b.102N. 89.4. 184 No hits
556.3 9.5 87, 194.46b.102N No hits
584.6 9.9  CyHuN:Op 194.46b.102N Name: Dihydrostreptomycin; Abiocine; Streptomycin at
Vibriomycin DST: M43-05026: 23572:  subinhiitory
Streptomycin-D concentrations
Source: Streptomyces humidus, S.sp. was found to
i inhibit quorum
- B sensing in
Acinetobacter
baumannii (83)

CysHisNsOy, Name: Youlenmycin (82)
Source: Streptomyces sp.

687.9 9.1  CyHeOy 194.46b.102N Name: Inostamycin-B Antibiotic (34)
C3:HgNgOs Name: Pterulamide IIT cytotoxic

against the

S P388 cell line

Joqe

709.7 C3HesOyy 194.46.102N Name: bistheonellic acid B

-

709.7 74 C3HuNOsS 194.46b,102N Name: mechercharmycin A Cytotoxic
Source: Actinobacteria Human,
Leukemia

‘ Human hing
,,ﬁ/i\ \% (s0)

751.3 9.0 194.46b.102N No hits
Fig 6. Dereplication. Data for 12 VIPs for quorum quenching activity using Antimarinee database.
doi:10.1371/journal.pone.0170148.9006

activity (Fig 6) showed hits for only 3 out of the 12 found VIPs, as follows: m/z 687.9 tentatively
identified as Inostamycn-B or Pterulamide III; m/z 709.7 tentatively identified as Mecherchar-
mycine B (from unknown Actinobacteria) [80]; and m/z 584.6, the latter tentatively identified
as Streptomycin D (from Streptomyces spp) [81] or Youlenmycin (from Streptomyces sp.) [82].
Interestingly, Streptomycin D has been reported as QQ in Acinetobacter baumanii [83], show-
ing the strengths of this approach to guide isolation efforts on unknown compounds, and the
capabilities to identify new sources of known active compounds. The OPLS-DA using quorum
quenching activity with group B, antibacterial or antifungal activity with both groups showed
to be not confident as predictive models.
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Prioritizing isolates for further chemical studies

Information about taxonomy, biological activity against phytopathogens and metabolic profil-
ing was collected in this study as criteria for strain priorization.

Traditionally, selection of strains for further chemical studies relies only on the bioactivity
screening. However, bioactivity data alone do not provide information about chemical com-
pounds responsible for it, and can take to the selection of well-known strains producers of
well-known compounds.

Similarly, selection based on phylogeny (16S rRNA sequences) is useful as a guide to select
strains from a specific genus, or species, of particular interest, or even to discard redundant
isolates or those pathogenic strains from a collection. Nevertheless, this taxonomical data
alone does not provide metabolic or bioactivity information. Also, there are examples of phylo-
genetically related strains which do not produce the same secondary metabolites, and strains
belonging to different clades with similar metabolite production [84, 85, 86].

On the other hand, the metabolic profiling use alone showed information about chemical
diversity rise as an interesting criterion for strain selection. It is expected that strains able to
produce several antimicrobial compounds can contribute to reduce resistance when applied in
field treatments for phytopathogen control purposes. However, it should be noted that bacteria
producing several compounds (metabolic rich bacteria), would produce low amounts of com-
pounds, making difficult their isolation and identification. Furthermore, differences observed
in metabolic profiling could arise from extracts with low diversity of active compounds, sug-
gesting that strains could have developed the ability to produce specifically highly-potent mol-
ecules with a small diversity. Additionally, the exclusive use of metabolic profile (LC-MS)
alone does not correlate with the desired biological activity.

In general terms, we state that each set of data alone is not enough to make a decision about
which strains are suitable to study. To overcome this problem, recently, metabolic profiling
analysis based on LC-MS and/or NMR data, together with supervised multivariate analysis
such as OPLS-DA that integrates bioactivity information, has been described as a useful tool to
obtain information about chemical composition of selected active extracts prior to compound
isolation [87-90]. This paper proposes the use of bioactivity data as main criteria, taking into
account that a direct confrontation can be used for strain selection in biocontrol studies, but
organic extracts provide valuable information to guide further chemical studies. This way, the
use of HCA and barcoding refers to metabolic richness, while taxonomical data reflect genetic
diversity.

By using this approach, six strains were selected for further chemical studies as a result of
integrated bioactivity, metabolic profiling and taxonomical information (Table 2). Strain 161a
was selected because it showed the broad spectra of antimicrobial activity with significant dif-
ferences in its metabolic profile when compared with cluster IV, which contains TSB blank
extract, as observed in the HCA analysis. Strain 208 was selected for further chemical analysis

Table 2. Strain higher biological activity—-HCA- OUT.

Strain Cluster number (OTU) Phylogenetic analysis Number of pathogenic organisms controlled Cluster number (HCA)
161a 1 4 Vil
208 1 2 |
5 5 1 Vi
9 3 2 \Y
182 2 2 Vil
102N 6 2 I\

doi:10.1371/journal.pone.0170148.1002
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because of its very distinctive metabolic profile among all 24 evaluated strains, considered as
an outlier in the HCA analysis. It showed to be the most prolific source of unique metabolites
in the barcode analysis (236 total variables), despite the fact that they grouped in the same tax-
onomical OTU 1 together with previous selected strain 161a. However, other strains with
broad spectra were not selected. That is the case of strain 194, active against three microorgan-
isms including two pathogens and the QQ biosensor, not sharing the same cluster with 161a.
However, HCA data for strain 194 suggest that its metabolic profile is quite similar to that of
TSB blank, meaning that recovery of secondary metabolites from its extract could be difficult.

A second group of selected strains comprised those isolates with a selective activity: Strain 5
was selected because of the selective antifungal activity of its organic extract against C. gloeoe-
sporioides. This strain grouped in cluster VI (HCA) with 149a, and both belong to OTU 5;
however, strain 5 showed antifungal activity stronger than 149a (data not shown). Strain
102N, the only member of Micromonospora genus (OTU number 6), showed a strong and
selective quorum quenching activity. A similar situation can be described for strains 9 (cluster
IV) and 182 (cluster VII), which are the unique members of OTUs 3 and 2, respectively.

