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Abstract Marine sediments from Newfoundland, Canada
were explored for biotechnologically promising Actino-
bacteria using culture-independent and culture-dependent
approaches. Culture-independent pyrosequencing analyses
uncovered significant actinobacterial diversity (H'—2.45
to 3.76), although the taxonomic diversity of biotechno-
logically important actinomycetes could not be fully elu-
cidated due to limited sampling depth. Assessment of cul-
turable actinomycete diversity resulted in the isolation of
360 actinomycetes representing 59 operational taxonomic
units, the majority of which (94 %) were Streptomyces.
The biotechnological potential of actinomycetes from
NL sediments was assessed by bioactivity and metabo-
lomics-based screening of 32 representative isolates. Bio-
activity was exhibited by 41 % of isolates, while 11 %
exhibited unique chemical signatures in metabolomics
screening. Chemical analysis of two isolates resulted in the
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isolation of the cytotoxic metabolite 1-isopentadecanoyl-
3B-p-glucopyranosyl-X-glycerol from Actinoalloteichus sp.
21.868 and sungsanpin from Streptomyces sp. 8LB7. These
results demonstrate the potential for the discovery of novel
bioactive metabolites from actinomycetes isolated from
Atlantic Canadian marine sediments.

Introduction

The combination of microbial evolution and genetic trans-
fer between species has resulted in the emergence of new
pathogens and an increase in antibiotic-resistant strains,
resulting in an urgent need for the discovery of new thera-
peutic agents [18]. Furthermore, the requirement for effica-
cious treatments against cancer and infectious disease con-
tinues to drive the discovery of novel bioactive metabolites
[5, 41]. Bacteria belonging to the order Actinomycetales
account for the production of over 45 % of all bioactive
microbial metabolites. Within this order, the genus Strepto-
myces is unsurpassed for the production of biotechnologi-
cally relevant bioactive secondary metabolites, producing
over 7,600 of the greater than 10,000 bioactive compounds
discovered from actinomycetes [5]. Over the last 50 years,
bioprospecting from the Oceans has uncovered numerous
novel metabolites from marine actinomycetes. These dis-
coveries include salinosporamide A, a potent proteasome
inhibitor produced by Salinispora, abyssomycin C, a poly-
cyclic antibiotic from a Verrucosispora strain and lajol-
lamycin, a potent lactam antibiotic from a Streptomyces
strain [22, 47, 64].

The marine environment comprises a plethora of var-
ied ecosystems encompassing extensive metabolic and
genetic diversity [7, 44, 74]. Parameters including tidal
variation, nutrient availability, temperature and salinity
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greatly influence the diversity of organisms found in a spe-
cific environment [8, 28]. Isolation of novel bacteria from
underexplored marine ecosystems can greatly enhance the
potential to discover novel bioactive secondary metabo-
lites [8, 10, 17, 43]. The concept of biodiversity translat-
ing to chemical diversity is widely accepted; therefore,
isolation of novel bacteria from as yet unexplored loca-
tions is a strategy with significant potential for the dis-
covery of novel bioactive chemicals [5, 44, 77]. The bio-
geographical hypothesis “everything is everywhere, but the
environment selects” and the influence of environmental
conditions on microbial distribution has been considered
[16, 36]. There is increasing evidence to link the physiol-
ogy and ecology of microorganisms with biogeographi-
cal distribution of taxa [24]. Several reports have recently
investigated the geographic effects on species distribution
of marine planktonic diatoms [11], spore-forming thermo-
phillic bacteria in Arctic marine sediment [31] and Arctic
microbial communities [13] with some studies reporting an
effect on microbial diversity that has been observed with
spatial distribution [48, 63, 83]. Freel et al. suggested that
secondary metabolism influences ecological diversification
within the genus Salinispora, where distinct species distri-
bution is linked to specific geographic location and species-
specific secondary metabolite profiles have been observed
[24, 38]. Actinomycetales, have been successfully cultured
from the marine environment from varied habitats includ-
ing the Mariana Trench [60], tropical sediments [29, 33,
34, 45, 50], sponges [53], North Sea sediments [82] and
sediment from a Norwegian fjord [8]. Despite improved
culture methods, it is estimated that >99 % of the total
bacterial diversity within an environmental sample cannot
be cultured using standard culture methods [37, 46]. The
diversity of culturable actinomycetes from tropical envi-
ronments has been studied to a greater extent than that of
temperate marine habitats and actinomycete diversity in the
sediments of Atlantic Canada remains largely unexplored.
Consequently, the isolation of actinomycetes from the coast
of Newfoundland (NL), Canada provides an opportunity to
isolate biologically and chemically diverse actinomycetes.
The extent of bacterial diversity within the marine envi-
ronment has only recently been revealed using culture-
independent techniques. Significant advances in culture-
independent molecular techniques allow for an in-depth
assessment of bacterial diversity. Specifically, 454-mas-
sively parallel pyrosequencing of metagenomic 16S rRNA
amplicons allows large sequence libraries to be generated,
detailing the bacterial community composition of targeted
environments. Next-generation sequencing technology has
uncovered exceptional levels of microbial diversity in habi-
tats as varied as forest and grassland soils [54], the deep
sea [74], marine invertebrates [76] and Arctic soils [13].
The knowledge of bacterial taxonomic diversity present in
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specific environmental sample can be utilized to engineer
taxa-selective isolation approaches and focus on underex-
plored environments that have the potential to yield both
large numbers and diverse assemblages of biotechno-
logically desirable bacteria, such as actinomycetes. In this
study, the complementary nature of culture-independent
and culture-dependent approachs was used to fully under-
stand microbial diversity and explore the biotechnological
potential of actinomycetes. Pyrosequencing was used to
determine both actinobacterial and total bacterial diversity
within sediments collected from eight locations around
Bonne Bay, NL. A complimentary culture-based approach
was used to evaluate the cultivable diversity of actinomy-
cetes and to establish a library of filamentous actinomy-
cetes from each of the eight sediment samples. Further-
more, the metabolic potential of the library was assessed
through a combination of antimicrobial and anticancer bio-
logical screening as well as metabolomics-based chemical
screening.

Materials and methods
Sample collection and processing

Eight sediment samples were collected in August 2009 from
intertidal and subtidal zones in and around Bonne Bay, NL,
Canada. Four subtidal sediment samples were collected by
self-contained underwater breathing apparatus from differ-
ent areas within Bonne Bay and are named 1L (49.489090,
—57.911682, depth 12.5 m), 2L (49.537028, —57.917861,
depth 2.5 m), 3L (49.515300, —57.850417, depth 9 m) and
6L (49.466317, —57.728450, depth 10.5 m). Four intertidal
sediments were collected by snorkelling: 4L (49.923583,
—57.777167, depth <0.5 m), 5L (49.858600, —57.825333,
depth 2.5 m), 7L (49.606500, —57.951000, depth 1.8 m)
and 8L (49.559967, —57.832317, depth <0.5 m). Sam-
ples were collected aseptically using a sterile scoopula and
50 mL conical tube. Samples were transported to the labo-
ratory on ice (<4 h), after which a portion (~2 g) of each
sample was immediately frozen at —80 °C for future DNA
extraction and the remainder was processed for actinomy-
cete culturable diversity studies the same day.

Isolation of sediment metagenomic DNA

Metagenomic DNA was isolated from sediment samples
(~0.5 g) using the Fast DNA Spin Kit for Soils (MP Bio-
medicals, Solon, OH, USA) as described previously [21]
and stored at —20 °C. Concentration and integrity of iso-
lated DNA was determined by UV spectroscopy and aga-
rose gel electrophoresis (1 % agarose, 1X Tris—acetate-
EDTA buffer stained with ethidium bromide) [39].
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16S rRNA amplicon pyrosequencing and sequence analysis

Bacterial diversity was assessed by pyrosequencing of 16S
rRNA amplicons generated from sediment metagenomic
DNA. Bacterial tag-encoded FLX amplicon pyrosequenc-
ing (bTEFAP) of metagenomic 16S rRNA amplicons was
performed by Research and Testing Laboratory (Lubbock,
TX, USA) as previously described [1] based upon RTL
protocols (http://www.researchandtesting.com). bTEFAP
utilizes Titanium reagents and procedures with a one-step
PCR reaction containing a mixture of both HotStart and
HotStart high fidelity 7Tag polymerases and amplicons orig-
inating from the 27F region numbered in relation to E. coli
rRNA [20].

