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Literature surveys, taxonomical differences, and bioassay results have been utilized in the
discovery of new natural products to aid in Actinomycetes isolate-selection. However, no or
less investigation have been done on establishing the differences in metabolomic profiles of
the isolated microorganisms. The study aims to utilise bioassay- and metabolomics-guided
tools that included dereplication study and multivariate analysis of the NMR and mass spectral data of microbial extracts to assist the selection of isolates for scaling-up the production
of antimicrobial natural products. A total of 58 actinomycetes were isolated from different
soil samples collected from Ihnasia City, Egypt and screened for their antimicrobial activities
against indicator strains that included Bacillus subtilis, Escherichia coli, methicillin-resistant
Staphylococcus aureus and Candida albicans. A number of 25 isolates were found to be
active against B. subtilis and/or to at least one of the tested indicator strains. Principal component analyses showed chemical uniqueness for four outlying bioactive actinomycetes
extracts. In addition, Orthogonal Projections to Latent Structures Discriminant Analysis
(OPLS-DA) and dereplication study led us to further select two outlying anti-MRSA active
isolates MS.REE.13 and 22 for scale-up work. MS.REE.13 and 22 exhibited zones of inhibition at 19 and 13 mm against MRSA, respectively. A metabolomics-guided approach provided the steer to target the bioactive metabolites (P<0.01) present in a crude extract or
fraction even at nanogram levels but it was a challenge that such low-yielding bioactive natural products would be feasible to isolate. Validated to occur only on the active side of OPLSDA loadings plot, the isolated compounds exhibited medium to weak antibiotic activity with
MIC values between 250 and 800 μM. Two new compounds, P_24306 (C10H13N2) and
N_12799 (C18H32O3) with MICs of 795 and 432 μM, were afforded from the scale-up of MS.
REE. 13 and 22, respectively.
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Introduction
Natural products research has played a vital role in drug discovery and development during
the last decades [1]. However, after spans of research and screening of microbial isolates for
their natural products production, the chance for discovery of new natural products from
microbial origin has declined over the years. Meanwhile, antimicrobial resistance of pathogens
is increasingly becoming very severe. Therefore, the urgent need for new antimicrobial agents
has augmented the interest of scientists to discover new antibiotics from natural sources [2].
About 45% of the 22,000 reported microbial natural products are produced by actinomycetes, 38% are fungal metabolites and only 17% are from unicellular bacteria [3, 4]. Actinomycetes have been known as a rich source of diverse secondary metabolites with various
biological activities [5]. Species of the genus Streptomyces have been described to produce
about 75% of the reported metabolites from actinomycetes [6, 7]. These secondary metabolites
are mainly biosynthesized by either polyketide or non-ribosomal peptide synthetases [8]. Actinomycetes belong to the phylum Actinobacteria, characterized by fungal morphology and are
filamentous Gram-positive bacteria with high GC (guanine-cytosine) content. Actinomycetes
are distributed in many ecosystems including soil where they play an essential role in recycling
industrial wastes [8]. Egyptian soils have not been vastly investigated for their actinobacterial
reservoir and only few reports have been published on actinobacteria isolated from this ecosystem [9–11].
Conventionally, the process of isolate selection and prioritization for further chemical isolation work depended on either literature surveys, bioactivity screening, or phylogenetic analysis
of the isolates [12]. However, the strains of the same genus of bacteria which appear morphologically identical may produce diverse chemical profiles and hence, different biological activities [13, 14]. On the other hand, isolates with vast differences in both their morphology and
phylogeny may have a similar metabolome [15]. An excellent strategy to reduce the chance of
isolating known compounds is by dereplication of secondary metabolites from each member
of the microbial collection prior to selecting the isolates for further chemical isolation work
[16]. Therefore, a new drug discovery strategy is using dereplication studies in parallel to multivariate data analysis [17–20]. Dereplication is briefly defined as the quick identification of
metabolites detected in a crude extract or fraction on the basis of a database of earlier reported
secondary metabolites [17, 21, 22].
Dereplication is considered a critical metabolomic tool used in isolate selection. Metabolomics is a holistic analysis of the small compounds with molecular weight of less than 1000 Da
in a biological system at a specific time under a certain set of conditions [23]. LC-HRMS and
NMR based metabolomics is an efficient analytical tool to examine mixtures of compounds in
a biological system to aid in the discovery of new natural products [15, 24–26]. Statistical
approaches like unsupervised and supervised multivariate data analysis have been used to
check variation between different sample groups in terms of their chemical shifts in NMR and
m/z ratio in HRMS [27]. Metabolomic tools have been used to optimize the best fermentation
conditions for microbial isolates to yield their bioactive secondary metabolites [17, 21, 22] as
well as in the investigation and comparison between intra- and extra-cellular produced secondary metabolites [27, 28].
The main aim of the present study was to strengthen bioassay-guided tools by using a metabolomics approach in prioritizing isolate selection from a collection of Egyptian soil Streptomyces while the concrete objective is to statistically define and pinpoint target novel bioactive
metabolites as well as known metabolites with new bioactivity directly from the crude bacterial
extracts prior to accomplishing a tedious chemical isolation and structure elucidation work
[17, 19]. In this paper, we would like to present a dereplication methodology utilizing
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multivariate analyses to compare and identify the interesting bioactive secondary metabolites
directly from crude extracts of bacterial isolates. As demonstrated by our earlier works on
other natural resources [29–37], such procedures will assist in optimizing the scale-up and
chromatographic isolation work on this yet underexplored collection of actinomycetes from
Egyptian soil isolates [9]. Anti-MRSA bioactivity was the targeted activity in this study, which
directed the prioritization of isolates for further chemical work. Although many previous studies on actinobacteria from Egypt have been published [38–44], most of these studies conducted
a bioassay-guided approach for screening the active isolates without any consideration for
chemical dereplication and thus, a metabolomics-based investigation is the core of our study.

Materials and methods
Samples collection and actinomycetes isolation
Several soil samples were collected between 2014 and 2016 from Ihnasia City located in BeniSuef Governate, Egypt. The ancient city of Ihnasia is located approximately 15 km west of the
modern city of Beni-Suef. Collection were done during the different seasons namely spring
when the weather is cooler and dry (March to May), summer that is hot and very dry (June to
August), and in autumn that is warm and a bit more humid (September to November) (S4
Table). No permits were required for site access to collect soil samples for academic research
work in Egyptian institutions for higher education. The soil samples were collected from a
depth of 15 to 20 cm of the superficial layers of the soil into sterile bags. Actinobacterial cultivation, isolation, and purification were done using a soil dilution plate technique [45] in International Streptomyces Project 4 (ISP4) medium. ISP4 medium was supplemented with
rifampicin (10 μg/ml) to inhibit the growth of the fast-growing Gram-negative bacteria and
nystatin (50 μg/ml) to inhibit fungal growth and contamination. One gram of each soil sample
was diluted with 9 ml of 0.9% saline, then mixed, homogenized and prepared to ten-fold serial
dilutions up to 10−4. One ml from dilutions (10−2, 10−3 and 10−4) for each soil sample was
plated out on ISP4 agar plates using sterile cotton swabs, and the plates were incubated for 7 d
at 30˚C. Actinomycetes-like colonies depending on their morphological characters, pigment
diffusion, and coloration of their mycelia [46, 47] were picked and streaked several times on
ISP4 agar plates until pure actinobacterial colonies were isolated. The isolated actinomycetes
were maintained on agar plates for short-term storage and for long-term storage, the isolates
were archived by storing in 30% glycerol in ISP4 broth at -80˚C.

Antimicrobial activity screening
In vitro screening for antimicrobial activity of the actinobacterial extracts was done by cup diffusion method against four different indicator strains [48]. The indicator strains used were B.
subtilis (ATCC 21228), Escherichia coli (E. coli) (ATCC 25922), MRSA (ATCC 43300) and
Candida albicans (ATCC 24433). Bacterial extracts were prepared by extraction of the extracellular metabolites with ethyl acetate from 500 ml of initial broth cultures of ISP4 previously
seeded with 5% bacterial inoculum in Tryptone soya broth (TSB) and incubated at 30˚C for 7
d on a rotary shaker incubator at 160 rpm. Briefly, after surface inoculation of the tryptone
soya agar plates with 100 μl of the standard strains, a sterile borer was used to form 4 cups in
each plate with a diameter of 10 mm, then 150 μl of each extract solution (1 mg/ml) was added
in the cups. Finally, after incubation of the plates for 24 h, the antimicrobial activities were
assessed from the inhibition zones around the cups. Streptomycin solution in concentration of
1 mg/ml was used as the reference standard or positive control.
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Bacterial fermentation and extraction
All bioactive isolates were selected for further metabolomic profiling studies. Fermentation of
the selected bioactive isolates was done by sub-culturing them in TSB and incubated at 30˚C
for 3 d. Twenty-five milliliters of the TSB (5% inoculum) was used to inoculate 500 ml of ISP4
broth in 1 L flask and then incubated at 30˚C for 7 d on rotary shaker incubator at 180 rpm.
Culture growth was terminated with 1:1 v/v HPLC grade ethyl acetate and left for 24 h, then filtered using a Buchner funnel with 100 mm filter papers. The filtrate was then transferred to a 1
L separating funnel and liquid–liquid partitioning was accomplished between water and ethyl
acetate. The aqueous filtrate was partitioned three times with equal volumes of ethyl acetate to
extract all organic metabolites. Ethyl acetate fractions were concentrated under vacuo with a
rotary evaporator. The dried crude extract was weighed and reconstituted with the appropriate
solvent for chemical analysis and bioassay screening [49, 50].
The culture conditions and extraction procedures for the scale-up of the selected isolates
(MS.REE. 13 and MS.REE. 22) were the same as that of the small-scale fermentation of the bioactive isolates using ISP4 broth as mentioned above. In the present study, ISP4 broth was
seeded by 5% tryptone soya broth which contains pancreatic digest of casein, dextrose and
enzymatic digest of soya bean.