Finally, dereplication analysis using Antimarin database for strain 208, the most prolific
source of compounds, indicated that 28 out of the 36 variables do not present any hits in the
database (S2 Table), which could represent novel compounds. The identified metabolites by
dereplication process include compounds such as pyridine derivatives (e.g. m/z 227.2 tentatively
identified as Nikkomycin D from Streptomyces tendae, and m/z 446.6 tentatively identified as
Piericydin-C2 compounds with antibacterial and anthelmintic activity isolated from Streptomy-
ces piericidicus and S. pactum [91, 92]; 8-lactones (e.g. m/z 245.3 tentatively identified as Graefe’s
Factor I, inducer of anthracycline production isolated from Streptomyces viridochromogenes) [93,
94]; fatty acid derivatives (e.g. m/z 245.3 tentatively identified as trihomononactic acid, antibacte-
rial from Streptomyces globisporus) [95], anthraquinone derivatives (e.g. m/z 337.3 tentatively
identified as 8-O-methyltetrangomycin, with antifungal and antibacterial compound isolated
from Streptomyces sp.) [96, 97]; alkaloids (e.g. m/z 255.2 tentatively identified as N-acetylquestio-
mycin A, antitumor and antifungal from Streptomyces thioluteus) [98, 99] and macrolides (m/z
415.1 tentatively identified as Feigrisolide D, antibacterial from Streptomyces griseus) [100].

Conclusions

At this stage, our integrative strategy using taxonomical information, bioactivity and metabolic
profiling tools along with dereplication procedures allowed us to select six strains of Actinobac-
teria recovered from marine environments (161a, 208, 5, 9, 182 and 102N), as a source of
novel and active compounds against phytopathogens. The preliminary identification of bioac-
tive compounds using dereplication procedures, suggests that these strains are a rich source of
compounds, including well known and novel bioactive metabolites. Our data suggest that ac-
tive strains could act by means of antibiotic (antibacterial and antifungal) or quorum quench-
ing compounds. These strains could be used for biotechnological production of biocontrol
agents or for compounds production for agrochemical purposes. This study also contributed
to investigate the biodiversity in the southwest Caribbean Sea as a source of unexploited
microbial diversity, which has enormous potential to provide chemical compounds to develop
novel biotechnological products with possible applications in the field of agriculture and envi-
ronmental preservation.
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Supporting information

S1 Fig. Colony morphology in nutrient agar, ISP-2, ISP-3 and ISP-4. Strain 25 (Gordonia
sp.), strain 102N (Micromonospora sp.) and strain 182 (Streptomyces sp.).
(TIF)

$2 Fig. L,L-DAP and meso-DAP (diaminopimelic acid) Chemotaxonomic marker in Strep-
tomyces. Cellulose plates TLC Merck 20x20 cm. Mobile phase: Methanol: water: 6N HCI: pyri-
dine 80:26:4:10 v%v. Developer: sln 2% ninhydrin.

(TIF)

$3 Fig. Scanning electron micrograph of the isolate 5, 182 and 208 growing on ISP-2 agar
medium showing spore chain spiral shape and spore surfaces warty.
(TIF)

S4 Fig. The spectra of all actinobacterial species available in the MALDI-TOF database
(BDAL). were used to calculate a reference cut-toff that could help us to determine the puta-
tive similarity distance that define an actinobacterial species. The calculated cut-oft shown that
similar species can be defined by 70% of similarity.

(TTF)

S5 Fig. Antimicrobial activity and quorum sensing inhibition tests for Bioactivity results
of 24 Actinobacteria strains isolated from marine sources. Heat map of bioactivity for the 24
strains and their aqueous extracts. Results for antibacterial, antifungal and QQ activities, are
summarized. Horizontal axis shows the codes of the 24 Actinobacteria and vertical axis shows
each one of the pathogens tested in both, direct confrontation and extract growth inhibition
test. Color indicates the total or partial control of each phytopathogen, assumed as a positive
result.

(TIF)

$6 Fig. OPLS-DA quorum quenching activity. Summary of Fit (R2Y = 1, Q2 = 0.998). Load-
ing Scatter Plot (VIPs, gray color). Strains 9, 46b, 87, 89.4, 102N, 184, 194. In this case data
scaling was performed by unit variance (UV-) scaling.

(TTF)

S1 Table. Biochemical test for 24 marine strains. API 20E Test (bioMérieux Inc., Durham,
NC)-Oxidase and Catalase-L,L DAP (Actinobacteria). The test shows the presence of:
ONPG: B-galactosidase; ADH: arginine-dihydrolase; LDC: lysine decarboxylase; ODC: orni-
thine decarboxylase. CIT: citrate utilization. Production of: H,S, URE: Urease, TDA: trypto-
phan deaminase, IND: indole, VP: acetoin, GEL: gelatinase. Other biochemical characteristics
such as fermentation or oxidation of sugars (GLU: glucose, MAN: manitol, INO: inositol,
SOR: sorbitol, RHA: rhamnose, SAC: sucrose, MEL: melibiose, AMY:amygdalin and ARA:
arabinose It also shows the reduction of nitrates to nitrites.

(PDF)

$2 Table. Dereplication data of 36 variables of Strain 208 (Antimarin database).
(PDF)

Acknowledgments

L.A.B thanks the Programa Doctoral Becas Colciencias (567) for the granted scholarship
(2012) and Universidad de Caldas for the leave of absence for doctoral studies. S.J.N thanks
SENESCYT Ecuador for the granted scholarship (2012-2) and ESPE for the leave of absence

PLOS ONE | DOI:10.1371/journal.pone.0170148 February 22, 2017 19/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170148.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170148.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170148.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170148.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170148.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170148.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170148.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170148.s008