Raw pyrosequencing data was analyzed using mothur
v.1.32 according to published recommendations [67, 68]
and as described previously [21] with the exception that
sequences were removed from the analysis if they were
shorter than 250 bp. Operational taxonomic units (OTUs)
were defined at a 3 % distance as previously described
[67]. Observed and estimated richness (Chaol), sam-
pling coverage (C), Shannon evenness (E) and diversity
(H") indices and rarefaction curves were calculated using
mothur [67]. To calculate alpha diversity statistics for the
actinobacterial portion of the sediment sequence libraries,
Actinobacteria (phylum)-affiliated sequences were first
obtained from the final quality filtered sequence library
using the get.lineage command in mothur. The actinobacte-
rial sequences were then clustered into OTUs (D = 0.03)
and the diversity statistics calculated as described above.
Sequences were archived through the NCBI sequence read
archive (accession numbers: SS1460687, SS1460688,
SS1460709-SS1460714).

Actinomycete culturable diversity

A combination of sediment pre-treatments, plating tech-
niques and selective isolation media were employed to
selectively isolate mycelia-forming actinomycetes. The
dry/stamp (DS) method involved drying sediment over-
night in a laminar flow hood. Dried sediments were sub-
sequently stamped onto the surface of agar plates using
a sterile foam plug (2 cm diameter) eight times to create
a serial dilution effect [34]. The dilute/heat (DH) method
involved diluting 1 mL of wet sediment with 10 mL ster-
ile seawater and then heating the diluted sediment to 55 °C
for 6 min. A 200 pL aliquot was used to inoculate each
agar plate [34]. The direct plating (DP) method consisted
of spreading 1 g of sediment directly on to each agar plate.
For each pre-treatment and plating combination, five iso-
lation media were used: Starch Casein Nitrate agar (SC),
Raffinose-Histidine agar (RH) [45], Chitin Low Nutri-
ent agar (CH) [51], Phosphate-Nitrate agar (PN) [46] and

Actinomycete Isolation agar (AC) [3]. All media were
prepared with filtered natural seawater (collect from the
Southern coast of Prince Edward Island, Canada) and
sterilized by autoclaving. To reduce the growth of fungi
and non-actinomycete bacteria, media were supple-
mented with nystatin (AC—10 pg mL~"; RH, CH, SC,
PN—50 pg mL™'); cycloheximide (AC—50 pug mL™%;
RH, CH—100 pg mL_') and nalidixic acid (SC, PN—
10 ug mL™"). Four replicates of each pre-treatment (DH,
DS, DP) and media (RH, SC, AC, CH, PN) combination
were plated resulting in 60 isolation plates per sediment
and 480 plates in total. Plates were monitored for the
emergence of colonies exhibiting morphology typical of
filamentous actinomycetes (leathery substrate mycelia and
formation of aerial mycelia and spores) for 3 months. Col-
onies exhibiting the targeted morphology were chosen for
purification and initially subcultured onto the same media
from which they were isolated, but prepared with 18 g L™!
Instant Ocean® (I0; Spectrum Brands, Middleton, WI,
USA) and Milli-Q water to replace seawater. Isolates were
recursively subcultured onto International Streptomyces
Project Medium 3 (ISP-3) [3] supplemented with 18 g L™!
IO until pure. Isolates were dereplicated within sample
location based on morphological characteristics (color and
texture of both aerial and substrate mycelia, production of
soluble pigments and presence/absence/color of spores).
Cultures were archived as spore suspensions or vegetative
mycelial stocks in 20-25 % glycerol (v/v) and stored at
—80 °C.

Identification of bacterial isolates

Axenic isolates were identified as described previously
[21]. Briefly, 16S rRNA genes were amplified using Econo-
Taq® PLUS GREEN 2X Master Mix (25 uL) (Lucigen,
Middleton, WI, USA) and the primers pA (5’-AGAGTTTG
ATCCTGGCTCAG) and pH (5-AAGGAGGTGATCC
AGCC) [81]. Partial sequencing of 16S rRNA amplicons
employed the 16S530R primer (5-GTATTACCGCGGC
TGCTGG) [29]. In some cases full-length 16S rRNA gene
sequencing was performed using the additional prim-
ers 16S936R  (5-GGGGTTATGCCTGAGCAGTTTG),
16S1527R  (5-AAGGAGGTGATCCAGCC), 16S514F
(5’-GTGCCAGCASCCGCGG) and 16S1114F (5'-GCA
ACGAGCGCAACCCQ) [29].

Phylogenetic analysis of cultured actinomycetes

Sequences (~530 bp) were analyzed, edited and grouped
using the Contig Express application within the Vector
NTI software package (v.10.3, Invitrogen, Carlsbad, CA,
USA). Isolates were dereplicated based on 16S rDNA
gene sequence identity. Isolates sharing >99 % sequence
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identity were grouped into OTUs and a representative
sequence from each group was used for subsequent anal-
ysis. Isolates termed “individuals” (IND) were OTUs
comprised of a single isolate. Sequences of OTU repre-
sentatives were compared to sequences within the NCBI
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the
Basic Local Alignment Search Tool (BLASTN) [2]. Phylo-
genetic analysis of partial 16S rRNA gene sequences was
conducted using Bionumerics (Version 6.1, Applied Maths)
as described previously [21]. The partial 16S rRNA gene
sequences of 59 OTUs were deposited in the GenBank
nucleotide sequence database under the accession numbers
KM102181-KM102246 and KM111605.

Small-scale fermentation and extraction

Inocula for fermentations were prepared using a two-stage
seed culture approach. Cultures from agar plates were
used to inoculate 7 mL of ISP2 broth supplemented with
18 g L~ 10 in culture tubes (150 x 25 mm) containing 3-5
glass beads. First stage seed cultures were grown at 30 °C
with shaking at 200 rpm for 72 h. A portion (1 mL) of this
culture was used to inoculate a culture tube containing
fresh medium (7 mL). This second-stage seed culture was
incubated under identical conditions for 24 h. Fermenta-
tions (50 mL medium in a 250 mL Erlenmeyer flask) were
inoculated with 3 % v/v of the second-stage seed culture
and incubated under identical conditions for 7 days.

The formulations of the ten fermentation media used in
this study are summarized in Table S1. All media contained
18 g L™! 1O except for ISP2 medium, which was used as
fermentation medium for metabolomics analysis. ISP2 was
prepared without 10 because all strains were able to grow
in the absence of salt, and its omission enhanced subse-
quent chemical analysis of fermentation extracts by reduc-
ing levels of coextracted salt. Activated Diaion HP20 resin
(5 % w/v) (Itochu Chemicals America, White Plains, NY)
was added to all fermentation media other than ISP2 prior
to sterilization. All media were sterilized by autoclaving at
121 °C for 15 min. Not all strains were fermented in all
media. Four strains (marked with * in Table 2) were fer-
mented in all media except ISP2. One strain was fermented
in all 10 media (marked with a ” in Table 2). Four strains
were fermented in five media (BFM1-4 and ISP2; marked
with a T in Table 2). An additional 23 strains were only fer-
mented in ISP2 (unmarked in Table 2).