Mass spectrometry
Aliquots of crude bacterial extracts along with medium (ISP4) control samples were prepared
at 1 mg/ml solutions in methanol. Methanol solvent blank was also included in the analysis.
LC-HRMS of the samples was run on an Accela HPLC (Thermo Scientific, Germany) coupled
to an Exactive mass spectrometer (Orbitrap, Germany) with an electrospray ionization source
according to [31]. Briefly, mass accuracy of the mass detector was set to less than 3.0 ppm. The
instrument was calibrated internally using lock masses and externally according to the instructions of the manufacturers. High resolution mass spectrometry was carried out over a mass
range of 150–1500 m/z in both negative and positive ionization switch modes. The instrument
capillary temperature was set at 270˚C with a spray voltage of 4.5 kV. The LC-HRMS experiments were carried out with ACE5 Excel 3 Super C18 column (5 μm × 150 mm × 3 mm)
(Hichrom Limited, Reading, UK), using 10 μl as injection volume from each vial. The two
mobile phases used to carry out the mass spectrometry were ultrapure water with 0.1% formic
acid (Solvent A) and HPLC grade acetonitrile with 0.1% formic acid (Solvent B). The gradient
started with 10% solvent B at a flow rate of 0.3 ml/min and the percentage of solvent B was linearly increasing to 100% within 30 minutes. Then remained isocratic at 100% B for 5 minutes
before decreasing again within one minute to 10% B which continued isocratic at 10% B as
final washing for 10 minutes before the next sample injection. The sample tray and the column
oven temperatures were maintained at 4˚C and 20˚C respectively. The run sequence started
with the blank solvent then the blank medium followed by the samples. The HRMS data of the
blanks and the samples were acquired using Xcalibur software version 3.

NMR spectroscopy
For NMR study, NMR samples for both culture medium and bacterial extracts were prepared
by dissolving 5 mg of the crude organic extracts of the medium and bacterial isolates in 600 μl
DMSO-d6 then transferred to 5 mm 7@ NMR tubes [19]. Correlation Spectroscopy (COSY)
and proton NMR was carried out on a 400 MHz Jeol-LA400 FT-NMR spectrometer system
equipped with a 40TH5AT/FG probe. For both COSY and proton NMR experiments, 16 scans
were recorded. Proton and COSY spectra were processed using MestReNova (Mnova 10.00,
Mestrelab Research SL, US) software. For Proton Spectra, smoothing with Whittaker
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Smoother, baseline correction with Whittaker Smoother, apodization with Gaussian 1.00 and
manual phase correction were carried out in MestReNova (Mnova 10.00). For COSY analysis,
smoothing with Whittaker Smoother, reducing t1 noise and symmetrizing as COSY-like were
done, then spectra from the bacterial extracts were overlaid with the ISP4 medium spectrum
(control) to differentiate correlations from metabolites produced by the bacteria from those
coming from the culture medium.

Metabolomic profiling analysis of the LC-HRMS and NMR data
Using MassConvert tool from Proteowizard, the raw HRMS data were split into two different
data sets (positive mode data set and negative mode data set) [51]. The split data set in the format of mzML was imported into MZmine 2.20 [52] to extract features from the raw data. Data
processing was carried out for the individual data sets using MZmine 2.20 following a multistep protocol [31], commencing with peak detection (mass detection and chromatographic
builder) followed by deconvolution, deisotoping, filtering, alignment and gap filling. Finally,
adducts and complexes were identified while respective ion peaks were eliminated to minimize
the mis-assignment of features and to predict molecular formulae using an accuracy of 5 ppm
for each feature were carried out.
The generated CSV files for positive and negative modes by Mzmine 2.20, were copied into
an in-house Excel macro for further data clean-up [19]. Briefly, an in-house Excel macro was
used to subtract background ion peaks found in the solvent blank and medium, then simultaneously both negative and positive ionization modes data files generated by MZmine were
combined in preparation for multivariate data analysis and finally to dereplicate the metabolites in the samples with those in the Dictionary of Natural Products (DNP) database. All peaks
of the solvent blank, which had peak intensity greater than 1 × 104 were subtracted manually
from the samples’ peaks. Peaks originating from the ISP4 medium were also subtracted from
the samples by applying an algorithm, which calculates each m/z intensity in both medium
and bacterial extracts. All ion peaks coming from the medium were subtracted leaving only
those features with peak intensity 20 times greater in the samples than in the ISP4 medium.
The data sets of both negative and positive ionization modes data sets were combined by
macro after removing the effect of the medium enabling ion peaks that were observed in both
modes and one of them to be overlaid for further statistical analysis. Finally, an Excel macro
was used for dereplication of each m/z ion peak with metabolites in the customized database
(DNP). This database provided us with the details on the already known compounds in the
bacterial extracts and the unknown hits which can help for targeting new bioactive metabolites
in the extracts and help in selecting the promising isolates for further scale-up as well.
The SIMCA data sheet generated by the Excel macro was then exported to SIMCA 15.0.1
(Umetrics, Umeå, Sweden) to do the multivariate data analysis (MVA). The data set was analyzed using both PCA and Orthogonal Projections to Latent Structures Discriminant Analysis
(OPLS-DA), respectively an unsupervised and a supervised MVA method with Pareto scaling
[53]. PCA was used to compare the chemical profiles of the different samples without classifying them while OPLS-DA was generated by comparing the chemical profiles by pre-grouping
the isolates according to their bioassay screening results against MRSA and E. coli. The metabolomics profile tables of interesting bioactive metabolites were deduced from the S-plots of
the OPLS-DA by selecting the discriminating compounds found on the bioactive extracts and
comparing them to the dereplication data sheet generated by the Excel macro. Depending on
the results of the dereplication study, bioassay screening, and the multivariate data analysis of
the bioactive bacterial extracts, promising isolates were selected for further scale-up.
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For proton NMR spectra, the processed spectra of the medium and different extracts were
stacked using MestReNova software (Mnova 10.00) and using an advanced PCA tool of
Mnova 10.00, a spectral data set was generated for further data analysis. The data set between
0.5 to 12.5 ppm of the medium and extracts were copied to an Excel sheet and the peaks of the
solvent used (DMSO and water peaks) were deleted. Finally, the resulting peak list was
exported to SIMCA 15.0.1 for multivariate analysis (PCA and OPLS-DA).