@° PLOS | ONE

Marine Actinobacteria as a source of compounds for phytopathogen control

for doctoral studies. A.A.G. is recipient of an “Es Tiempo de volver 2015-2016” postdoctoral
fellowship from Colciencias and La Sabana University (Bogota, Colombia). We thank Dr.
Claudia Parra for supported the MALDI-TOF analysis at Pontificia Javeriana University
(Bogota, Colombia). Strains of Burkholderia spp and Colletotrichum gloeosporioides 26B were
kindly provided by the Biotechnology Institute of the Universidad Nacional de Colombia. The
strain of Fusarium oxysporum was kindly provided by Prof. Harold Ardila, Departamento de
Quimica, Universidad Nacional de Colombia. Chromobacterium violaceurn ATCC31532 was
kindly provided by Prof. Catalina Arevalo Ferro, Departamento de Biologia, Universidad
Nacional de Colombia. The ANLA and the Ministerio de Ambiente y Desarrollo Sostenible
granted permission to collect samples and perform this research (Permission N* 4 of 10/02/
2010, Anexo 2, Contrato de Acceso a Recurso Genético No 108). Financial support from COL-
CIENCIAS (grant Cod. 1101-659-44402. CT.537/14), IFS (Grant F/5023-2), and Universidad
Nacional de Colombia-DIB (grant/Hermes 23604). The funder VECOL S.A. provided support
in the form of salaries for authors (Z.R.S.), but did not have any additional role in the study
design, data collection and analysis, decision to publish, or preparation of the manuscript. The
specific roles of these authors are articulated in the ‘author contributions’ section.” This does
not alter our adherence to PLOS ONE policies on sharing data and materials.

Author contributions

Conceptualization: NCMS ZRSM LC FAR.

Data curation: LAB SJNG DMVV NCMS LAM ZRSM AAG GFPG MP LC FAR.
Formal analysis: LAB SJNG DMVV AAG GFPG LAM NCMS ZRSM LC FAR.
Funding acquisition: LC FAR.

Investigation: LAB SJNG DMVV MP LC FAR.

Methodology: LAB SJNG DMVV MP FAR.

Project administration: LC FAR.

Resources: LCH FAR.

Software: AAG GFPG LCH FAR.

Supervision: LCH FAR.

Validation: LAB SJNG DMVV.

Visualization: DMVV.

Writing - original draft: LAB SJNG DMVV NCMS LAM ZRSM AAG GFPG MP LC FAR.

Writing - review & editing: LAB SJNG DMVV NCMS LAM ZRSM AAG GFPG MP LC
FAR.

References

1. Rai MK, Kalia RK, Singh R, Gangola MP, Dhawan A. Developing stress tolerant plants through in vitro
selection—an overview of the recent progress. Environmental and Experimental Botany. 2011; 71
(1):89-98.

2. PrévostK, Couture G, Shipley B, Brzezinski R, Beaulieu C. Effect of chitosan and a biocontrol strepto-
mycete on field and potato tuber bacterial communities. BioControl. 2006; 51(4):533—46.

3. Aktar MW, Sengupta D, Chowdhury A. Impact of pesticides use in agriculture: their benefits and haz-
ards. Interdisciplinary toxicology. 2009; 2(1):1-12. doi: 10.2478/v10102-009-0001-7 PMID: 21217838

PLOS ONE | DOI:10.1371/journal.pone.0170148 February 22, 2017 20/25


http://dx.doi.org/10.2478/v10102-009-0001-7
http://www.ncbi.nlm.nih.gov/pubmed/21217838

@° PLOS | ONE

Marine Actinobacteria as a source of compounds for phytopathogen control

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Helman Y, Chernin L. Silencing the mob: disrupting quorum sensing as a means to fight plant disease.
Molecular plant pathology. 2015; 16(3):316—29. doi: 10.1111/mpp.12180 PMID: 25113857

Grandclément C, Tanniéres M, Moréra S, Dessaux Y, Faure DD. Quorum quenching: role in nature
and applied developments. FEMS microbiology reviews. 2015:fuv038.

Andersen A, Joergensen B, Bjarnsholt T, Johansen H, Karlsmark T, Givskov M, et al. Quorum-sens-
ing-regulated virulence factors in Pseudomonas aeruginosa are toxic to Lucilia sericata maggots.
Microbiology. 2010; 156(2):400-7.

Barnard AM, Bowden SD, Burr T, Coulthurst SJ, Monson RE, Salmond GP. Quorum sensing, viru-
lence and secondary metabolite production in plant soft-rotting bacteria. Philosophical Transactions of
the Royal Society B: Biological Sciences. 2007; 362(1483):1165-83.

Kim J, Kim JG, Kang Y, Jang JY, Jog GJ, Lim JY, et al. Quorum sensing and the LysR-type transcrip-
tional activator ToxR regulate toxoflavin biosynthesis and transport in Burkholderia glumae. Molecular
microbiology. 2004; 54(4):921-34. doi: 10.1111/j.1365-2958.2004.04338.x PMID: 15522077

O’Callaghan M. Microbial inoculation of seed for improved crop performance: issues and opportunities.
Applied microbiology and biotechnology. 2016:1-18.

Blunt JW, Copp BR, Keyzers RA, Munroa MH, Prinsepd MR. Natural Product Reports. Nat Prod Rep.
2016; 33:382—431. doi: 10.1039/c5np00156k PMID: 26837534

Ma G BZ, Xia Z, Wu S Inhibiting effect of seven marine actinomycete strains against vegetable patho-
genic microorganisms. Crops 2009; 5:3-9.

Manivasagan P, Venkatesan J, Sivakumar K, Kim S-K. Marine actinobacterial metabolites: current sta-
tus and future perspectives. Microbiological research. 2013; 168(6):311-32. doi: 10.1016/j.micres.
2013.02.002 PMID: 23480961

Newman DJ. Developing natural product drugs: Supply problems and how they have been overcome.
Pharmacology & therapeutics. 2016; 162:1-9.

Blunt JW, Copp BR, Munro MH, Northcote PT, Prinsep MR. Marine natural products. Natural product
reports. 2011; 28(2):196-268. doi: 10.1039/c005001f PMID: 21152619

Newman DJ, Cragg GM. Natural products as sources of new drugs over the 30 years from 1981 to
2010. Journal of natural products. 2012; 75(3):311-35. doi: 10.1021/np200906s PMID: 22316239

Yoshii A, Moriyama H, Fukuhara T. The novel kasugamycin 2'-N-acetyltransferase gene aac (2')-lla,
carried by the IncP island, confers kasugamycin resistance to rice-pathogenic bacteria. Applied and
environmental microbiology. 2012; 78(16):5555—64. doi: 10.1128/AEM.01155-12 PMID: 22660700

Okuyama A, Machiyama N, Kinoshita T, Tanaka N. Inhibition by kasugamycin of initiation complex for-
mation on 30S ribosomes. Biochemical and biophysical research communications. 1971; 43(1):196-9.
PMID: 4931565

Kim S-K. Marine microbiology: bioactive compounds and biotechnological applications: John Wiley &
Sons; 2013.