After 7 days of growth Amberlite® XAD7HP resin (5 %
w/v) (Sigma, Oakville, ON, Canada) was added to fermen-
tations (except those conducted in ISP2) and agitated for
1 h at room temperature. The cells and resin were collected
via centrifugation (4,000xg, 10 min) and washed twice
with MilliQ water (40 mL). Pellets were frozen (—80 °C
overnight), lyophilised and then thrice extracted with
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10 mL of methanol (MeOH) by rapid agitation (200 rpm)
for 1 h. Extracts were dried in vacuo and fractionated using
C18 HyperSep™ SPE (Solid Phase Extraction) SepPack
columns (6 mL volume, 500 mg bed weight) (Thermo
Scientific, Mississauga, ON, Canada) and aqueous MeOH
step gradients. Three fractions (F1-3) were generated cor-
responding to 10, 50 and 100 % MeOH, respectively. Frac-
tions and crude extracts were tested for bioactivity. Fer-
mentations conducted in ISP2 for metabolomics analysis
were extracted with 10 mL ethyl acetate (EtOAc) by rapid
agitation (200 rpm) at room temperature for one hour.
Extracts were dried in vacuo and defatted by partitioning
between 8:2 acetonitrile (ACN):H,O and hexanes (10 mL
each). Defatted extracts (ACN:H,O fraction) were tested
for bioactivity.

Antimicrobial testing

Microbroth assays were conducted in 96-well plates
according to the Clinical Laboratory Standards Institute
testing standards [56]. Extracts were evaluated for antibi-
otic activity against methicillin-resistant Staphylococcus
aureus ATCC 33591, vancomycin-resistant Enterococcus
faecium EF379, Proteus vulgaris ATCC 12454 and Can-
dida albicans ATCC 14035. Fractionated extracts were
dissolved in sterile 20 % dimethyl sulfoxide (DMSO)
and tested at a final concentration of 50 ug mL~!. Crude
extracts were tested at 20 and 100 pug mL~'. Extracts
were considered active if they exhibited >70 % growth
inhibition.

Cytotoxicity testing against primary breast cancer cell line
HMT3909S8

Crude fermentation extracts of nine strains (Table 2) were
tested for growth inhibition of the primary breast cancer
cell line HMT3909S8 at a concentration of 20 pg mL~".
Testing was carried out at AvantiCell Science Limited
(Ayr, Scotland). A negative control (cells treated with 1 %
DMSO solvent control), 100 % lysis control (cells treated
with 0.18 % Triton X-100), positive controls (actinomycin
D and staurosporine, 10 pM each) and a blank (cell-free
wells with assay reagent mix added to adjust for non-spe-
cific background) were tested in triplicate in 96-well plates.
Test samples were added to culture wells during the final
24 h of the 96 h incubation. Cytotoxicity was measured as
the extracellular appearance of cytosolic dehydrogenase
enzymes using a coupled fluorimetric enzymatic reaction.
Fluorescence intensity was measured using a fluorescent
plate reader with excitation and emission wavelengths set
to 530 and 590 nm, respectively. Cytotoxicity was calcu-
lated by expressing the fluorescence intensity of each test
well as a percentage of the mean florescence intensity of
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fully lysed cells in 100 % lysis control wells. Specific lytic
activity of samples was calculated by dividing the percent
lysis by the sample test concentration. Samples exhibiting
specific lytic activity >1 were considered active.

Cytotoxicity testing against established cell lines

Human BJ fibroblast cells (ATCC CRL-2522) were grown
and maintained in Eagle’s minimal essential medium
supplemented with fetal bovine serum (10 %), penicil-
lin (100 pU) and streptomycin (0.1 mg mL~!). Human
breast adenocarcinoma cells (ATCC HTB-26) were grown
and maintained in Dulbecco’s Modified Eagle’s Medium/
Nutrient Mixture F-12 Ham supplemented with fetal
bovine serum (10 %), penicillin (100 pU) and streptomycin
(0.1 mg mL™). The cells were incubated (37 °C, humidi-
fied atmosphere, 5 % CO,). Culture media were refreshed
every 2-3 days and cells were not allowed to exceed 80 %
confluence. At 80 % confluence, the cells were counted,
diluted and plated into 96-well treated cell culture plates.
The BJ fibroblast and HTB-26 cells were plated in 90 puL
of respective growth medium (10,000 and 5,000 cells/well,
respectively). All media used was as previously described
without the addition of antibiotics. The plates were incu-
bated as before to allow cells to adhere to the plates for
24 h before treatment. DMSO was used as the vehicle at
a final concentration of 1 %. The fibroblasts and the HTB-
26 cells were incubated as previously described for 24 and
72 h, respectively. All samples were tested in triplicate.
Each plate contained four un-inoculated media blanks
(media + 1 % DMSO), four untreated growth controls
(media 4+ 1 % DMSO + cells), and one column containing
serially diluted zinc pyrithione or doxorubicin as positive
controls. AlamarBlue (Life Technologies, Carlsbad, CA,
USA) was added to each well 24 h after treatment (10 %
v/v). Fluorescence (560/12 excitation, 590 nm emission)
was monitored using a Varioskan Flash Multimode plate
reader (Thermo Scientific, Mississauga, ON, Canada) both
at time zero and 4 h after the addition of alamarBlue. After
subtraction of fluorescence at time zero from 4 h readings
the percentage of cell viability relative to vehicle control
wells was calculated.

High-resolution mass spectrometry analysis

Extracts and fractions were analyzed by ultra high per-
formance liquid chromatography-high-resolution mass
spectrometry (UPLC-HRMS) using an Orbitrap Exactive
(Thermo Fisher Scientific, Mississauga, ON, Canada) UPLC
system with a Kinetex 1.7 um C,4 100 A 50 x 2.1 mm col-
umn (Phenomenex, Torrance, CA, USA). A linear gradient
from 95 % H,0/0.1 % formic acid (FA) (solvent A) and
5 % ACN/0.1 % FA (solvent B) to 100 % solvent B over

5 min followed by a hold of 100 % solvent B for 3 min was
used with a flow rate of 400 pL/min. Eluate was detected by
+ESI-HRMS monitoring m/z 200-2,000 amu, evaporative
light scattering detector (ELSD; Sedex; Sedere, Alfortville,
France) and PDA (200-600 nm).

Identification of cytotoxic metabolites produced
by Actinoalloteichus sp. 2L868

Actinoalloteichus sp. 2L.868 was fermented in 27 fernbach
flasks containing 600 mL of BFM2 medium (16.2 L total).
A two-stage seed protocol was used as described previ-
ously and fermentations were inoculated with 3 % v/v of
the second-stage seed culture. Fermentations were incu-
bated at 30 °C and 200 rpm for 12 days. Cells and resins
were collected by centrifugation and extracted as previ-
ously described using ethanol. The crude extract was par-
titioned between H,O and EtOAc. The EtOAc extracts
were concentrated by rotary evaporation to obtain a dark
brown oily extract (301.5 mg), which was subsequently
partitioned between ACN:H,O (8:2) and hexane. Result-
ing hexane (115.5 mg) and ACN (174.7 mg) fractions
were evaluated for antimicrobial and cytotoxic activity to
confirm that the scaled-up fermentation retained biologi-
cal activity. The ACN fraction was separated by flash chro-
matography (Combiflash Rf, Teledyne Isco, Lincoln, NE,
USA; C18 column, 48 g) using a 5 min isocratic mixture of
MeOH:H,0 1:9, followed by a 20 min continuous gradient
until 100 % MeOH, then 10 min 100 % isocratic MeOH
(40.0 mL/min). Twenty-two fractions were collected by
UV trace (254 nm). Five non-polar fractions showed con-
siderable antimicrobial and cytotoxic activities. Each frac-
tion was separated using a Waters HPLC system (Synergi
Fusion RP 4 pm, 10 x 250 mm column; Phenomenex,
Torrance, CA, USA) using a linear gradient from 50 %
MeOH/0.1 % FA (solvent A) and 50 % H20/0.1 % FA
(solvent B) to 100 % solvent A over 30 min, followed by
20 min of 100 % solvent A (flow rate 3.0 mL/min). HPLC
fractions were analyzed by UPLC-HRMS as described
above. Compounds were identified using an NMR spec-
trometer (Bruker Avance 600 MHz). Spectral data from
1D and 2D NMR experiments and UPLC-HRMS analysis
were compared to literature data to confirm the identity of
known compounds.