Taxonomical identification of the selected isolates through molecular
biology
DNA of two selected isolates for the scale-up was extracted. A single colony of each isolate
from the agar plate was inoculated to 4 ml of ISP2 broth and incubated at 30˚C for 3 d. One
ml of the bacterial broth culture was centrifuged for 10 min at 3000 rpm to separate the
cells. The cells were suspended in 300 μl of Tris-EDTA buffer with 5 mg/ml lysozyme and
0.1 mg/ml RNase, vortexed and incubated at 37˚C for 30 min to confirm that the cells were
properly lysed. Then, 50 μl of 10% SDS and 85 μl of 5 M NaCl were added and mixed thoroughly. To the suspended lysed cells, 400 μL of phenol: chloroform: isoamyl alcohol
(25:24:1) were added, vortexed for 30 s and centrifuged at 13200 rpm and the top aqueous
phase was transferred to a new tube. A 400 μl solution of chloroform: isoamyl alcohol (24:1)
was added, vortexed for 30 s and centrifuged for 10 min at 13200 rpm and the aqueous layer
was transferred to new tube. A volume of 500 μl isopropanol was added to the aqueous
layer, mixed by inversion and let sit at room temperature for 5 min. Finally, spin down at
10000 rpm for 5 min to pellet the DNA, remove isopropanol very gently and wash out the
DNA with 1 ml cold 70% ethanol. The ethanol was gently removed. The final DNA pellet
was left to dry on bench for 1 h and then resuspended in 50 μl sterile H2O and kept in the
fridge at 4˚C for further work.
For taxonomical identification of the selected isolates through molecular biology, 16S rRNA
genes of both isolates were amplified by PCR using a universal 27F primer (5`-AGAGTTTGAT
CMTGGCTCAG-3`) and universal 1492R primer (5`-GGTTACCTTGTTACGACTT-3`) [54].
The PCR amplification was carried out in total volume of 25 μl reaction mixture which consisted of 1 μl genomic DNA, 0.25 μl of each primer, 0.2 μl MyTaq DNA polymerase (Bioline),
5 μl of 5x reaction buffer (New England Biolabs) to which dNTPs were added and finally sterile
water was added to make the total reaction volume 25 μl. The PCR was carried out according to
the following thermal protocol: initial denaturation for 5 min at 95˚C, followed by 29 cycles
starting with denaturation at 95˚C for 10 s, then annealing at 55˚C for 30 s and extension for 3
min at 72˚C with final extension after finishing the cycles at 72˚C for 4 min. Agarose gel electrophoresis was used to check the PCR amplification by loading 5 μl of each PCR product in 1%
(w/v) agarose at 100 V for 60 min and compared with 1 Kb ladder (Promega) as reference using
GelRed for staining (Biotium). Then, the PCR products were purified using ISOLATE II PCR
and Gel Kit (Bioline) following the manufacturer’s protocol for PCR products purification.
Finally, a concentration of 10 ng/μl for each purified PCR product was prepared and sent to
GATC (Germany) for sequencing using the 27F and 1492 R primers.
Good quality sequences were selected and compared to the GenBank database using the
Megablast tool of National Center for Biotechnology Information (NCBI) to optimize contrasting the amplified sequences against only the highly similar sequences in the GenBank
database to identify the closest related strains to our amplified sequences [55]. Multiple
sequence alignment and phylogenetic analysis of the isolates sequences were carried out using
MEGA7 software [56].
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Results and discussion
Actinomycetes isolation and antimicrobial activity screening
A total of 58 bacterial strains were isolated and purified from soil samples from Egypt by several successive and repetitive inoculation. Many previous reports confirmed the richness of
soil niches with important actinomycete isolates [57, 58]. Isolates were characterized as actinomycetes depending on their morphological characters, pigment diffusion, and coloration of
their mycelia.
ISP4 broth was the chosen culture media as it exhibited consistency in the antimicrobial
activity for all bioactive strains, which as well indicated stability of the type of bioactive metabolites between cultivation and scale-up during the present study. As mentioned in a previous
report, polysaccharides like starch as carbon source present in ISP4 is commonly used for optimum production of antibiotics due to supporting slower microbial, growth which is suitable
for antibiotics biosynthesis [59]. Also, as shown in many previous studies in the literature, the
use of ISP4 in both isolation and fermentation work has yielded good results [9, 60–63]. ISP4
was the best culture medium for isolating actinomycetes when compared to other media such
as ISP2, ISP3, actinomycete isolation agar, glucose asparagine agar and starch-yeast extract
agar [60]. ISP4 as a culture medium also exhibited suitable production of antimicrobial agents
by Streptomyces in agar plates. Extracellular metabolomic screening of fermentation cultures
of different Streptomyces isolates in modified ISP broth medium (with added 0.4% yeast
extract) yielded various analogues of pyrromycin, erythromycin, doxorubicinol, and some
other putative novel metabolites indicating that ISP4 broth was most appropriate for the production of various classes of antibiotics [61]. Interestingly, another earlier study showed that
ISP4 broth with 2.5% starch instead of 1% was the best media for production of antibiotics by
a Streptomyces strain isolated from soil samples collected from Egypt as well [62], as ISP4
broth was compared to other culture media such as ISP2 broth, tryptone-yeast extract-glucose
broth, starch-nitrate broth medium in this particular study. More recently, ISP4 was also used
to culture Streptomyces strains collected from Egyptian soil isolates for producing various classes of bioactive compounds both as antibacterial and anticancer agents [9]. ISP4 broth was
also used for the discovery and overproduction of the nucleoside antibiotic A201A from
marine-derived actinomycete Marinactinospora thermotolerans [63].
Extracts of collected bacterial isolates were initially screened against B. subtilis in various
solvents using hexane, chloroform, dichloromethane and ethyl acetate by cup diffusion
method [48] (S1 Fig). Hexane and chloroform extracts did not exhibit any antimicrobial activity in comparison to ethyl acetate and dichloromethane. A second screening for antimicrobial
activity against four indicator strains (B. subtilis, E. coli, MRSA and C. albicans) was repeated
with ethyl acetate extracts of the bacterial isolates. Ethyl acetate was the chosen extracting solvent because it was able to isolate most of the bioactive semi-polar components while efficient
partitioning of inactive long alkyl chains and sugar molecules could be accomplished. Ethyl
acetate was also considered to be less expensive and less toxic to handle than dichloromethane.
Positive inhibition of at least one of the tested indicator strains was exhibited by 25 extracts
(43% of the collected isolates) as shown in Table 1. A clear zone of inhibition of greater than 12
mm diameter was considered as active. In many previous reports, a high percentage of biological activity has been exhibited by soil actinomycete isolates [9, 64, 65], which matches our antimicrobial activity screening results. A broad spectrum of antibacterial activity against all the
tested bacteria (B. subtilis, E. coli and MRSA) was demonstrated by five isolates as earlier
reported for a collection of soil actinomycete isolates from Egypt [9].
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Table 1. Antimicrobial activity of the actinomycetes isolates against different indicator strains used in the study. The zones of inhibition were measured and
recorded as active when it was greater than 12 mm. Twenty-five bioactive isolates were found and presented in this table out of the total 58 isolated actinomycetes.
Isolate Extract

vs B. subtilis

vs MRSA

vs E. coli

vs Candida albicans

MS.REE. 1
MS.REE. 3

Active

Active

Inactive

Inactive

Active

Inactive

Active

Inactive

MS.REE. 4

Active

Active

Inactive

Inactive

MS.REE. 6

Active

Inactive

Active

Inactive

MS.REE. 9

Active

Inactive

Inactive

Inactive

MS.REE. 10

Active

Active

Active

Inactive

MS.REE. 12

Active

Inactive

Inactive

Inactive

MS.REE. 13

Active

Active

Active

Inactive

MS.REE. 14

Active

Inactive

Active

Inactive

MS.REE. 16

Active

Inactive

Active

Inactive

MS.REE. 17

Active

Inactive

Inactive

Inactive

MS.REE. 18

Active

Inactive

Inactive

Inactive

MS.REE. 19

Active

Inactive

Active

Inactive

MS.REE. 22

Active

Active

Active

Inactive

MS.REE. 24

Active

Inactive

Inactive

Inactive

MS.REE. 25

Active

Active

Active

Inactive

MS.REE. 26

Active

Active

Active

Inactive

MS.REE. 27

Active

Active

Inactive

Inactive

MS.REE. 28

Active

Active

Inactive

Inactive

MS.REE. 29

Active

Inactive

Active

Inactive

MS.REE. 32

Active

Inactive

Inactive

Inactive

MS.REE. 33

Active

Inactive

Inactive

Inactive

MS.REE. 34

Active

Inactive

Inactive

Inactive

MS.REE. 36

Active

Inactive

Active

Inactive

MS.REE. 46

Active

Inactive

Inactive

Inactive

https://doi.org/10.1371/journal.pone.0226959.t001

Data processing and clean-up
Metabolomic profiles of the bioactive crude extracts were investigated using NMR and
LC-HRMS according to the workflow chart shown in Fig 1. After processing the HRMS
data using MZmine 2.20 as described in the methodology section, data clean-up was done
by importing the CSV files of both positive and negative modes data to an Excel macro. The
Excel macro helped in overcoming the limitations of MZmine 2.20 by combining the data
of positive and negative modes, which is particularly important for metabolites ionizing on
both modes that enabled merging the features observed in either or both modes together.
Thus, this valuable Excel macro optimized the processing of each ion peak along with those
detected only in one mode. This is also essential for data analysis of compounds like phenolics and anthraquinones, which ionize only in the negative mode and are poorly ionize in
the positive mode [22].
Another problem for data analysis of bacterial extracts is the presence of background peaks
from the culture media. Most of the constituents of the culture media should be utilized by the
bacterial isolates during the fermentation process. However, some of the media constituents
may remain unutilized while trace amounts can be detected by LC-HRMS. These interfering
peaks from the medium could be misleading during the dereplication study, so the medium
was instead considered as one of the blank samples. Then, medium interfering peaks were
removed using the in-house Excel macro as mentioned in the methodology section.
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Fig 1. Metabolomics workflow chart to aid isolates selection.
https://doi.org/10.1371/journal.pone.0226959.g001