Dong Y-H, Xu J-L, Li X-Z, Zhang L-H. AiiA, an enzyme that inactivates the acylhomoserine lactone
quorum-sensing signal and attenuates the virulence of Erwinia carotovora. Proceedings of the
National Academy of Sciences. 2000; 97(7):3526-31.

Kang JE, Han JW, Jeon BJ, Kim BS. Efficacies of quorum sensing inhibitors, piericidin A and gluco-
piericidin A, produced by Streptomyces xanthocidicus KPP01532 for the control of potato soft rot
caused by Erwinia carotovora subsp. atroseptica. Microbiological research. 2016; 184:32—41. doi: 10.
1016/j.micres.2015.12.005 PMID: 26856451

Teasdale ME, Donovan KA, Forschner-Dancause SR, Rowley DC. Gram-positive marine bacteria as
a potential resource for the discovery of quorum sensing inhibitors. Marine biotechnology. 2011; 13
(4):722-32. doi: 10.1007/s10126-010-9334-7 PMID: 21152942

Kalia VC. Quorum sensing inhibitors: an overview. Biotechnology advances. 2013; 31(2):224—45. doi:
10.1016/j.biotechadv.2012.10.004 PMID: 23142623

Naik D, Wahidullah S, Meena R. Attenuation of Pseudomonas aeruginosa virulence by marine inverte-
brate—derived Streptomyces sp. Letters in applied microbiology. 2013; 56(3):197—-207. doi: 10.1111/
lam.12034 PMID: 23210926

Abdelmohsen UR, Bayer K, Hentschel U. Diversity, abundance and natural products of marine
sponge-associated actinomycetes. Natural product reports. 2014; 31(3):381-99. doi: 10.1039/
c3np70111e PMID: 24496105

Handelsman J, Rondon MR, Brady SF, Clardy J, Goodman RM. Molecular biological access to the
chemistry of unknown soil microbes: a new frontier for natural products. Chemistry & biology. 1998; 5
(10):R245-R9.

PLOS ONE | DOI:10.1371/journal.pone.0170148 February 22, 2017 21/25


http://dx.doi.org/10.1111/mpp.12180
http://www.ncbi.nlm.nih.gov/pubmed/25113857
http://dx.doi.org/10.1111/j.1365-2958.2004.04338.x
http://www.ncbi.nlm.nih.gov/pubmed/15522077
http://dx.doi.org/10.1039/c5np00156k
http://www.ncbi.nlm.nih.gov/pubmed/26837534
http://dx.doi.org/10.1016/j.micres.2013.02.002
http://dx.doi.org/10.1016/j.micres.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23480961
http://dx.doi.org/10.1039/c005001f
http://www.ncbi.nlm.nih.gov/pubmed/21152619
http://dx.doi.org/10.1021/np200906s
http://www.ncbi.nlm.nih.gov/pubmed/22316239
http://dx.doi.org/10.1128/AEM.01155-12
http://www.ncbi.nlm.nih.gov/pubmed/22660700
http://www.ncbi.nlm.nih.gov/pubmed/4931565
http://dx.doi.org/10.1016/j.micres.2015.12.005
http://dx.doi.org/10.1016/j.micres.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26856451
http://dx.doi.org/10.1007/s10126-010-9334-7
http://www.ncbi.nlm.nih.gov/pubmed/21152942
http://dx.doi.org/10.1016/j.biotechadv.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23142623
http://dx.doi.org/10.1111/lam.12034
http://dx.doi.org/10.1111/lam.12034
http://www.ncbi.nlm.nih.gov/pubmed/23210926
http://dx.doi.org/10.1039/c3np70111e
http://dx.doi.org/10.1039/c3np70111e
http://www.ncbi.nlm.nih.gov/pubmed/24496105

@° PLOS | ONE

Marine Actinobacteria as a source of compounds for phytopathogen control

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Hou Y, Braun DR, Michel CR, Klassen JL, Adnani N, Wyche TP, et al. Microbial strain prioritization
using metabolomics tools for the discovery of natural products. Analytical chemistry. 2012; 84
(10):4277-883. doi: 10.1021/ac202623g PMID: 22519562

Forner D, Berrué F, Correa H, Duncan K, Kerr RG. Chemical dereplication of marine actinomycetes by
liquid chromatography—high resolution mass spectrometry profiling and statistical analysis. Analytica
chimica acta. 2013; 805:70-9. doi: 10.1016/j.aca.2013.10.029 PMID: 24296145

Shepherd MD, Kharel MK, Bosserman MA, Rohr J. Laboratory maintenance of Streptomyces species.
Current protocols in microbiology. 2010:10E. 1.1-E. 1.8.

Shirling EB, Gottlieb D. Cooperative description of type cultures of Streptomyces Ill. Additional species
descriptions from first and second studies. International Journal of Systematic and Evolutionary Micro-
biology. 1968; 18(4):279-392.

Goodfellow M. Actinobacteria phyl. nov. Bergey’s Manual of Systematics of Archaea and Bacteria.
2012.

Espinoza LE, Baines ALD, Lowe KL. Biochemical, nutrient and inhibitory characteristics of Streptomy-
ces cultured from a hypersaline estuary, the laguna Madre (Texas). OnLine Journal of Biological Sci-
ences. 2013; 13(1):18.

Staneck JL, Roberts GD. Simplified approach to identification of aerobic actinomycetes by thin-layer
chromatography. Applied microbiology. 1974; 28(2):226-31. PMID: 4605116

Quintana ET, Badillo RF, Maldonado LA. Characterisation of the first actinobacterial group isolated
from a Mexican extremophile environment. Antonie van Leeuwenhoek. 2013; 104(1):63-70. doi: 10.
1007/510482-013-9926-0 PMID: 23640690

Prakash D, Nawani NN. A rapid and improved technique for scanning electron microscopy of actino-
mycetes. J Microbiol Methods. 2014; 99:54—7. doi: 10.1016/j.mimet.2014.02.005 PMID: 24556287

Brooks MS, Burdock TJ, Ghaly AE, Dave D. Changes in cell structure, morphology and activity of
Streptomyces venezuelae during the growth, shocking and jadomycin production stages. Journal of
Microbial & Biochemical Technology. 2012;2012.