Metabolomic analysis of small-scale fermentations

Metabolomic analysis of fermentation extracts was conducted
as previously reported [23]. Briefly, fermentation extracts
were analyzed by UPLC-HRMS as described above. MZmine
2 [61] was used for peak picking of UPLC-HRMS profiles,
set with an intensity threshold of SES units, followed by dei-
sotoping, bucketing alignment, standardization and artifact
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suppression. Cluster analysis and principal component statis-
tical analyses were conducted using The Unscrambler (Camo
Software, Woodbridge, NJ, USA). Compounds identified via
metabolomics analysis were purified using a Waters HPLC
system (Milford, MA, USA) with a semi preparative column
(Gemini 5 wm Cg 110 A 250 x 10 mm; Phenomenex, Tor-
rance, CA, USA) and eluate was monitored by ELSD and
PDA (254 and 280 nm). Compounds were identified using an
NMR spectrometer (Bruker Avance 600 MHz). Spectral data
from 1D and 2D NMR experiments and UPLC-HRMS analy-
sis were compared to literature data to confirm the identity of
known compounds [65].

Purification of sungsanpin

Sungsanpin [78] was purified by reverse phase flash chro-
matography and RP-HPLC using LCMS to monitor for m/z
1,592.8184. Crude extracts were fractionated using a 13 g
C,g column with a linear gradient from 9:1 H,0:MeOH
to 100 % MeOH over 13 min followed by 100 % MeOH
hold for 5 min. Sungsanpin eluted at 12.5 min. 3.6 mg of
Sungsanpin was purified using a Waters HPLC system with
a Gemini 110A Cg 5 um 250 x 10.00 mm column (Phe-
nomenex, Torrance, CA, USA). Sungsanpin was eluted
with H,0/0.1 % FA (solvent A) and MeOH/0.1 % FA (sol-
vent B) with a flow rate of 3 mL/min and a linear gradient

increasing from 50 % solvent A and 50 % solvent B to
20 % solvent A and 80 % solvent B over 17 min, followed
by a linear increase to 100 % solvent B over 2 min, fol-
lowed by 100 % solvent B for 12 min. Sungsanpin eluted at
14.9 min and was monitored by ELSD and UV at 220 and
280 nm. UPLC-HRMS was used to screen fractions for m/z
1,592.8184. MS/MS analysis was conducted by direct infu-
sion using an LTQ Orbitrap Velos (Thermo Scientific, Mis-
sissauga ON, Canada) at a rate of 2 uL min~' using +ESI
followed by isolation of the [M + H] in the linear ion trap
and fragmented by higher energy collisional dissociation
with an energy of 29 eV.

Human and animal rights

No humans or animals were affected by the research pre-
sented here.

Results

Culture-independent analysis of bacterial diversity in NL
marine sediments

Processing of raw pyrosequencing data using mothur
yielded a total of 39,761 high quality partial 16S rDNA

Table 1 Richness and diversity estimates for bTEFAP 16S rRNA gene sequence libraries from NL sediments

Sample Sample size Sobs Sest C (%)* H E

1L 2,681 1,164 2,821 72 6.43 091
1L 21 15 29 48 2.58 0.95
2L 3,773 1,237 3,052 69 6.51 0.91
2L 35 22 62 54 2.90 0.94
3L 4,916 1,369 3,625 64 6.68 0.93
3L 39 24 101 54 2.97 0.93
4L 6,241 717 1,582 83 5.12 0.78
4L 163 54 73 86 3.54 0.89
5L 6,214 1,240 3,044 69 6.60 0.93
5L 19 13 25 53 245 0.95
6L 6,858 970 2,171 77 6.03 0.88
6L 106 54 109 70 3.76 0.94
7L 3,098 1,382 3,592 64 6.73 0.93
7L 19 15 37 37 2.63 0.97
8L 5,980 641 1,544 85 4.95 0.77
8L 354 50 79 93 2.60 0.66

All diversity statistics were calculated using an OTU threshold of >97 % sequence similarity. Italicized rows contain diversity estimates for
complete 16S rRNA gene sequence libraries. The diversity statistics reported in italicized rows was calculated from data subsampled to 2,681
sequences. Rows in roman type contain diversity estimates of sequences belonging to the phylum Actinobacteria. Actinobacteria diversity esti-

mates were calculated from non-subsampled data

Sobs Tichness, S,

Chaol richness estimate, C good’s coverage estimate (%), H' Shannon diversity index, E Shannon evenness index

4 C=1— (n/N); n; = number of OTUs sampled once, N = total number of OTUs in the sample
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sequence reads. Sampling depth in each sample ranged
from 2,681 to 6,858 sequences and the average sequence
length was 251 bp (Table 1). Phylum level bacterial com-
munities were dominated by Bacteroidetes (14.10-56.1 %),
Proteobacteria (25.44-59.0 %) and unclassified Bacteria
(12.5-33.4 %). Collectively, these three groups accounted
for 85.6-95.8 % of sequences obtained from each sediment.
Despite the relatively large sampling depth obtained via
pyrosequencing in this study compared to traditional clone
libraries, a limited number of actinobacterial sequences
were detected. The number of actinobacterial sequences in
each sediment varied from 21 to 354 sequences, compris-
ing 0.3-5.9 % of each sequence library (Table 1). Within
the class Actinobacteria the dominant orders were the Aci-
dimicrobiales (4-51 %), Actinomycetales (9-91 %) and
unclassified Actinobacteria (3—43 %) (Table S2).

To compare overall bacterial and actinobacterial diver-
sity a variety of alpha diversity statistics were calculated. In
terms of overall bacterial diversity, observed (S,,,) and pre-
dicted species level richness (S, Chaol estimate, [12] )
varied from 641 to 1,382 OTUs and 1,544 to 3,625 OTUs,
respectively (Table 1). Overall bacterial diversity in the sedi-
ments was high with calculated Shannon diversity (H') and
equitability (E) index values ranging from 4.95 to 6.68 and
0.77-0.93, respectively (Table 1). Due to the limited number
of actinobacterial sequences detected in the NL sediments
the observed and predicted species richness (S, 13-54
OTUs, S, 29-109 OTUs) was understandably low (Table 1).
Actinobacterial diversity calculated using the Shannon diver-
sity index ranged from 2.45 to 3.54, which although lower
than the values obtained for the entire bacterial community,
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still indicates significant species level diversity (Table 1). To
assess the adequacy of sampling depth Good’s coverage (C)
was calculated. For overall bacterial communities the sam-
pling depth achieved in this study was adequate to detect 64—
84 % of the species level richness (Table 1). In comparison,
the sampling depth of actinobacterial sequences was only
sufficient to detect >64 % of OTUs in three of eight sedi-
ments (4L, 6L and 8L), with the coverage for the remaining
five samples ranging from 37 to 54 % (Table 1). Rarefaction
analysis also indicated that additional sampling would likely
reveal additional actinobacterial diversity as rarefaction
curves did not reach an asymptote (Fig. S1).

Due to the well-known ability of taxa belonging to the
order Actinomycetales to produce bioactive natural prod-
ucts (NPs) [5], we further explored taxonomic affiliations
of actinomycetes present in the NL sediments (Fig. 1; Table
S3). Actinomycetes which could not be assigned to a fam-
ily (using an 80 % confidence threshold) were the domi-
nant actinomycetes, constituting 33.3-100 % of sequences
in each sediment. Microbacteriaceae were present (0.3—
12.3 %) in four sediment samples (1L, 4L, 6L, 8L). Myco-
bacteriaceae were present in two samples (1L, 55.6 % and
7L, 33.3 %) while Nocardioidaceae (4L, 26.3 %), Geoder-
matophilaceae (6L, 11.1 %), Kineosporiaceae (8L, 45.3 %)
and Propionibacteriaceae (4L, 1.8 %) were only detected
in a single sample.