Metabolomic profiling analysis for isolate prioritization
PCA analysis of the 25 extracts for three components gave R2 (goodness of fit) and Q2 (predictability) values at 0.5 and 0.1, respectively, where 84% of the isolates clustered together. The
projected R2 and Q2 values are highly application dependent [53]. Biological PCA models are
expected to yield R2 and Q2 values of at least 0.5 and 0.4, respectively. In general, R2 should not
exceed Q2 by more than 2 units. The low predictability of the model was due to the low difference in chemical profiles of 84% of the analyzed samples, which consisted of 21 isolates. Isolates MS.REE. 3, 6, and 13 were classified as outliers within the tolerance ellipse of 95%
hotelling at T2 as shown in the scores plot (Fig 2A). Outlying isolates indicated chemical
uniqueness as they lay far from the other isolates clustered in the center or within the eclipse.
Conversely, 84% of the isolates clustered with the media control except for MS.REE-22. However, this clustering of 84% of the isolates was not because of their low chemical diversity but
would be due to the relatively vast difference in profiles of these extracts when compared to the
outliers in terms of their yield and complexity. This was evident on the percentage variation
on PC1 and PC2 at 27.7 and 14.2, respectively before excluding the outliers, which was then
subsequently reduced to 18.3 and 10.1, respectively. The higher percentage variation in the
presence of the outliers merely implied that 84% of the isolates have a lower capability of
affording the same intensity of variation of secondary metabolites in comparison to the outliers. Additionally, the chemical diversity of 84% of the tested isolates was validated by extracting the PCA scores plot of the cluster from the four outlying extracts MS.REE. 3, 6, 12, and 22
(Fig 2B). As shown in Fig 2B, 67% of the extracts segregated from the medium with no clear
clustering, particularly those active samples against MRSA, indicating their distinct chemical
profiles although they were less diverse than the outliers. This further suggested that ISP4 was
indeed an appropriate standard media for this bioscreening campaign for this selection of
Actinomycetes. Outliers MS.REE. 3 and 6, which were only found active against E. coli and
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Fig 2. PCA of LC-HRMS data of 25 bacterial extracts tested against MRSA. (2A) Scores plot of the 25 extracts. (2B) Scores plot of 21 extracts after removal of
outlying samples MS.REE. 3, 6, 13, and 22. (2C) Scores plot after removal of the outlying inactive isolates MS.REE. 3 and 6. (2D) Corresponding loadings plot of ion
peaks in m/z highlighting the significant metabolites of the outlying bioactive isolates MS.REE. 13 and 22.
https://doi.org/10.1371/journal.pone.0226959.g002

inactive against MRSA, were then excluded for further multivariate analysis (Fig 2C). In this
case, this was the first criteria to consider MS.REE.13 and 22 for scale-up work. MS.REE.13
exhibited zones of inhibition at 19 and 18 mm against MRSA and E. coli, respectively, MS.
REE.22 gave 13 and 18 mm, respectively. MS.REE. 3 and 6 yielded inhibition zones of 18 and
22 mm against E. coli, respectively. Streptomycin was used as positive control and displayed a
25 mm zone of inhibition against both MRSA and E. coli.
The loadings plot of the m/z ion peaks shown in Fig 2D indicated the metabolites of the isolates, matching the same quadrant position of the isolates in the scores plot (Fig 2C). As shown
in the loadings plot (Fig 2D), the metabolites responsible for the separation of isolate MS.
REE.13 had lower molecular weights ranging from 200 to 400 Da, while MS.REE. 22 outlier
metabolites had higher molecular weights ranging from 300 to 500 Da. Both MS.REE. 13 and
22 showed promising activity against MRSA, E. coli and B. subtilis indicator strains (Table 1),
while MS.REE. 3 and 6 showed no activity against MRSA, which was the main target activity
for initial scale-up work.
The antimicrobial activity of the isolates was used to generate the supervised model
(OPLS-DA) by classifying the isolates according to their bioassay screening results against
MRSA and E. coli (Figs 3 and 4). The OPLS-DA model based on the bioactivity of the 23 isolates against MRSA (Fig 3A) generated from 19 orthogonal X components for MRSA bioactivity gave an R2 value of 0.99 but with poor predictability Q2 value of 0.07. Percentage variation
between groups was 5.86% while within groups was 22.6%. The higher percentage variation
within groups can be explained by the separation of the outlying bioactive isolate MS.REE.13.
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Fig 3. OPLS-DA of LC-HRMS data of 23 extracts tested against MRSA after removal of the outlying inactive isolates MS.REE. 3 and 6.
(3A) Scores and (3B) loadings plot of ion peaks in m/z. (3C) Loadings S-plot against MRSA with predicted bioactive metabolites labelled with
their m/z ion peaks on the left lower quadrant. (3D) Column plot indicating the relative concentration in ion peak intensity of predicted
bioactive metabolites found in the bioactive isolates MS.REE. 13 and 22. The predicted bioactive metabolites are listed under their MZmine IDs
in Table 2 with their P values as determined from the S-plot.
https://doi.org/10.1371/journal.pone.0226959.g003

However, for visualization purposes, it was possible to define the bioactive target metabolites
responsible for separating MS.REE. 13 and 22 not only from the inactive isolates but as well as
from the rest of the bioactive isolates as shown on the OPLS-DA loadings plot (Fig 3B). The
active and inactive end of the S-plot matches the position of the respective groups as found on
the OPLS-DA scores plot is either positioned on the left or right quadrant of the ellipse. The
detected bioactive secondary metabolites were dereplicated and listed on Table 2. The loadings
S-plot shown on Fig 3C indicated the bioactive metabolites separating the active from those of
the inactive isolates against MRSA. The bioactive discriminating metabolites against MRSA
were listed on Table 2. Smaller P values � 0.10 indicated stronger evidence for predicted bioactivity against MRSA, most of which were detected from isolates MS.REE. 13 and 22. The relative abundance of these discriminating active metabolites was shown on Fig 3D. These
included ion peaks at m/z 379.165 [M+H]+ and 566.245 [M-H]- with their predicted molecular
formulas C22H22N2O4 (ring-plus-double-bond equivalent (RDB) = 13) and C37H33N3O3
(RDB = 23), respectively.
For the MVA of the bioactivity of 25 extracts against E. coli, using two components, an R2
value of 0.79 was attained. Percentage variation between groups was 6.7% while within groups
(also known as internodal variation) was 23%. The separation of the outlying bioactive isolates
MS.REE.3 and 6 resulted to the higher percentage variation within groups (Fig 4A). As also
shown in Fig 4A, the OPLS-DA scores plot (Fig 4A) for the bioactivity of the isolates against E.
coli revealed the uniqueness of MS.REE. 3 and 6 with metabolites with molecular weights ranging from 200 to 600 Da (Fig 4B). S-loadings plot was also generated for anti-E. coli bioactivity
(Fig 4C). The interesting bioactive secondary metabolites were detected mainly from isolates
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Fig 4. OPLS-DA of LC-HRMS data of 25 extracts tested against E. coli. (4A) Scores and (4B) loadings plot of ion peaks in m/z. (4C)
Loadings S-plot against E. coli with predicted bioactive metabolites labelled with their m/z ion peaks on the left lower quadrant. (4D)
Column plot indicating the relative concentration in ion peak intensity of predicted bioactive metabolites found in the bioactive isolates
MS.REE. 3, 6, 13, and 22. The predicted bioactive metabolites are listed under their MZmine IDs in Table 2 with their P values as
determined from the S-plot.
https://doi.org/10.1371/journal.pone.0226959.g004

MS.REE.3, 6, 13, and 22 as shown on Fig 4D designating their relative abundance, which will
be targeted to optimize their yield during the scale-up work.
Regarding the specificity of the discriminating bioactive metabolites against MRSA and E.
coli, unique metabolites can be assigned for the respective test strains, Table 2 (Fig 5A and 5B).
Metabolites anticipated to be specific against MRSA included P_15627, P_15328, P_11499,
and N_4053 at m/z 312.170 [M+H]+, 330.181 [M+H]+, 441.188 [M+H]+, and 566.450 [M-H]-,
respectively. On the other hand, N_2020, an ion peak at m/z 305.138 [M-H]- was predicted to
be specific against E. coli. Dereplication results are further presented and discussed below.
PCA of the proton NMR data of the 25 bioactive isolates achieved R2 and Q2 values of 0.84
and 0.59, respectively from 5 components. PCA-scores plot (Fig 6A) of the proton NMR data
showed a comparable result to the PCA results of the HRMS data exhibiting the chemical
uniqueness of isolates MS.REE. 3, 6, and 13, which were withdrawn from the rest of the isolates
establishing the main cluster. However, the clustering of the isolates was less dense in the center of the ellipse when compared to the PCA plot of the HRMS data. Isolates on the right quadrant were more distant from the media, particularly MS.REE. 9, 14, 16, 19 and 22. MS.REE. 6
and 16 were indicated as outliers. On the scores plot of the HRMS data (Fig 2B), MS.REE. 16
was not an outlier but instead clustered together with the media. The chemical shifts causing
the significant separation of the outliers and the other isolates were indicated in the loadings
plot (Fig 6B). Isolates MS.REE. 3, 6, and 13 on the left upper quadrant were dominated by the
signals 2–5 ppm, which indicated acetylated and/or glycosidic metabolites. While on the right
quadrant represented by isolates MS.REE. 9, 14, 16, 19 and 22 were presided with chemical
shifts between 0 and 2 ppm directed towards the presence of saturated fatty acids in the
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Table 2. Predicted discriminating metabolites found against MRSA and E. coli determined from their respective OPLS-DA S plots as shown in Figs 3 and 4. Ionization mode is designated on MZmine ID as P for positive mode [M+H]+ and N for negative mode [M-H]-. Highlighted rows list the unique metabolites found for the
respective bioactivities. Smaller P values � 0.10 indicate stronger evidence for predicted bioactivity.
MZmine
ID