Eden PA, Schmidt TM, Blakemore RP, Pace NR. Phylogenetic analysis of Aquaspirillum magnetotacti-
cum using polymerase chain reaction-amplified 16S rRNA-specific DNA. International Journal of Sys-
tematic and Evolutionary Microbiology. 1991; 41(2):324-5.

Pruesse E, Peplies J, Gléckner FO. SINA: accurate high-throughput multiple sequence alignment of
ribosomal RNA genes. Bioinformatics. 2012; 28(14):1823-9. doi: 10.1093/bioinformatics/bts252
PMID: 22556368

Westram R BK, PruB3e E, Kumar Y, Meier H, Gléckner FO, and Ludwig W ARB: a software environ-
ment for sequence data. In: (de Bruijn F.J., ed.) Handbook of Molecular Microbial Ecology I: Metage-
nomics and Complementary Approaches, Wiley-Blackwell. 2011.

Munoz R, Yarza P, Ludwig W, Euzéby J, Amann R, Schleifer K-H, et al. Release LTPs104 of the all-
species living tree. Systematic and applied microbiology. 2011; 34(3):169-70. doi: 10.1016/j.syapm.
2011.03.001 PMID: 21497273

Azegami K, Nishiyama K, Watanabe Y, Kadota |, Ohuchi A, Fukazawa C. Pseudomonas plantarii sp.
nov., the causal agent of rice seedling blight. International Journal of Systematic and Evolutionary
Microbiology. 1987; 37(2):144-52.

Devescovi G, Bigirimana J, Degrassi G, Cabrio L, LiPuma JJ, Kim J, et al. Involvement of a quorum-
sensing-regulated lipase secreted by a clinical isolate of Burkholderia glumae in severe disease symp-
toms in rice. Appl Environ Microbiol. 2007; 73(15):4950-8. doi: 10.1128/AEM.00105-07 PMID:
17557855

Solis R, Bertani |, Degrassi G, Devescovi G, Venturi V. Involvement of quorum sensing and RpoS in
rice seedling blight caused by Burkholderia plantarii. FEMS microbiology letters. 2006; 259(1):106—12.
doi: 10.1111/j.1574-6968.2006.00254.x PMID: 16684109

CalLS I. Performance standards for antimicrobial susceptibility testing: twenty-first informational sup-
plement: CLSI document M100-S21. Wayne: Clinical and Laboratory Standards Institutue. 2011.

Kanini GS, Katsifas EA, Savvides AL, Karagouni AD. Streptomyces rochei ACTA1551, an indigenous
Greek isolate studied as a potential biocontrol agent against Fusarium oxysporumf. sp. lycopersici.
BioMed research international. 2013; 2013.

Ardila H, Higuera BL. Induccién diferencial de polifenoloxidasa y [beta]-1, 3-glucanasa en clavel (Dian-
thus caryophyllus) durante la infeccion por Fusarium oxysporumf. sp. Dianthi raza 2. Acta Bioldgica
Colombiana. 2005; 10(2):61.

Marroquin NG, Rodriguez SLB, Gutiérrez YAP, Hurtado GB. Caracterizacién molecular de Colletotri-
chum gloeosporioides aislado de plantas de fiame de la Costa Atlantica Colombiana utilizando la téc-
nica “DNA Amplification Fingerprinting (DAF)”. Revista Colombiana de Biotecnologia. 18(1):95-103.

PLOS ONE | DOI:10.1371/journal.pone.0170148 February 22, 2017 22/25


http://dx.doi.org/10.1021/ac202623g
http://www.ncbi.nlm.nih.gov/pubmed/22519562
http://dx.doi.org/10.1016/j.aca.2013.10.029
http://www.ncbi.nlm.nih.gov/pubmed/24296145
http://www.ncbi.nlm.nih.gov/pubmed/4605116
http://dx.doi.org/10.1007/s10482-013-9926-0
http://dx.doi.org/10.1007/s10482-013-9926-0
http://www.ncbi.nlm.nih.gov/pubmed/23640690
http://dx.doi.org/10.1016/j.mimet.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24556287
http://dx.doi.org/10.1093/bioinformatics/bts252
http://www.ncbi.nlm.nih.gov/pubmed/22556368
http://dx.doi.org/10.1016/j.syapm.2011.03.001
http://dx.doi.org/10.1016/j.syapm.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21497273
http://dx.doi.org/10.1128/AEM.00105-07
http://www.ncbi.nlm.nih.gov/pubmed/17557855
http://dx.doi.org/10.1111/j.1574-6968.2006.00254.x
http://www.ncbi.nlm.nih.gov/pubmed/16684109

@° PLOS | ONE

Marine Actinobacteria as a source of compounds for phytopathogen control

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Castillo-Juarez |, Garcia-Contreras R, Velazquez-Guadarrama N, Soto-Hernandez M, Martinez-Vaz-
quez M. Amphypterygium adstringens anacardic acid mixture inhibits quorum sensing-controlled viru-
lence factors of Chromobacterium violaceum and Pseudomonas aeruginosa. Archives of medical
research. 2013; 44(7):488-94. doi: 10.1016/j.arcmed.2013.10.004 PMID: 24126126

Kim AL, Park S-Y, Lee C-H, Lee C-H, Lee J-K. Quorum quenching bacteria isolated from the sludge of
a wastewater treatment plant and their application for controlling biofilm formation. Journal of microbi-
ology and biotechnology. 2014; 24(11):1574-82. PMID: 25112313

Balouiri M, Sadiki M, Ibnsouda SK. Methods for in vitro evaluating antimicrobial activity: A review. Jour-
nal of Pharmaceutical Analysis. 2016; 6(2):71-9.

McLean RJ, Pierson LS, Fuqua C. A simple screening protocol for the identification of quorum signal
antagonists. Journal of Microbiological Methods. 2004; 58(3):351-60. doi: 10.1016/j.mimet.2004.04.
016 PMID: 15279939

Tello E, Castellanos L, Arévalo-Ferro C, Duque C. Disruption in quorum-sensing systems and bacterial
biofilm inhibition by cembranoid diterpenes isolated from the octocoral Eunicea knighti. Journal of natu-
ral products. 2012; 75(9):1637—42. doi: 10.1021/np300313k PMID: 22905751

Pluskal T, Castillo S, Villar-Briones A, Oresi¢ M. MZmine 2: modular framework for processing, visual-
izing, and analyzing mass spectrometry-based molecular profile data. BMC bioinformatics. 2010; 11
(1):1.