Culture-dependent actinomycete diversity

Over 1,500 isolates displaying typical morphological char-
acteristics of filamentous actinomycetes were initially
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isolated and dereplicated to 360 morphologically unique
isolates for partial 16S rRNA gene sequencing. The num-
ber of strains sequenced from each location were as fol-
lows: 1L-43, 2L-51 3L-51, 4L-45, 5L-23, 6L-55, 7L-47,
8L-45. The DS pre-treatment was the most successful for
isolating filamentous actinomycetes (151), followed by DP
(131) and DH (79). SC media yielded the highest num-
ber of actinomycete isolates (119), followed by RH (71),
AC (70), PN (59) and CH (41). OTUs were defined using
a >99 % sequence identity threshold as previous research
has shown that in Actinobacteria 16S rDNA sequence iden-
tities <99 % correlate well with DNA-DNA reassociation
values of <70 %, the value commonly used to discrimi-
nate between species [75]. Using this OTU definition 59
OTUs were identified and used in all subsequent analyses
(Tables S4 and S5). Isolates were identified by BLASTN
comparison to sequences contained in GenBank and the
phylogenetic relationships between the OTUs and selected
reference strains were analysed by construction of a NJ tree
(Fig. 2).

Actinomycete isolates formed five major clades rep-
resenting the genera Promicromonospora (Fig. 2—Clade
A; 1 isolate), Actinoalloteichus (Fig. 2—Clade B; 1 iso-
late), Nocardiopsis (Fig. 2—Clade C; 21 isolates compris-
ing 4 OTUs) and Streptomyces (Fig. 2—Clade D and E).
Clades containing different genera were supported by high
bootstrap values (>99 %). The major Streptomyces clades
(D and E) were divided into five subclades (D1, D2, El,
E2 and E3). Differentiation of Streptomyces clades D and E
was well supported (93 %), while the subclades were sup-
ported by bootstrap values <70 %, suggesting that although
all isolates were assigned to the Streptomyces genus, some
subclades lacked robust assignment within the order of the
phylogenetic tree. The Streptomyces subclade D1 included
seven strains (two OTUs) from four sites, while 110 strains
(12 OTUs total, six singletons) originating from all sites
comprised subclade D2. Subclade E1 encompassed one
OTU containing three isolates from 5L and 6L; E2 con-
sisted of 25 isolates belonging to seven OTUs, three of
which were singletons, originating from all but two sites.
Subclade E3, the largest Streptomyces clade, contained
192 isolates (31 OTUs total, 20 singletons) originating
from all sites. Due to the limited resolving power of par-
tial 16S rDNA sequences, fine scale phylogenetic variation
within the subclades could not be accurately determined as
bootstrap support for branches within the subclades was low.

Bioactivity screening of selected actinomycetes
To explore the biotechnological potential of the actinomy-
cetes purified from NL sediments, a selection of 32 iso-

lates were fermented in a variety of media and the result-
ing extracts tested for biological activity (Table 2). Isolates

@ Springer

% Similarity .
o w o n (=] fXed o
~ N~ @ © D -~
10041LMC1 Clade A — Promicromonospora (1-1-1) 1L

D
0022121868 Clade B — Actinoalloteichus (1-1-1) 2L
100, Clade C — Nocardiopsis (21-4-2)

7 1L, 2L, 4-6L, 8L
Clade D1 — Streptomyces (7-2-1)
70,

1L, 2L, 6L, 8L
100}

Clade D2 — Streptomyces (110-12-6) ALL

NL\19 Clade E1

|

- Streptomyces (3-1-0) 5L, 6L

Clade E2 - Streptomyces (25-7-3)
1-3L, 6-8L

Clade E3 - Streptomyces (192-31-20) All

Fig. 2 Neighbor-joining tree showing the phylogenetic relationship
of cultured actinomycetes obtained from NL sediments. The numbers
at the nodes indicate the degree of bootstrap support (%) based on
1,000 iterations, bootstrap values >50 % are shown. The scale bar
represents percent sequence similarity. Numbers in brackets repre-
sent the following: number of isolates in clade—number of OTUs in
clade—number of OTUs represented by a single isolate (singleton).
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were chosen from all clades in Fig. 2 (with the exception
of clade A) and represented a variety of OTUs from within
each clade. The majority of isolates tested were Streptomy-
ces with the exception of a single Actinoalloteichus isolate
(2L868) and two Nocardiopsis isolates (6LB3 and 2LDS).

Extracts from nine isolates belonging to clades B, D2,
E2, and E3 in Fig. 2 were tested for cytotoxicity against
the human primary breast cancer cell line HMT3909S8
(Table 2). The level of activity considered a hit in this assay
was a specific lytic activity (SLA) >1. Significant lytic
activity was exhibited by extracts of Actinoalloteichus sp.
21.868 (clade B) fermented in BFM1 (30.6 % lysis, SLA—
1.53) and BFM2 (34.8 % lysis, SLA—1.74). Extracts of
Streptomyces isolates 6LA4 and 3LE1 (both clade D2) fer-
mented in BFM3 exhibited lytic activity of 24.0 % (SLA—
1.2) and 23.2 % (SLA—1.2), respectively. The lytic activ-
ity of these extracts greatly exceeded that obtained for the
positive controls actinomycin D (2.10 % lysis) and stauro-
sporine (10.50 % lysis).
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Table 2 Summary of

. 7 Strain Clade (Fig. 2) Seq. group CYTO MRSA VRE PV CA MET
actinomycete strains isolated
from NL sediments screened 21.868* B IND + + + _ + nt
for biological activi
or biologica a.ctwlty ar?d 6LB3 c 20 ot B B B B B
for the production of unique
metabolites via metabolomics 2LD8 c IND nt - - - - -
analysis (MET) 8LCS D1 IND nt - - - - -
1LA4 D2 2 nt - - - + -
6LA4* D2 12 + + + - + nt
8LB10 D2 12 nt - - - - -
3LE1* D2 17 + + + - + nt
SLAT* D2 17 - - + + nt
SLB7T D2 17 - - - - - -
2L.D2~ D2 IND - + - - + -
SLA1 El 19 nt - - - - -
8LDIT  E2 3 - + - - - +
Biological assays: CYTO 3LAI E2 21 nt - + - - +
cytotoxic activity against 8LCY E2 IND nt - - N + -
primary breast cancer cell 3LA9 E3 1 nt _ + _ _ _
line HMT3909S8, MRSA
methicillin-resistant S. aureus, 7LCI12 E3 1 nt - - - - +
VRE vancomycin-resistant E. 2LA10 E3 6 nt - - - - -
faecalis, PV P. vulgaris, CA C. SLB7 E3 7 nt — _ _ _ +
albicans AL E3 14 nt - - - - -
Plus symbol (+) signifies 4
LA1 E 1 t - - - - -
>70 % growth inhibition 3 6 n
in antimicrobial assays and SLB9 E3 18 nt - - - - -
specific lytic activity (% cell SLDS* E3 18 - - - - - -
lysis/extract test concentration) 1LCY E3 IND nt + _ _ _ _
in cytotoxicity assays >1.
Dashes (=) signify no significant 2LD9 E3 IND nt B B B B -
activity, nt not tested, IND OTU 3LD3 E3 IND nt - - - + -
comprised of a single isolate. TLA12 E3 IND nt - - - - -
Strains mafked. with * were TLA3 E3 IND nt _ _ _ _ _
fermented in nine media, those
marked with A were fermented 7LB10 E3 IND nt - - - - -
in ten media, those marked with 7LB2 E3 IND nt - - - - -
=+= were fermented in five media 7LD10 E3 IND nt - _ — _ _
and unmarked strains were sLCat E3 IND B B B B I B

fermented in ISP2 medium only

Fermentation extracts from all 32 isolates were tested
for antimicrobial activity against the Gram-positive patho-
gens methicillin-resistant S. aureus (MRSA) and van-
comycin-resistant E. faecalis (VRE), the Gram-negative
pathogen P. vulgaris, and the fungus C. albicans (Table 2).
Forty-one percent of isolates (13) exhibited antimicrobial
activity (>70 % growth inhibition) against one or more
pathogens. Six isolates (18.8 %) exhibited antimicrobial
activity against MRSA and VRE, one isolate (3.1 %) was
active against P. vulgaris, and ten isolates (31.3 %) were
active against C. albicans. The antimicrobial activity was
produced by isolates belonging to clades B, D2, E2 and E3
(representative of clade A were not tested). No bioactivity
was exhibited by extracts of the two Nocardiopsis isolates
(clade C) or the sole streptomycete representatives of clades
D1 and El1. Of the 13 isolates exhibiting antimicrobial

activity, approximately, half were active against multiple
test organisms (2L868, 6LA4, 3LDI1, 57A7, 2LD2 and
8LD1). Activity against multiple organisms could be due to
the production of multiple bioactive metabolites or the pro-
duction of a single metabolite with broad spectrum activity.