RT
(Min)

m/z

MW
(accuracy
in ppm)

Formula
Prediction
/ RDB

Hits in DNP database
(compound no)
/ Source

P_11499�

5.94

441.188

440.181
(-0.42)

C21H24N6O5
RDB = 13

(E)-N2-isobutyryl-8-[2-(pyrid-4-yl)-ethenyl]-2’deoxyguanosine��� (1)

440.180
(2.53)

C20H28N2O9
RDB = 8

Nα-(benzyloxycar bonyl)-Nδ-(β-D-fucopyranosyl)-L
-glutamine O-methyl ester��� (2)

Isolate no. w/ P value MRSA
P value
highest
bioactivity
E. coli
intensity
bioactivity
22

0.223

inactive
end

N_14968

5.97

204.071

205.079

no prediction

no hits

13

0.255

0.099

P_11822

8.19

322.081

321.075
(-2.53)

C17H11N3O4
RDB = 14

N”-(5-hydroxy-2-oxoindolin-3-ylidene)benzofuran-2carbohydrazide��� (3)

13

0.193

0.080

P_11803�

10.66

379.165

378.158
(-0.98)

C22H22N2O4
RDB = 13

2-[3-hydroxy-2-methoxy-1-(1H-indol-3-yl) propyl]1H-indole-3-acetic acid�� (4C)/marine-derived
Rubrobacter radiotolerans

13

0.078

0.048

N_4053

11.35

566.245

567.252
(-0.008)

C37H33N3O3
RDB = 23

2,3,6-triphenyl-1-phenylcarbamoyl-4-phenylcarbamoyl
hydroxypiperidine��� (5)

22

0.082

inactive
end

N_2018

11.83

566.245

567.252
(-0.008)

C37H33N3O3
RDB = 23

22

0.087

0.079

P_11816

11.85

590.226

589.221
(-3.03)

C35H31N3O6
RDB = 22

4-amino-6,10-diaroyl-7,9-diaryl-8-oxa-2,3-diazaspiro
[4,5]deca-3-en-1-ones��� (6)

22

0.115

0.064

N_2020

12.61

305.138

306.144
(3.18)

C13H18N6O3
RDB = 8

N’,N”-[(2-oxo-1H-benzimidazole-1,3(2H) -diyl)bis
(methylene)] diacetohydrazide��� (7)

6

deleted
inactive outlier

0.070

P_11819

12.68

379.165

378.158
(-0.98)

C22H22N2O4
RDB = 13

nocazine A�� (4A) /
marine-derived
Nocardiopsis dassonvillei HR10-5

13

0.078

0.081

2’-deoxy clavulanic acid�� (4B) /
Streptomyces clavuligerus
N_2019

12.85

566.245

567.252
(-0.35)

C37H33N3O3
RDB = 23

2,3,6-triphenyl-1-phenylcarbamoyl-4-phenylcarbamoyl
hydroxypiperidine��� (5)

22

0.082

0.066

P_17236

12.87

568.244

567.237
(0.08)

C33H33N3O6
RDB = 19

3’,6’-dimethoxy-N-(4’-((1-methyl piperidin-4-yl)oxy)3’-nitro-[1,1’-biphenyl]-4-yl-[1,1’-biphenyl]3-caboxamide��� (8)

22

0.230

0.197

P_15328�

14.66

330.181

329.174
(-1.17)

C18H23N3O3
RDB = 9

3-(2-(amino) acetamido)benzofuran-2-carboxamide���
(9)

13

0.217

inactive
end

P_15267�

15.16

312.170

311.163
(-0.03)

C18H21N3O2
RDB = 10

talathermophilin E (10) / Talaromyces thermophilus
YM3-4

13

0.211

inactive
end

�

major peaks found on the base peak chromatogram as presented in S2 Table and S3 Table
interchangeable

��

���

Chemspider hits from reported antimicrobial synthesized compounds

https://doi.org/10.1371/journal.pone.0226959.t002

aforementioned isolates. Aromatic signals between 6 and 12 ppm were found on the center of
the ellipse where the media was also positioned.
Both the outlying isolates MS.REE. 6 and 16 did not exhibit any bioactivity against MRSA.
OPLS-DA plots (Fig 6C and 6D) of the bioactivity of isolates against MRSA, similarly, indicated the chemical uniqueness of isolates MS.REE. 13 and 22 as determined from the multivariate analysis of the HRMS data. MS.REE. 13 and 22 were situated at the end of the active
cluster on the left quadrant of the scores plot (Fig 6C), positioned at the upper and lower quadrants, respectively. The internodal variation score within the group was at 30.7% while the variation score between the groups was at 5.93% as the isolates for both groups were distributed
on both the upper and lower quadrants of the scores plot. The S-plot shown on Fig 6D
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Fig 5. Column plots of the relative abundance of predicted bioactive metabolites against MRSA. (5A) and E. coli (5B) unique to isolates
MS.REE. 13, 22, 3, and 6, respectively. The predicted bioactive metabolites are listed under their MZmine IDs in Table 2.
https://doi.org/10.1371/journal.pone.0226959.g005

exhibited chemical shifts between 3 and 10 ppm for the active end while the inactive end was
dominated by aliphatic signals ranging from 0 to 2 ppm.
OPLS-DA plots (Fig 6E and 6F) for the bioactivity of the isolates on E. coli suggested MS.
REE. 3, 6, 14, and 22 as the most distinct in terms of their chemical profile as shown by the
scores plot on Fig 6E. However, the S plot on Fig 6F did not indicate a clear separation of the
type of chemical shifts between the active and inactive group, although a higher density of the
aromatic signals (6–8 ppm) can be observed on the active end. This was also indicated by the
overlapping of the active and inactive isolates on the scores plot resulting to a small difference
in variation scores within and between groups at 18.7% and 14.8%, respectively.

Dereplication of the selected isolates
As mentioned above, two outlying isolates MS.REE. 13 and 22 were found highly active against
all bacterial strains tested. Isolates MS.REE. 13 and 22 were then revisited and investigated
intensively in terms of their dereplication results. Both isolates yielded a high number of m/z
features for their respective extracts (S1 Table). The total number of features combined from
both positive and negative ionization mode for MS.REE. 13 was 8885, which was a little bit
more than MS.REE. 22, which had 8831 features. About 48% of the features detected in MS.
REE. 13 were known metabolites while 52% afforded no matching hits from the DNP database.
This result was very similar to MS.REE. 22, which had 47% of its features as known compounds while the remaining 53% had no hits in the DNP database (S1 Table). This dereplication result indicated a higher occurrence of novel metabolites from both selected isolates as
more than 50% of their metabolites afforded no matching hits from the DNP database. Table 2
summarizes the dereplication of the interesting metabolites indicated on the active side of the
S-plot for the anti-MRSA and anti-E. coli activities with highest peak intensities occurring
either MS.REE. 13 or MS.REE. 22. Most of the m/z features in Table 2 were unidentified from
the DNP database, which are promising for novel natural products discovery. Compounds
with matching hits from the DNP database listed in Table 2 were putatively identified as earlier
reported from microbial natural products.
Regarding isolate MS.REE. 13, as shown in S2 Table, all the predicted molecular formula of
the major ion peaks exhibited a high number of oxygen atoms or the presence of both oxygen
and nitrogen moieties, which indicated the occurrence of either glycosidic compounds or peptides. This matched the result of NMR loadings plot where isolate MS.REE. 13 afforded higher
density of chemical shifts in the 3 to 5 ppm region indicated by the yellow dots as shown on