Cheng C, Maclntyre L, Abdelmohsen UR, Horn H, Polymenakou PN, Edrada-Ebel R, et al. Biodiver-
sity, Anti-Trypanosomal Activity Screening, and Metabolomic Profiling of Actinomycetes Isolated from
Mediterranean Sponges. PloS one. 2015; 10(9):e0138528. doi: 10.1371/journal.pone.0138528 PMID:
26407167

Macintyre L, Zhang T, Viegelmann C, Martinez IJ, Cheng C, Dowdells C, et al. Metabolomic tools for
secondary metabolite discovery from marine microbial symbionts. Marine drugs. 2014; 12(6):3416—
48. doi: 10.3390/md12063416 PMID: 24905482

Gulve R, Deshmukh A. Antimicrobial activity of the marine actinomycetes. International Multidisciplin-
ary Research Journal. 2012; 2(3).

Qin S, Li J, Chen H-H, Zhao G-Z, Zhu W-Y, Jiang C-L, et al. Isolation, diversity, and antimicrobial activ-
ity of rare actinobacteria from medicinal plants of tropical rain forests in Xishuangbanna, China.
Applied and environmental microbiology. 2009; 75(19):6176—86. doi: 10.1128/AEM.01034-09 PMID:
19648362

Maldonado LA, Fragoso-Yarnez D, Pérez-Garcia A, Rosellén-Druker J, Quintana ET. Actinobacterial
diversity from marine sediments collected in Mexico. Antonie Van Leeuwenhoek. 2009; 95(2):111-20.
doi: 10.1007/s10482-008-9294-3 PMID: 19023674

Rateb ME, Houssen WE, Harrison WT, Deng H, Okoro CK, Asenjo JA, et al. Diverse metabolic profiles
of a Streptomyces strain isolated from a hyper-arid environment. Journal of natural products. 2011; 74
(9):1965-71. doi: 10.1021/np200470u PMID: 21879726

Sousa CdS Soares ACF, Garrido MdS. Characterization of streptomycetes with potential to promote
plant growth and biocontrol. Scientia Agricola. 2008; 65(1):50-5.

Macagnan D, Romeiro RdS, de Souza JT, Pomella AW. Isolation of actinomycetes and endospore-
forming bacteria from the cacao pod surface and their antagonistic activity against the witches’ broom
and black pod pathogens. Phytoparasitica. 2006; 34(2):122-32.

Cheng K, Rong X, Pinto-Tomas AA, Fernandez-Villalobos M, Murillo-Cruz C, Huang Y. Population
genetic analysis of Streptomyces albidoflavus reveals habitat barriers to homologous recombination in
the diversification of streptomycetes. Applied and environmental microbiology. 2015; 81(3):966-75.
doi: 10.1128/AEM.02925-14 PMID: 25416769

Augustine S, Bhavsar S, Kapadnis B. A non-polyene antifungal antibiotic fromStreptomyces albidofla-
vus PU 23. Journal of Biosciences. 2005; 30(2):201-11. PMID: 15886456

Viegelmann C, Margassery LM, Kennedy J, Zhang T, O’Brien C, O’Gara F, et al. Metabolomic profiling
and genomic study of a marine sponge-associated Streptomyces sp. Marine drugs. 2014; 12(6):3323—
51. doi: 10.3390/md 12063323 PMID: 24893324

Solanki R, Khanna M, Lal R. Bioactive compounds from marine actinomycetes. Indian journal of micro-
biology. 2008; 48(4):410-31. doi: 10.1007/s12088-008-0052-z PMID: 23100742

Kaur T, Manhas RK. Antifungal, insecticidal, and plant growth promoting potential of Streptomyces
hydrogenans DH16. Journal of basic microbiology. 2014; 54(11):1175-85. doi: 10.1002/jobm.
201300086 PMID: 23765423

SuiJL, Xu XX, Qu Z, Wang HL, Lin HP, Xie QY, et al. Streptomyces sanyensis sp. nov., isolated from
mangrove sediment. Int J Syst Evol Microbiol. 2011; 61(Pt 7):1632-7. doi: 10.1099/ijs.0.023515-0
PMID: 20693357

PLOS ONE | DOI:10.1371/journal.pone.0170148 February 22, 2017 23/25


http://dx.doi.org/10.1016/j.arcmed.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24126126
http://www.ncbi.nlm.nih.gov/pubmed/25112313
http://dx.doi.org/10.1016/j.mimet.2004.04.016
http://dx.doi.org/10.1016/j.mimet.2004.04.016
http://www.ncbi.nlm.nih.gov/pubmed/15279939
http://dx.doi.org/10.1021/np300313k
http://www.ncbi.nlm.nih.gov/pubmed/22905751
http://dx.doi.org/10.1371/journal.pone.0138528
http://www.ncbi.nlm.nih.gov/pubmed/26407167
http://dx.doi.org/10.3390/md12063416
http://www.ncbi.nlm.nih.gov/pubmed/24905482
http://dx.doi.org/10.1128/AEM.01034-09
http://www.ncbi.nlm.nih.gov/pubmed/19648362
http://dx.doi.org/10.1007/s10482-008-9294-3
http://www.ncbi.nlm.nih.gov/pubmed/19023674
http://dx.doi.org/10.1021/np200470u
http://www.ncbi.nlm.nih.gov/pubmed/21879726
http://dx.doi.org/10.1128/AEM.02925-14
http://www.ncbi.nlm.nih.gov/pubmed/25416769
http://www.ncbi.nlm.nih.gov/pubmed/15886456
http://dx.doi.org/10.3390/md12063323
http://www.ncbi.nlm.nih.gov/pubmed/24893324
http://dx.doi.org/10.1007/s12088-008-0052-z
http://www.ncbi.nlm.nih.gov/pubmed/23100742
http://dx.doi.org/10.1002/jobm.201300086
http://dx.doi.org/10.1002/jobm.201300086
http://www.ncbi.nlm.nih.gov/pubmed/23765423
http://dx.doi.org/10.1099/ijs.0.023515-0
http://www.ncbi.nlm.nih.gov/pubmed/20693357