The activity against P. vulgaris by a single isolate (SLA7,
71 % inhibition at 50 wg mL~!) prompted us to investigate
other isolates for this activity. Three other isolates from
clade D2 (6LA4, 3LEl and 2L.D2) also exhibited activity
against P. vulgaris, but at levels below 70 % (40-61 %),
thus they were not indicated as active in Table 2. Extracts
from S5LA7, 6LA4 and 3LEl fermented in BFM4 were
examined by UPLC-HRMS/ELSD/PDA. Four major peaks
were present in the ELSD chromatograms and corresponded
to the following ions (m/z): 255.0656, 271.0606, 429.1188
and 912.6238 amu. Based on searching AntiBase 2012, the
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ions with m/z 255 and 271 amu may correspond to daidzein
and other related isoflavones, although multiple matches
were observed for these masses, thus the identification is
tentative. The remaining two ions were purified (data not
shown) and identified as the known compounds 5-deoxy-
enterocin (m/z 429 amu) and reginamide A (m/z 912 amu)
by comparison of their MS and NMR spectral data with
those reported in the literature [52, 72]. Both compounds
were tested for cytotoxicity against the two immortalized
cell lines and four microorganisms at 50 g mL~'. Regina-
mide A, the major compound in extracts of the three strains,
showed weak activity (34 % inhibition) against VRE,
while 5-deoxyenterocin exhibited similarly weak activity
(37 %) against MRSA. The putative isoflavones (m/z 255
and 271 amu) were present in BFM4 fermentation extracts
and may be partially responsible for the observed activity,
however, these ions were absent in other active extracts of
fermentations performed in other media (BFM1-3), sug-
gesting that these metabolites were not responsible for the
observed activity. It is possible that the observed P. vulgaris
activity is due to the combined effects of two or more of
the ions described above, or that a metabolite(s) other than
the four major peaks are responsible for the activity. Bioas-
say guided fractionation would be necessary to identify the
metabolite(s) responsible for the observed activity.

Identification of cytotoxic metabolites
from Actinoalloteichus sp. 2L868

Due to the potent cytotoxic activity exhibited by Actinoal-
loteichus sp. 21868 extracts, large scale fermentation was
conducted and cytotoxic metabolites identified by bioassay-
guided fractionation. The cytotoxic activity of fractions and
purified compounds was assessed against immortalized BJ
and HTB-26 cell lines. The crude extract of the large scale
fermentation was first tested against the immortalized cell
lines to confirm activity comparable to that observed in pri-
mary screening against the primary HMT3909S8 cell line.
Bioassay-guided fractionation led to the isolation of insepa-
rable mixtures of cytotoxic saturated fatty acids (FAs), satu-
rated monohydroxylated FAs, polyhydroxylated unsaturated
FAs, glycerolipids (hydroxylated FAs) and polyunsaturated
monohydroxylated FAs (Table S6). 1-Isopentadecanoyl-38-
D-glucopyranosyl-X-glycerol [65] was purified to homoge-
neity and almost completely inhibited the growth of HTB26
cells (91 %) at a 20 pg mL~!, while BJ fibroblasts were
unaffected by an identical concentration.

Metabolomic screening of actinomycete fermentation
extracts

To explore the metabolomes of actinomycete iso-
lates from NL sediments, 28 isolates were subjected to
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UPLC-HRMS-based metabolomics analysis (Table 2,
MET column). 21868, 6LLA4, 3LE1 and 5LA7 were not
included in the metabolomics analysis as these strains
were subjected to in-depth manual chemical analysis due
to their observed cytotoxic and P. vulgaris activity (above).
After removal of buckets (defined by a m/z = 0.01 amu
and retention time + 0.1 min) [23] detected in methanol
blanks and ISP2 media blanks the metabolomics data set
was composed of 606 buckets with mass ratios ranging
from m/z 192.0664-1699.8929 amu and retention times
ranging from 0.39 to 8.54 min. The majority of buckets
(82.5 %) were only observed in a single isolate, while a
small number of buckets were widely distributed; only
10 buckets were observed in five or more strains and the
maximum number of strains a single bucket was detected
in was 10. Collectively, these results suggest a high degree
of chemical diversity in the metabolomes of the actino-
mycetes analyzed. The number of buckets varied greatly
between strains with the lowest number of buckets detected
in 8LC4 (2) and the most detected in 8LD1 (170). To
explore the relationships between actinomycete meta-
bolic profiles a cluster analysis was performed (Fig. 3).
As observed previously, the cluster analysis was corre-
lated with chemical diversity, with isolates producing the
greatest number of buckets at the top of the cladogram and
those producing the fewest at the bottom [23]. In general,
strains clustered independently of phylogenetic clade or
OTU assignment (Table 2; Fig. 2). For example, represent-
ative strains from the same OTU (7LC12/3LA9 — OTUI,
SLB9/8LD8 — OTU18, Table 2) did not cluster together in
Fig. 3. In both cases, the strains from the same OTU did
not produced common metabolites. Conversely, strains
from different OTUs, which belonged to different clades in
Fig. 2, exhibited multiple shared metabolites. For example,
the metabolic profiles of 8LC9, 3LD3 and 1LA4, which
belonged to clades D2, E2 and E3 in Fig. 2, contained 12
shared metabolites. The shared metabolites accounted for
37.5-46.2 % of the total buckets identified in each of these
strains. Similar results were observed for the following
clades in the metabolomics cluster analysis: 1LC9/2LD2
(11 shared buckets), SLB7/8LC5/2LA10 (8 shared buck-
ets), and 7LA3/5LA1 (7 shared buckets) (Fig. 3). Interest-
ingly, antimicrobial activity appeared to be associated with
particular clades within the metabolomics cluster analysis.
For instance, 8LC9, 3LD3 and 1LA4 clustered together in
Fig. 3, sharing 12 buckets in common, and extracts from
these organisms all exhibited activity against C. albicans.
No buckets were shared between these three strains and
the other three strains which inhibited the growth of C.
albicans. Similarly, two (1LC9 and 2LD2) of three strains
exhibiting activity against MRSA formed a cluster in the
metabolomics analysis and had 11 buckets in common. We
did not attempt to identify the bioactive metabolites from



J Ind Microbiol Biotechnol (2015) 42:57-72

67

b@
&
E2 3 8LD1
E2 21 %891
E3 IND
E2 IND 8LCO | |_
E3 IND 3LD3 l_j
D2 2 lA4
E3 7 8LB7
E31 7AC12

Media Blank
MeQHOS|
MeOHO

0 1 2 3 4

Fig. 3 Metabolomics-based cluster analysis of 18 actinomycetes

the members of the two previously mentioned clades, thus
we cannot definitively attribute the bioactivity to buckets
common to all members of each clade. However, these
observations suggest that metabolomics analysis is able to
not only identify strains with similar chemical profiles but
can also be used to predict strains likely to exhibit similar
bioactivity profiles.