PLOS ONE | https://doi.org/10.1371/journal.pone.0226959 December 30, 2019

14 / 29

Screening of bioactive natural products from soil actinomycetes

Fig 6. Multivariate analysis of the 1H-NMR chemical shift data in ppm of 25 extracts tested against MRSA and E. coli. (6A) PCA-scores
and (6B) -loadings plot of 25 isolates. OPLS-DA scores plot against MRSA (6C) and E. coli (6E). OPLS-DA loadings S-plot of isolates against
MRSA (6D) and E. coli (6F).
https://doi.org/10.1371/journal.pone.0226959.g006

the left upper quadrant of the loadings plot in Fig 6B. This can be confirmed from the COSY
correlation spectrum of MS.REE. 13 that when overlaid with that of the culture medium, it
indicated peaks at 3 to 5 ppm exclusively from isolate 13 (S2 Fig). Dereplication study showed
that most of the higher intensity ion peaks of MS.REE. 13 (S3A and S3B Fig) yielded hits from
the DNP database (S2 Table). However, some of the matching hits of the identified metabolites
were of fungal origin and not from actinomycetes while only two hits were putatively identified as bacterial metabolites. Most of the higher intensity ion peaks from isolate MS.REE. 13
were also indicated on the bioactive end of the S-plot. The dereplication of the classified bioactive compounds afforded some interesting hits that included ion peak at m/z 379.165 [M+H]+,
with a predicted molecular formula of C22H22N2O4. which was putatively identified as bacterial
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metabolites 4A, B, or C. This ion peak was putatively identified as either nocazine A (4A), a
metabolite isolated from the marine actinomycete Nocardiopsis dassonvillei HR10-5 [66]. This
feature was also putatively identified as 2’-deoxy,2’-dibenzylamino clavulanic acid (4B), a
derivative of clavulanic acid which was first described to be produced by Streptomyces clavuligerus (S. clavuligerus) ATCC 27064 as a β-lactamase inhibitor [67] or (2-[3-hydroxy-2-methoxy-1-(1H-indol-3-yl)propyl]-1H-indole-3-acetic acid) (4C), an actinobacterial metabolite
isolated from marine-derived actinomycete Rubrobacter radiotolerans [68] (Fig 7). The MS
fragmentation of the ion peak at m/z 379.165 [M+H]+ with a retention time of 10.66 min,
which was among the major peaks observed from the base peak chromatogram of MS.REE. 13
(S6 Fig) was compatible to that of 4C. Another ion peak at m/z 312.170 [M+H]+ with a predicted formula of C18H21N3O2 was putatively identified as the fungal metabolite talathermophilin E (10), which was isolated from fungus Talaromyces thermophilus strain YM3-4 [69]
(Fig 7).
Through inspection of the HRMS chromatogram of MS.REE. 22, which was overlaid with
the chromatogram of the culture medium, it was observed that many of the major ion peaks
did belong to MS.REE. 22 in both positive and negative ionization modes (S4A and S4B Fig).
Listed ion peaks shown in S3 Table were mostly higher intensity peaks that did not yield any
hits from the DNP database, which is quite promising to go for further scale-up chemical isolation work. It was also interesting to note that the RDBs of the predicted molecular formula of
most of the higher intensity peaks observed in MS.REE. 22 were between 5 and 13 ppm indicating the presence of aromatic and/or olefinic compounds. The presence of the aromatic and/
or olefinic compounds was also demonstrated by the results shown in Fig 6D. Target bioactive
features for isolate MS.REE. 22 on the NMR loadings plot (Fig 6D) exhibited chemical shifts at
5–7 ppm and were also highlighted in the COSY correlation spectrum as shown in S5 Fig. As
found in isolate MS.REE. 13, isolate 22 afforded a similar major ion peak at m/z 379.165 [M
+H]+.
Other ion peaks that were detected on the active end of the S-plots but were not matched to
any compounds from the DNP included ion peaks at m/z [M+H]+ 312.170, 322.081, 330.181,
379.165, 441.181, 568.244, and 590.226, while for the negative mode, ion peaks at m/z [M-H]204.071, 305.138, and 566.245 were found. Except for the ion peak at m/z 204.071 [M-H]-, all
ion peaks generated a predicted molecular formula and the putatively identified bioactive
metabolites contained both nitrogen and oxygen with RDBEs between 8 to 23. Using Chemspider, the predicted molecular formulas with the search term “antimicrobials”, synthetically
produced compounds were dereplicated, which included 8-substituted-2’-deoxyguanosines
(1) [70], glycosyl amides (2) [71], benzofurans (3, 9) [72, 73], diphenyl-4-hydroxypiperidines
(5) [74], spiro heterocycles (6) [75], benzimidazoles (7) [76] and biphenyls (8) [77]. N_2020 or
compound 7 was dereplicated as an antimicrobial synthetic benzimidazole congener [76] and
was a metabolite determined to be putatively specific against E. coli. Synthesized benzimidazoles have been lately described for their antibacterial activities similarly against S. aureus and
E. coli [78].
The dereplication work done in this study, was used to assist the isolation of the bioactive
metabolites from the selected isolates. From the 12 putatively dereplicated targeted bioactive
compounds listed on Table 2 in this study, only four were natural products (4A, 4B, 4C, and
10) that were previously described from Actinomycetes, while solely metabolite 4B (2’-deoxy
clavulanic acid) was the only one reported to be isolated from a Streptomyces species. All these
putatively identified known natural products were dereplicated from both MS.REE. 13 and 22,
with higher concentrations found in MS.REE. 13. S2 Table and S3 Table listed the 6 major
peaks for each isolates including those two ion peaks identified to be the bioactive metabolites
4A, 4B or 4C, and 10. However, the other two ion peaks dereplicated for isolate 13 were
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Fig 7. Chemical structures of dereplicated bioactive metabolites for the selected isolates MS.REE. 3, 6, 13 and 22.
https://doi.org/10.1371/journal.pone.0226959.g007

described as fungal metabolites while two other peaks did not give any matching hit. For isolate 22, the rest of the major ion peaks did not find any matching hit from the DNP database.
This dereplication step indicated the uniqueness of the chemical profiles of MS.REE. 13 and 22
with novel natural products to be subjected for further chromatographic isolation work. However, it was also important and necessary to explore the type of bioactive compounds that will
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match the predicted molecular formula from a database like Chemspider. The set of information provided by the dereplication study, specifically those hits found from Chemspider albeit
chemically synthesized compounds was still a useful aid in determining the mode of isolation
work and structural elucidation tools needed to identify the bioactive metabolites. The
deduced information from Chemspider on the type of the expected chemistry for these new
bioactive natural products were compatible with the NMR spectral data as already mentioned
above and as shown in S2 Fig as well as indicated by the NMR loadings plot (Fig 6D and 6F)
for focusing into the functional groups responsible for the bioactivity of the predicted metabolites. The dereplication work presented here will not be conclusive in terms of elucidating the
structure of the compounds but the objective of this study is to put together a systematic methodology that would be statistically robust in prioritizing isolates from an underexplored collection of microorganisms for further tedious chemical work in finally identifying the
antibacterial compound. The results of this dereplication study coupled to a metabolomics
approach by utilizing multivariate analysis has provided the practicality of targeting and pinpointing the bioactive metabolites as also shown by our earlier studies [17, 22, 29–37]. Such a
coupled approach has proven to be time and cost-efficient when the target bioactive metabolites were directly pinpointed and partially elucidated from the first fractionation stage.
The utilization of MVA was shown to identify the bioactive metabolite regardless of its concentration in the fraction of the crude extract by using the OPLS-DA loadings S-plot. The
metabolites were distributed according to the same quadrants to where the active and inactive
fractions were positioned on the OPLS-DA scores plots. This approach rectified the common
oversight in a bioassay-guided isolation procedure where the major components of a bioactive
crude extract or fraction were more perceptibly targeted to afford a pure but inactive metabolite. In this study, it was demonstrated that the major ion peaks detected on the base peak chromatogram (S3A and S3B Fig, and S4A and S4B Fig) were not designated as the bioactive
metabolite in the OPLS_DA loadings S-plot. The ion peaks were not detectable in the base
peak chromatogram either due to their low yield or poor ionization capability. It is, indeed,
however a challenge when a metabolomics-guided approach is utilized to target a bioactive
metabolite that is present in a crude extract or fraction at nanogram levels, which could be
unfeasible to isolate. In addition, the relative concentration of the ion peaks on the total ion
chromatogram is highly dependent on the ability of the respective compounds to ionize at certain modes and methods of ionization, for this reason, the NMR spectral data does support the
analysis for the “true” relative abundance of the various metabolites. The isolated compounds
afforded medium to weaker antibiotic activity with MICs from 250 to 800 μM. Albeit, the
occurrence of these isolated compounds was apparent only on the active quadrant of the
OPLS-DA loadings plot of the crude extracts (Fig 8A–8C) and not found in the inactive side of
the plot. Two new compounds, P_24306 (C10H13N2) and N_12799 (C18H32O3) with MICs of
795 and 432 μM, were afforded from the scale-up of MS.REE. 13 and 22, respectively (Fig 8B
and 8C). Fractionation of the scaled-up isolates MS.REE. 13 and 22 did reveal the targeted bioactive metabolites listed on Table 2 along with the isolated compounds on the active quadrant
of the OPLS-DA plot grouped according to their activity against MRSA. It was also demonstrated that the isolated compounds were not easily ionized in the electro-spray ionization
mass spectral platform resulting to the low intensity of their mass ion peaks although the corresponding proton signals can be detected by NMR (Fig 6D) with resonances between 0–3 ppm
for the acetylated aliphatic alkyl chain and 4–6 ppm for the hydroxylated and olefinic moieties.
The mass ion peak intensities of the isolated compounds did improve preceding fractionation.
A bioassay- and metabolomic-guided approach was also used to chromatographically isolate
the bioactive metabolites shown on Fig 8D and 8E. Subsequent to fractionation, the detected
bioactive metabolites from the crude extracts were still positioned on the active quadrant.
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Fig 8. Mapping the targeted and isolated bioactive metabolites on OPLS-DA plots. (8A) OPLS-DA loadings plot of crude extracts. The isolated compounds are
represented by a 4-point star. (8B) Dereplication table and bioassay results against MRSA for the isolated compounds with streptomycin as positive standard. (8C)
Structures of the isolated bioactive compounds. (8D) OPLS-DA loadings plot of MS. REE. 13 fractions. (8E) OPLS-DA loadings plot of MS. REE. 22 fractions. Both
isolated and the targeted bioactive metabolites were marked with a 4-point star.
https://doi.org/10.1371/journal.pone.0226959.g008