@° PLOS | ONE

Marine Actinobacteria as a source of compounds for phytopathogen control

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Li T,Du Y, Cui Q, Zhang J, Zhu W, Hong K, et al. Cloning, characterization and heterologous expres-
sion of the indolocarbazole biosynthetic gene cluster from marine-derived Streptomyces sanyensis
FMA. Marine drugs. 2013; 11(2):466—-88. doi: 10.3390/md11020466 PMID: 23389092

Li W-J, Nimaichand S, Jiang Z, Liu M-J, Khieu T-N, Kim C-J, et al. Streptomyces canchipurensis sp.
nov., isolated from a limestone habitat. Antonie van Leeuwenhoek. 2014; 106(6):1119-26. doi: 10.
1007/s10482-014-0281-6 PMID: 25218304

Rong X, Doroghazi JR, Cheng K, Zhang L, Buckley DH, Huang Y. Classification of Streptomyces phy-
logroup pratensis (Doroghazi and Buckley, 2010) based on genetic and phenotypic evidence, and pro-
posal of Streptomyces pratensis sp. nov. Systematic and applied microbiology. 2013; 36(6):401—7.
doi: 10.1016/j.syapm.2013.03.010 PMID: 23769815

Schneemann |, Wiese J, Kunz AL, Imhoff JF. Genetic approach for the fast discovery of phenazine
producing bacteria. Marine drugs. 2011; 9(5):772—-89. doi: 10.3390/md9050772 PMID: 21673888

Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Klenk H-P, et al. Taxonomy, physiol-
ogy, and natural products of Actinobacteria. Microbiology and Molecular Biology Reviews. 2016; 80
(1):1-43. doi: 10.1128/MMBR.00019-15 PMID: 26609051

Cha J-H, Cha C-J. Gordonia alkaliphila sp. nov., an actinomycete isolated from tidal flat sediment.
International journal of systematic and evolutionary microbiology. 2013; 63(1):327-31.

Jackisch-Matsuura AB, Santos LS, Eberlin MN, Faria AFd, Matsuura T, Grossman MJ, et al. Produc-
tion and characterization of surface-active compounds from Gordonia amicalis. Brazilian Archives of
Biology and Technology. 2014; 57(1):138—44.

Yarza P, Yilmaz P, Pruesse E, Glockner FO, Ludwig W, Schleifer KH, et al. Uniting the classification of
cultured and uncultured bacteria and archaea using 16S rRNA gene sequences. Nature reviews
Microbiology. 2014; 12(9):635—45. doi: 10.1038/nrmicro3330 PMID: 25118885

Christner M, Trusch M, Rohde H, Kwiatkowski M, Schliter H, Wolters M, et al. Rapid MALDI-TOF
mass spectrometry strain typing during a large outbreak of Shiga-toxigenic Escherichia coli. PLoS
One. 2014; 9(7):e101924. doi: 10.1371/journal.pone.0101924 PMID: 25003758

F Santos-Gandelman J, Giambiagi-deMarval M, MR Oelemann W, S Laport M. Biotechnological
potential of sponge-associated bacteria. Current pharmaceutical biotechnology. 2014; 15(2):143-55.
PMID: 25022270

Seipke RF. Strain-level diversity of secondary metabolism in Streptomyces albus. PLoS One. 2015;
10(1):e0116457. doi: 10.1371/journal.pone.0116457 PMID: 25635820

Chagas-Paula DA, Zhang T, Da Costa FB, Edrada-Ebel R. A Metabolomic approach to target com-
pounds from the Asteraceae family for dual COX and LOX Inhibition. Metabolites. 2015; 5(3):404—30.
doi: 10.3390/metabo5030404 PMID: 26184333

Van den Berg RA, Hoefsloot HC, Westerhuis JA, Smilde AK, van der Werf MJ. Centering, scaling, and
transformations: improving the biological information content of metabolomics data. BMC genomics.
2006; 7(1):1.

Kanoh K, Matsuo Y, Adachi K, Imagawa H, Nishizawa M, Shizuri Y. Mechercharmycins A and B, cyto-
toxic substances from marine-derived Thermoactinomyces sp. YM3-251. Journal of Antibiotics. 2005;
58(4):289. doi: 10.1038/ja.2005.36 PMID: 15981418

Waksman SA. Streptomycin: background, isolation, properties, and utilization: publisher not identified;
1953.

Ye X, Qiang Y. [The fermentation, isolation and physico-chemical properties of youlemycin]. Wei
sheng wu xue bao = Acta microbiologica Sinica. 1987; 27(2):156—64. PMID: 3630143

Saroj SD, Rather PN. Streptomycin inhibits quorum sensing in Acinetobacter baumannii. Antimicrobial
agents and chemotherapy. 2013; 57(4):1926-9. doi: 10.1128/AAC.02161-12 PMID: 23318804

Imoto M, Umezawa K, Takahashi Y, Naganawa H, litaka Y, Nakamura H, et al. Isolation and structure
determination of inostamycin, a novel inhibitor of phosphatidylinositol turnover. Journal of Natural
Products. 1990; 53(4):825-9.

Ritacco F, Haltli B, Janso J, Greenstein M, Bernan V. Dereplication of Streptomyces soil isolates and
detection of specific biosynthetic genes using an automated ribotyping instrument. Journal of Industrial
Microbiology and Biotechnology. 2003; 30(8):472-9. doi: 10.1007/510295-003-0038-0 PMID:
12687492

Jensen PR, Williams PG, Oh D-C, Zeigler L, Fenical W. Species-specific secondary metabolite pro-
duction in marine actinomycetes of the genus Salinispora. Applied and environmental microbiology.
2007; 73(4):1146-52. doi: 10.1128/AEM.01891-06 PMID: 17158611

Bobzin S, Yang S, Kasten T. LC-NMR: a new tool to expedite the dereplication and identification of nat-
ural products. Journal of Industrial Microbiology and Biotechnology. 2000; 25(6):342-5. doi: 10.1038/
sj/jim/7000057 PMID: 11320422