To further explore the metabolic potential of the actin-
omycetes isolated from NL we subjected the transformed
UPLC-HRMS data to principle component analysis (PCA)
to identify chemical signatures unique to the data set. PCA
identified three strains with chemical signatures unique
among the 28 strains analyzed. Based on comparison of
HRMS and UV spectra to published data, the compounds
responsible for differentiating the chemical profiles of the
7LC12 and 8LD1 extracts from those of the other actino-
mycetes examined were identified as arylomycins [66] and
nactins [14], respectively. Arylomycins are inhibitors of
bacterial type 1 signal peptidase (SPase) and have reported
broad-spectrum antimicrobial activity [73]. Despite the
presence of arylomycins in the extract of 7LC12, no anti-
microbial activity was detected. This lack of activity is
likely due to mutations present in SPase, which render tar-
get bacteria resistant to arylomycins [73]. Conversely, the
nactin family of cyclic ionophores is known to possess anti-
microbial activity against Gram-positive bacteria and fungi;
nactins are presumably responsible for the observed anti-
microbial activity exhibited by 8LD1 extracts [14]. PCA
also flagged the 8LB7 extract as containing metabolites

S 6 7 8 9 10

Relative distance

unique to the metabolomic data set. UPLC-HRMS analy-
sis of the 8LB7 extract identified the valinomycins [9] and
the identity of these compounds was confirmed by tandem
mass spectrometry (data not shown). The 8LB7 extract
also contained an ion with a m/z of 1,592.8184 amu. The
metabolite was purified and the structure determined by
NMR spectroscopy and HRMS. At the time of isolation the
compound was novel, however, Um and colleagues [78]
recently reported the identical structure of the lasso peptide
sungsanpin. Sungsanpin was tested for antimicrobial activ-
ity and was inactive. Valinomycin did not exhibit antibacte-
rial activity against the test organisms utilized in this study,
but has been reported to inhibit the growth of C. albicans
with a minimum inhibitory concentration of approximately,
12 pg mL~! [58, 69]. The lack of C. albicans activity by
the 8LB7 extract is likely due to an insufficient concentra-
tion of valinomycins in the extract.

Discussion
Actinobacterial diversity

Culture-independent approaches to assessing actinobacte-
rial diversity in environmental samples typically rely on
the amplification of Actinobacteria 16S rDNA gene frag-
ments using PCR primers designed to selectively amplify
actinobacterial sequences [75]. The resulting amplicons
are cloned, dereplicated and then a representative subset of
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the clones sequenced. Due to the labor intensive nature of
clone library generation usually only a modest number of
clones are sequenced, and at most a few hundred sequences
are obtained per sample. The use of Actinobacteria-specific
primers are needed when assessing actinobacterial diver-
sity using clone libraries to avoid actinobacterial sequences
from being obfuscated by sequences from more abun-
dant taxa [75]. Amplicon pyrosequencing generates large
quantities of sequence data without the need for cloning,
thereby allowing for in-depth assessment of bacterial com-
munity composition without the bias of culture based meth-
ods [13, 20]. This study did not employ Actinobacteria-tar-
geted primers; instead we used non-selective primers and
relied on the superior sequencing depth of pyrosequencing
to uncover actinobacterial diversity within the background
of overall bacterial diversity. Despite the generation of
thousands of sequences per sample a limited number of
actinobacterial sequences were obtained. The sequenc-
ing depth was sufficient to uncover a high level of overall
bacterial diversity as evidenced by H’ values exceeding 6
for all but one sediment and coverage values ranging from
64 to 85 %. In contrast, the sampling depth of actinobacte-
rial sequences was clearly insufficient to comprehensively
describe actinobacterial diversity as evidenced by relatively
low coverage values for 5 out of 8 sediments (Table 1)
and rarefaction curves which were far from reaching their
asymptote (Fig. S1). Despite the relatively low sampling
coverage, significant actinobacterial diversity was calcu-
lated for the NL sediments, indicated by H' values rang-
ing from 2.45 to 3.76 and richness estimates ranging from
29 to 110 OTUs. This level of actinobacterial diversity is
comparable to diversity reported from studies utilizing
Actinobacteria-specific primers to elucidate actinobacterial
diversity in corals and marine sediments [62, 86, 87]. An
advantage to using non-selective primers to assess bacte-
rial diversity is that it allows one to assess abundance of
Actinobacteria relative to other bacterial groups in a given
habitat. The prevalence of Actinobacteria in NL sediments
(<6 %) is similar to the prevalence observed in geographi-
cally diverse marine sediments, which varies from rare to
<8 % [21, 26, 38, 79]. In comparison, Actinobacteria may
comprise up to 30 % of soil microbial communities [1, 40].
This difference suggests that Actinobacteria may play a
smaller role in nutrient cycling in sediments than in soils.
Interestingly, sequence libraries from NL were devoid of
the filamentous, spore-forming Actinobacteria most com-
monly isolated from marine sediments, namely Streptomy-
ces and Micromonospora. A similar underrepresentation
of these taxa was also observed in marine sediments from
New Brunswick (NB), Canada [21] and has been noted in
several studies, including those employing Actinobacteria-
specific primer sets [4, 86, 87]. Indeed, detection of these
groups often requires the use of family or genus-specific
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primers [4, 62]. The lack of detection of these bacteria via
pyrosequencing may be a result of insufficient sequencing
depth, preventing the detection of low abundance OTUs,
which can readily be cultured when highly selective isola-
tion techniques are applied. Furthermore, these taxa may
exist in marine sediments as spores, which are particularly
resilient to cell lysis and therefore, may be underrepre-
sented in environmental DNA [35]. Future studies should
explore the use of Actinobacteria-specific primers in con-
junction with the sequencing depth afforded by pyrose-
quencing to more fully explore the extent of Actinobacteria
in natural habitats.

A highly selective isolation strategy was utilized to
assess the phylogenetic diversity of filamentous actino-
mycetes present in NL sediments, as previous studies of
marine sediments have indicated that filamentous actino-
mycetes are rare members in these habitats [21, 62]. Appli-
cation of such an approach was supported by culture-
independent analysis of NL sediments which indicated
Actinobacteria comprised a small component (<6 %) of the
extant bacterial diversity present in these sediments. Over
1,500 actinomycete were isolated from NL sediments and
360 characterized by partial 16S rDNA sequencing. The
taxonomic diversity of filamentous actinomycetes isolated
from NL sediments was limited to Promicromonospora,
Nocardiopsis, Actinoalloteichus and Streptomyces-related
isolates. Sequences matching those of the cultured isolates
were not found in the culture-independent sequence librar-
ies, underscoring the complimentary nature of culture-
dependent and culture-independent studies in investigations
of bacterial diversity [70]. A nearly identical distribution of
genera was obtained from NB sediments with the excep-
tion of Actinoalloteichus species, which were not isolated
from NB sediments. In comparison to other studies of cul-
turable actinomycete diversity, the taxonomic diversity of
filamentous actinomycetes obtained from Atlantic Cana-
dian sediments was somewhat lower. In part, the lower
diversity of genera can be explained by the fact that unicel-
lular actinomycetes commonly isolated from marine envi-
ronments, such as Micrococcaceae, Microbacteriaceae and
Dermacoccaceae [29, 60], would not have been isolated in
our study due to the focus on filamentous actinomycetes.
Interestingly, Micromonospora isolates were not obtained
from NB or NL sediments despite the fact that they have
been reported to be readily cultured from marine habitats
[8, 30]. The reason for this is most likely due to differences
in isolation procedures [8]. The diversity of Micromonos-
pora and other so called “rare actinomycetes” may not have
been thoroughly investigated using the isolation approaches
employed in this study. To further explore the culturable
diversity of these interesting actinomycetes in sediments
from Atlantic Canada highly focused isolation techniques
need to be applied.