However, it was also observed that a new set of bioactive metabolites were also detected. As the
concentration of the less ionized bioactive metabolites increased, it was feasible to go over its
threshold level for quantification.

Molecular biological characterization of the selected actinomycete isolates
The amplified 16S rRNA gene sequences of the selected isolates MS.REE. 13 and 22 showed
very high similarity (100% and 99% respectively) with many Streptomyces sp. sequences in
NCBI GenBank. The partial 16S rRNA gene sequences of MS.REE. 13 and 22 aligned with closely
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related sequences from the NCBI GenBank and by using MEGA7 software, the phylogenetic tree
of the isolates was created using the Neighbor-Joining method. As shown in Fig 9, many Streptomyces hits were similar to our selected isolates which confirmed that they belong to the genus
Streptomyces. However, it was difficult to assign the taxonomical classification to the species
level. Therefore, both isolates were classified as Streptomyces sp., which is consistent with an earlier report [79] mentioning that 16s rRNA gene sequencing is an insufficient tool to assign the
phylogeny of the closely related species because of the conserved sequences. The results of the
present study partially matches earlier studies [80] as they managed to define the phylogenetic
identification of many Streptomyces sp. using the 16S rRNA sequencing of many strains, however
it was not a useful tool to identify some other strains to species level in the same study.
The closely related actinomycete S. rochei have the biggest number of 37 reported natural
products with 15 compounds described to exhibit antimicrobial activity (antibacterial or antifungal). Interesting metabolites were detected in the selected isolates MS.REE. 13 and 22 that
were earlier isolated from S. rochei which was the only related species producing these dereplicated metabolites, while the other species neighbor to our selected isolates did not afford any
matching compounds in the dereplication study. Five putatively identified metabolites were
earlier described from S. rochei, from which four compounds were detected from MS.REE. 22
and three metabolites were found in MS.REE. 13 with two shared compounds produced by
both isolates (Table 3, Fig 10). One of the interesting hits was the ion peak at m/z 418.259 [M
+H]+ that was yielded from MS.REE. 13, with a molecular formula of C24H35NO5, which was
putatively identified as lankacyclinol (11). Lankacyclinol (11) or also known as antibiotic T
2636G is a polyene-type antibiotic that exhibited potent antimicrobial activity [84, 85]. Furthermore, another ion peak at m/z 490.316 [M+H]+ with predicted molecular formula of
C28H43NO6 that was detected in both isolates MS.REE. 13 and 22 was putatively identified as
borrelidin (12), an antiviral agent also isolated from S. rochei [86, 87]. The MS fragmentation
of the ion peak at m/z 490.316 [M+H]+ is shown on S7 Fig that is compatible for borrelidin
(12). On the other hand, another derivative with a molecular formula of C26H37NO6 was
found at m/z 460.270 [M+H]+, which was only produced by MS.REE. 22 was putatively identified as lankacyclinol A (13) also named as antibiotic T 2636E [85]. Another ion peak detected
in MS.REE. 22 was found at m/z 801.501 [M+H]+ with a molecular formula of C42H72O14 and
was identified to be 8,15-dideoxylankamycin (14), a compound isolated from a mutant strain
of S. rochei [88]. This metabolite was a derivative of the macrolide antibiotic lankamycin [88,
89]. The MS fragmentation of the ion peak at m/z 801.501 [M+H]+ is presented on S8 Fig that
is well-matched for 8,15-dideoxylankamycin (14). Due to the observed lower intensity ion
peaks at m/z [M+H]+ 418.259 and 460.270, it was not plausible to deduce any MS fragmentation data. These dereplication results were essential to further confirm chemotaxonomical
relationship of the bioactive isolates found in this current collection to the strain S. rochei.
Although chemical biomarkers specific for S. rochei were found and dereplicated, these compounds were not necessarily responsible for the bioactivity of the crude extracts as indicated in
this study. For this two-year research project, due to time and funding constraints, it was only
possible to subject two isolates for taxonomical identification and hence, it was vital to set-up
this metabolomics-guided dereplication approach in prioritizing the isolates for further work.
Taxonomical work would entail full data analysis for the biochemical identification, morphological characterization, 16S rRNA and DNA-DNA hyperdization.

Conclusions
A total of 58 isolates were isolated from different soil samples collected from Ihnasia City,
Egypt from which 25 isolates were active against at least one of the tested indicator microbial
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Fig 9. Phylogenetic tree of MS.REE. 13 and MS.REE. 22 isolates based on partial 16S rRNA gene sequences. The phylogenetic tree was inferred using the NeighborJoining method [81]. The distances were computed using the Kimura 2-parameter method [82] and are in the units of the number of base substitutions per site.
Numbers at nodes indicate percentages of 1000 bootstrap re-samplings. The analysis involved 25 nucleotide sequence. Codon positions included were 1st+2nd+3rd
+Noncoding. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA7 [83].
https://doi.org/10.1371/journal.pone.0226959.g009

strains. Chemical profiles of the bioactive crude extracts were investigated using both NMR
and LC-HRMS followed by multivariate analysis which was performed for 25 bioactive
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Table 3. Dereplicated metabolites, which were earlier reported from related species S. rochei as detected in the phylogenetic analysis of the bioactive isolates MS.
REE. 13 and 22. Structures of compounds 11 to 14 are shown in Fig 10.
MZmine ID

RT

m/z

MW
(accuracy in ppm)

Predicted Molecular formula

Putative compound identified

Isolate yielding the metabolite

N_ 2571

16.20

656.270
[M-H]-

657.278
(-0.64)

C34H43NO12

antibiotic T 2636K

13
22

P_ 22661

18.58

418.259
[M+H]+

417.251
(-1.15)

C24H35NO5

lankacyclinol (11)

13

P_ 7908

19.03

490.316
[M+H]+

489.309
(0.007)

C28H43NO6

borrelidin (12)

13
22

P_32128

21.29

460.27
[M+H]+

459.262
(1.35)

C26H37NO6

lankacyclinol A (13)

22

P_ 33188

23.42

801.501
[M+H]+

800.492
(2.09)

C42H72O14

8,15-dideoxylankamycin (14)