PLOS ONE | DOI:10.1371/journal.pone.0170148 February 22, 2017 24/25


http://dx.doi.org/10.3390/md11020466
http://www.ncbi.nlm.nih.gov/pubmed/23389092
http://dx.doi.org/10.1007/s10482-014-0281-6
http://dx.doi.org/10.1007/s10482-014-0281-6
http://www.ncbi.nlm.nih.gov/pubmed/25218304
http://dx.doi.org/10.1016/j.syapm.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23769815
http://dx.doi.org/10.3390/md9050772
http://www.ncbi.nlm.nih.gov/pubmed/21673888
http://dx.doi.org/10.1128/MMBR.00019-15
http://www.ncbi.nlm.nih.gov/pubmed/26609051
http://dx.doi.org/10.1038/nrmicro3330
http://www.ncbi.nlm.nih.gov/pubmed/25118885
http://dx.doi.org/10.1371/journal.pone.0101924
http://www.ncbi.nlm.nih.gov/pubmed/25003758
http://www.ncbi.nlm.nih.gov/pubmed/25022270
http://dx.doi.org/10.1371/journal.pone.0116457
http://www.ncbi.nlm.nih.gov/pubmed/25635820
http://dx.doi.org/10.3390/metabo5030404
http://www.ncbi.nlm.nih.gov/pubmed/26184333
http://dx.doi.org/10.1038/ja.2005.36
http://www.ncbi.nlm.nih.gov/pubmed/15981418
http://www.ncbi.nlm.nih.gov/pubmed/3630143
http://dx.doi.org/10.1128/AAC.02161-12
http://www.ncbi.nlm.nih.gov/pubmed/23318804
http://dx.doi.org/10.1007/s10295-003-0038-0
http://www.ncbi.nlm.nih.gov/pubmed/12687492
http://dx.doi.org/10.1128/AEM.01891-06
http://www.ncbi.nlm.nih.gov/pubmed/17158611
http://dx.doi.org/10.1038/sj/jim/7000057
http://dx.doi.org/10.1038/sj/jim/7000057
http://www.ncbi.nlm.nih.gov/pubmed/11320422

@° PLOS | ONE

Marine Actinobacteria as a source of compounds for phytopathogen control

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Abdelmohsen UR, Cheng C, Viegelmann C, Zhang T, Grkovic T, Ahmed S, et al. Dereplication strate-
gies for targeted isolation of new antitrypanosomal actinosporins A and B from a marine sponge asso-
ciated-Actinokineospora sp. EG49. Marine drugs. 2014; 12(3):1220—44. doi: 10.3390/md12031220
PMID: 24663112

Tawfike AF, Viegelmann C, Edrada-Ebel R. Metabolomics and dereplication strategies in natural prod-
ucts. Metabolomics Tools for Natural Product Discovery: Methods and Protocols. 2013:227—44.

Ito T, Masubuchi M. Dereplication of microbial extracts and related analytical technologies. The Jour-
nal of antibiotics. 2014; 67(5):353—60. doi: 10.1038/ja.2014.12 PMID: 24569671

Zhou X, Fenical W. The unique chemistry and biology of the piericidins. J Antibiot. 2016; 69(8):582—
93. doi: 10.1038/ja.2016.71 PMID: 27301663

Conder GA, Zielinski RJ, Johnson SS, Kuo M-ST, Cox DL, Marshall VP, et al. Anthelmintic activity of
dioxapyrrolomycin. The journal of Antibiotics. 1992; 45(6):977—-83. PMID: 1500366

GrAfe U, Schade W, Eritt |, Fleck W, Radics L. A new inducer of anthracycline biosynthesis from Strep-
tomyces viridochromogenes. The Journal of antibiotics. 1982; 35(12):1722-3. PMID: 6962795

Sakuda S, Tanaka S, Mizuno K, Sukcharoen O, Nihira T, Yamada Y. Biosynthetic studies on virginiae
butanolide A, a butyrolactone autoregulator from Streptomyces. Part 2. Preparation of possible biosyn-
thetic intermediates and conversion experiments in a cell-free system. Journal of the Chemical Soci-
ety, Perkin Transactions 1. 1993(19):2309-15.

Rezanka T, Spizek J, Piikrylova V, Dembitsky VM. Four New Derivatives of Trihomononactic Acids
from Streptomyces globisporus. European Journal of Organic Chemistry. 2004; 2004(20):4239—44.

Shigihara Y, Koizumi Y, Tamamura T, Homma Y, Isshiki K, Dobashi K, et al. 6-Deoxy-8-O-methylrabe-
lomycin and 8-O-methylrabelomycin from a Streptomyces species. The Journal of antibiotics. 1988;
41(9):1260—-4. PMID: 3141337

Gilpin ML, Balchin J, Box SJ, Tyler JW. MM 47755, a new benz[a]anthracene antibiotic from a Strepto-
mycete. J Antibiot (Tokyo). 1989; 42(4):627-8.

Gomathi A, Gothandam K. Ocean Dwelling Actinobacteria as Source of Antitumor Compounds. Brazil-
ian Archives of Biology and Technology. 2016; 59.

Imai S, Shimazu A, Furihata K, Furihata K, Hayakawa Y, Seto H. Isolation and structure of a new phe-
noxazine antibiotic, exfoliazone, produced by Streptomyces exfoliatus. The Journal of antibiotics.
1990; 43(12):1606—7. PMID: 2276978

Tang Y-Q, Sattler I, Thiericke R, Grabley S, Feng X-Z. Feigrisolides A, B, C and D, new lactones with
antibacterial activities from Streptomyces griseus. The Journal of antibiotics. 2000; 53(9):934—43.
PMID: 11099227

PLOS ONE | DOI:10.1371/journal.pone.0170148 February 22, 2017 25/25


http://dx.doi.org/10.3390/md12031220
http://www.ncbi.nlm.nih.gov/pubmed/24663112
http://dx.doi.org/10.1038/ja.2014.12
http://www.ncbi.nlm.nih.gov/pubmed/24569671
http://dx.doi.org/10.1038/ja.2016.71
http://www.ncbi.nlm.nih.gov/pubmed/27301663
http://www.ncbi.nlm.nih.gov/pubmed/1500366
http://www.ncbi.nlm.nih.gov/pubmed/6962795
http://www.ncbi.nlm.nih.gov/pubmed/3141337
http://www.ncbi.nlm.nih.gov/pubmed/2276978
http://www.ncbi.nlm.nih.gov/pubmed/11099227