J Ind Microbiol Biotechnol (2015) 42:57-72

69

To compare the diversity of actinomycetes obtained
from different NL sediments (360) a NJ tree was con-
structed (Fig. 2). Clades containing different genera were
well supported with bootstrap values >90 %, however,
nodes within the major Streptomyces clades were supported
by low bootstrap values. Consequently, it is difficult to
draw conclusions regarding the biogeographic distribution
of streptomycetes in NL sediments. The lack of resolution
within the tree is likely due to the highly related nature of
the 16S rRNA gene within the genus Streptomyces and the
partial sequences used for constructing the tree. Examining
the distribution of isolates among the 59 OTUs (Table S4)
indicates that the majority of isolates (90.5 %) are widely
distributed in NL sediments (e.g. belong to OTUs consist-
ing of multiple isolates from multiple locations, Table S4),
and is consistent with the generally ubiquitous distribution
of actinomycetes in natural environments [84]. Conversely,
singleton OTUs account for 9.5 % of isolates and may rep-
resent “rare” Streptomyces phylotypes which may only be
obtained by investigating geographically diverse samples.
Further sampling and the application of higher resolution
approaches, such as multi-locus sequence typing, would be
required to fully explore the biogeographic distribution of
streptomycetes in NL sediments [19, 25].

Metabolic potential of NL actinomycetes

The 59 actinomycete phylotypes isolated from NL sedi-
ments provided an exciting resource to explore for bioac-
tive secondary metabolites [59, 80]. Two complimentary
approaches were taken to screen selected isolates for sec-
ondary metabolite production. Firstly, fermentation extracts
were screened for anticancer (cytotoxic) and antimicrobial
activity. Secondly, fermentation extracts were screened for
the presence of novel metabolites using a metabolomics
approach [23].

Forty-one percent of isolates exhibited antimicrobial
activity in one or more bioassays with the majority of activ-
ity exhibited against C. albicans (31 %), followed by the
two Gram-positive pathogens (25 %). Only a single iso-
late exhibited >70 % growth inhibition against P. vulgaris,
although two closely related strains also exhibited weak
activity against this pathogen. Similar distributions of bio-
activity have been observed in other studies, where activity
against yeast and Gram-positive bacteria is observed most
frequently, while activity against Gram-negative bacteria
is rare [8, 30, 55]. While only a small number of strains
were tested for anticancer activity, a relatively high per-
centage (33 %) exhibited activity. Primary breast cancer
cells were used in the primary screen because primary cell
lines have been shown to more closely resemble tumors
encountered in clinical settings; therefore they provide
a more reliable model of in vivo anticancer activity than

traditional immortalized laboratory cell lines [57]. Due
to the taxonomic novelty of Actinoalloteichus sp. 21.868
and the strong cytotoxic activity exhibited by extracts
from this strain, a bioassay-guided fractionation approach
was taken to isolate the active metabolites produced by
this organism. The bioactivity was associated with non-
polar fractions containing inseparable mixtures of fatty
acids, many of which exhibited strong cytotoxic activity
at a moderate concentration (20 g mL™'). Interestingly,
1-Isopentadecanoyl-3p-p-glucopyranosyl-X-glycerol ~ was
also purified from the strain and shown to exhibit selec-
tive cytotoxicity against breast cancer cells. This glycolipid
was previously reported from the myxobacterium Cysto-
bacter fuscus, and to the best of our knowledge, this is the
first report of the biological activity of this metabolite and
the first report of its production by an actinomycete [65].
The bioactivities exhibited by the fatty acids produced by
21868 are consistent with cytotoxic activities previously
reported for this family of compounds [6, 15, 49, 71].
Within the scope of NP discovery programs metabo-
lomic screening is useful for both the dereplication of iso-
lates with similar metabolic profiles and for the discovery of
strains producing novel metabolites [23, 27, 42]. The study
of 28 actinomycetes demonstrated the ability of metabo-
lomics to identify strains producing similar suites of com-
pounds based on grouping in cluster analysis of the metab-
olomic data set. The identification of groups with similar
chemical profiles would not be easily predicted based on a
taxonomic analysis alone, as the isolates producing simi-
lar chemical profiles were not closely related phylogeneti-
cally. For instance, 8LC9, 3LD3 and 1LA4 exhibited simi-
lar metabolomic profiles (Fig. 3) but belonged to different
clades in the phylogenetic analysis, which in the case of
clades D2 and E2/E3 (Fig. 2) were very well supported by
bootstrap analysis. Similarly, strains which belonged to the
same OTU did not contain significant overlap in their meta-
bolic profiles. These observations are consistent with previ-
ous comparisons of cluster analyses performed on metabo-
lomic and 16S rDNA sequence data sets, and highlight the
benefits of metabolomic versus 16S rDNA sequence-based
dereplication [23]. Metabolomics-based discovery of NPs
also offers the advantage that when coupled with appropri-
ate statistical analyses (e.g. PCA), unique metabolites can
be readily identified irrespective of observable biological
activity. The value of incorporating metabolomics screen-
ing in NP discovery programs was illustrated in this study
by the identification of two metabolites, arylomycin and
sungsanpin, which would not have been identified utiliz-
ing a discovery paradigm based solely on identifying bio-
active extracts. Potentially interesting metabolites may be
overlooked in activity-oriented NP screening programs for
several reasons: they may not be present at a concentra-
tion necessary to evoke a biological response, interference
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from other components of complex NP mixtures may mask
their activity, or the assay system may simply not be able to
detect all potential inhibitors of the targeted process due to
intrinsic limitations. For example, arylomycins, which are
of great interest due to their unique structure and the nov-
elty of their biological target (SPase), were not identified
in our whole cell antimicrobial assay as the test organisms
utilized in this study are naturally resistant due to muta-
tions in SPase [73]. Without the inclusion of complimen-
tary metabolomic screening this promising antibiotic would
have otherwise been completely overlooked.

Conclusion

Small subunit rRNA amplicon pyrosequencing is power-
ful approach to characterizing extant bacterial diversity in
environmental samples without the biases inherent in cul-
ture-based approaches [32]. Using such an approach, NL
sediments were demonstrated to host diverse overall bacte-
rial communities, although estimates of sampling coverage
indicated significant actinobacterial diversity remained to be
discovered. Undoubtedly, future research combining Actino-
bacteria-specific primers with pyrosequencing will uncover
unprecedented levels of actinobacterial diversity and pro-
vide a more comprehensive assessment of actinobacterial
communities in natural habitats. Culture-dependent analysis
indicated that Streptomyces were the most abundant group
of cultivable actinomycetes in NL sediments while Nocar-
diopsis, Actinoalloteichus and Promicromonospora species
constituted rare members of the culturable actinomycete
community. No sequences of cultured actinomycetes were
detected in the culture-independent analysis, underscoring
the complimentary nature of culture-dependent and culture—
independent approaches when attempting to describe bacte-
rial diversity [69]. A total of 59 OTUs were identified from
360 actinomycete isolates, indicating a significant level of
species-level actinomycete diversity in NL sediments. As
the majority of interest in actinomycetes stems from their
ability to produce bioactive metabolites [5], we assessed the
metabolic potential of a representative set of isolates using
a combination of bioassays and metabolomics screening.
Despite screening only a small percentage of the actinomy-
cete diversity cultivated from NL sediments under a lim-
ited set of fermentation conditions, high levels of biologi-
cal activity were detected (40 % of all strains) and several
rare metabolites were identified. These results suggest that
comprehensive screening of the remaining 328 actinomy-
cetes isolated from NL sediments will uncover significant
additional, and potentially novel, chemical diversity. The
effectiveness of metabolomics-based strain dereplication
was confirmed in this study and the value of metabolomics
screening to NP discovery efforts was validated by the

@ Springer

identification of two rare secondary metabolites that would
not have been discovered via standard biological screening.
These results argue strongly for the continued development
of metabolomics screening methodologies and their further
integration in NP discovery programs. Future coupling of
metabolomics discovery work flows with novel strain prior-
itization approaches [85] will further invigorate NP discov-
ery pipelines.
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