22

https://doi.org/10.1371/journal.pone.0226959.t003

extracts. PCA was used to differentiate the isolates depending on their chemical diversity and
novelty, while OPLS-DA was used to compare the chemical profiles of the NMR and mass
spectral data of the isolates by classifying the extracts and fractions according to their biological
activity. The tested isolates exhibited a chemical diversity of 84% indicating four outlying
extracts MS.REE. 3, 6, 12, and 22 by PCA. MS.REE.13 and 22 were chosen for scale-up work.
On the other hand, outliers MS.REE. 3 and 6, which were only found active against E. coli and
inactive against MRSA that was the main target activity for initial scale-up work, were then
excluded for further analysis. Dereplication with a metabolomics approach was a fascinating
tool used for isolate selection and prioritization as it helped in predicting the probability of
each isolate to produce novel compounds, the functional groups responsible for the bioactivity,
and to know the source of each metabolite which was preliminarily identified putatively. By
correlating the dereplication results with the biological activity of the isolates, it was demonstrated that selection of isolates which were both biologically active and had interesting chemical profiles could support the efforts of the drug discovery campaign and increases the chance
for the discovery of novel natural products. The metabolomics approach was a valuable tool in
isolate prioritization for drug discovery programs due to the low chance of redundancy of isolating the same set of compounds with similar reported bioactivities. A metabolomics-guided
approach provided the lead to targeting bioactive metabolites that are present in a crude
extract or fraction even at nanogram levels, which may not be perceivable in a chromatogram,
but it is, however, a challenge that such low yields would be feasible to isolate. The isolated
compounds exhibited medium to weak antibiotic activity with MICs from 250 to 800 μM
while their occurrence was established to be only on the active side of OPLS-DA loadings plot
(Fig 8). Two new compounds, P_24306 (C10H13N2) and N_12799 (C18H32O3) with MICs of
795 and 432 μM, were afforded from the scale-up of MS.REE. 13 and 22, respectively. Most
active were (E)-14-methylpentadec-9-enoic acid and 15-methylhexadecanoic acid with MIC
values of approximately 250 μM due to their enhanced capability to permeate the lipophilic
cell membrane [90]. The pinpointed bioactive natural products (P<0.01) through a metabolomics approach, particularly those established by mass spectrometry, will have to be revisited to
enhance their production and yield, which would need optimization of the culture media by
changing the carbon or nitrogen sources or the addition of elicitors.
However, as realized in this study, it is important to use a combination of analytical tools to
target all types of diverse chemistry. Such analytical tools must also include a combination of
different ionization platforms for mass spectrometry albeit NMR spectroscopy does fill up the
gap in getting the entire representation of the different ratios of the various compounds present in a mixture, the presence of metabolites at micro- or nanogram levels is not feasible to
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Fig 10. Chemical structures of dereplicated metabolites earlier reported from related species S. rochei.
https://doi.org/10.1371/journal.pone.0226959.g010

detect. From this study, it was further concluded that Egyptian soil actinomycetes samples
were found to be still a rich source of biologically active natural products worth for further
research.

Supporting information
S1 Fig. Antimicrobial activity screening of crude extracts using cup diffusion method
against B. subtilis as illustrated for MS.REE. 1, 3, 4, and 6. The zones of inhibition were measured and recorded as active when it was greater than 12 mm. Twenty-five bioactive isolates
were found out of the total of 58 isolated actinomycetes.
(DOCX)
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S2 Fig. 2D-NMR COSY spectrum of MS.REE. 13 overlaid with culture medium. Signals in
orange are from the MS.REE. 13 and signals in grey are from the culture medium. Highlighted
correlations indicate the significant chemical shifts which made MS.REE. 13 an outlier.
(DOCX)
S3 Fig. Base peak chromatograms of both positive and negative modes for the bacterial
extract of MS.REE. 13, annotated to indicate major metabolites produced by the bacteria
and are not from the medium shown in S2 Table. (A) Positive ion mode and (B) Negative
ion mode.
(DOCX)
S4 Fig. Base peak chromatograms of both positive and negative modes for the bacterial
extract of MS.REE. 22, annotated to indicate major metabolites produced by the bacteria
and are not from the medium shown in S3 Table. (A) Positive ion mode and (B) Negative
ion mode.
(DOCX)
S5 Fig. 2D-NMR COSY spectrum of MS.REE. 22 overlaid with culture medium. Signals in
orange are from the MS.REE. 22 and signals in grey are from the culture medium. Highlighted
correlations indicate the significant chemical shifts which made MS.REE. 22 an outlier.
(DOCX)
S6 Fig. HRMS fragmentation of the ion peak at m/z 379.165 [M+H]+ for 2-[3-hydroxy2-methoxy-1-(1H-indol-3-yl) propyl]-1H-indole-3-acetic acid (4C).
(DOCX)
S7 Fig. HRMS fragmentation of the ion peak at m/z 490.316 [M+H]+ for borrelidin (12).
(DOCX)
S8 Fig. HRMS fragmentation of the ion peak at m/z 801.501 [M+H]+ for 8,15-dideoxylankamycin (14).
(DOCX)
S1 Table. Summary of the total number of features (m/z) detected in the bioactive outlying
bacterial extracts (MS.REE. 13 and 22) including number of features in negative and positive
modes after solvent peaks removal (a), number of features after removing the effect of the culture medium (b) and number of both unknown and putatively identified features from DNP
database (c).
(DOCX)
S2 Table. Dereplication of selected major ion peaks in MS.REE. 13.
(DOCX)
S3 Table. Dereplicated selected major ion peaks in MS.REE. 22.
(DOCX)
S4 Table. Different seasons during which the bioactive isolates were collected.
(DOCX)

Acknowledgments
We would like to thank Department of Microbiology and Immunology, Faculty of Pharmacy,
Beni-Suef University, Egypt for hosting the first part of this research work. Also, authors are so
grateful for Jordan Twigg for his help in the 16S rRNA sequencing.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226959 December 30, 2019

24 / 29

Screening of bioactive natural products from soil actinomycetes

Author Contributions
Conceptualization: RuAngelie Edrada-Ebel.
Formal analysis: Mohamed Sebak, RuAngelie Edrada-Ebel.
Funding acquisition: Mohamed Sebak.
Investigation: Mohamed Sebak.
Methodology: Mohamed Sebak, Ahmed O. El-Gendy, Laia Castaño Espriu, Katherine
Duncan, RuAngelie Edrada-Ebel.
Software: RuAngelie Edrada-Ebel.
Supervision: Amal E. Saafan, Sameh AbdelGhani, Walid Bakeer, Ahmed O. El-Gendy, Katherine Duncan, RuAngelie Edrada-Ebel.
Writing – original draft: Mohamed Sebak.
Writing – review & editing: Amal E. Saafan, Sameh AbdelGhani, Walid Bakeer, Ahmed O.
El-Gendy, RuAngelie Edrada-Ebel.

References
1.

Newman DJ, Cragg GM. Natural products as sources of new drugs over the 30 years from 1981 to
2010. J Nat Prod. 2012; 75(3):311–35. https://doi.org/10.1021/np200906s PMID: 22316239; PubMed
Central PMCID: PMC3721181.

2.

Waters AL, Hill RT, Place AR, Hamann MT. The expanding role of marine microbes in pharmaceutical
development. Curr Opin Biotechnol. 2010; 21(6):780–6. https://doi.org/10.1016/j.copbio.2010.09.013
PMID: 20956080; PubMed Central PMCID: PMC2994104.

3.

Berdy J. Bioactive microbial metabolites. J Antibiot (Tokyo). 2005; 58(1):1–26. https://doi.org/10.1038/
ja.2005.1 PMID: 15813176.

4.

Demain AL, Sanchez S. Microbial drug discovery: 80 years of progress. J Antibiot (Tokyo). 2009; 62
(1):5–16. https://doi.org/10.1038/ja.2008.16 PMID: 19132062.

5.

Chavan DV, Mulaje SS, Mohalkar RY. A Review on actinomycetes and their biotechnological applications. International Journal of pharmaceutical sciences and research. 2013; 4(5):1730–42. http://dx.doi.
org/10.13040/IJPSR.0975-8232.4(5).1730-42.

6.

Lam KS. New aspects of natural products in drug discovery. Trends in Microbiology. 2007; 15(6):279–
89. https://doi.org/10.1016/j.tim.2007.04.001 PMID: 17433686

7.

Undabarrena A, Beltrametti F, Claverias FP, Gonzalez M, Moore ER, Seeger M, et al. Exploring the
Diversity and Antimicrobial Potential of Marine Actinobacteria from the Comau Fjord in Northern Patagonia, Chile. Front Microbiol. 2016; 7:1135. https://doi.org/10.3389/fmicb.2016.01135 PMID:
27486455; PubMed Central PMCID: PMC4949237.

8.

Goodfellow M, Williams ST. Ecology of actinomycetes. Annu Rev Microbiol. 1983; 37:189–216. https://
doi.org/10.1146/annurev.mi.37.100183.001201 PMID: 6357051.

9.

Ahmad MS, El-Gendy AO, Ahmed RR, Hassan HM, El-Kabbany HM, Merdash AG. Exploring the Antimicrobial and Antitumor Potentials of Streptomyces sp. AGM12-1 Isolated from Egyptian Soil. Front
Microbiol. 2017; 8:438. https://doi.org/10.3389/fmicb.2017.00438 PMID: 28348553; PubMed Central
PMCID: PMC5346535.

10.

Awad M, El-Sahed K, El-Nakkadi A. Isolation, screening and identification of newly isolated soil Streptomyces (Streptomyces sp. NRC-35) for b-Lactamase inhibitor production. World Appl Sci J. 2009; 7
(5):637–46.

11.

Hozzein WN, Goodfellow M. Streptomyces synnematoformans sp. nov., a novel actinomycete isolated
from a sand dune soil in Egypt. Int J Syst Evol Microbiol. 2007; 57(Pt 9):2009–13. https://doi.org/10.
1099/ijs.0.65037-0 PMID: 17766864.

12.

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. Chem Biol. 1998; 5(10):R245–
9. https://doi.org/10.1016/s1074-5521(98)90108-9 PMID: 9818143.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226959 December 30, 2019

25 / 29

Screening of bioactive natural products from soil actinomycetes

13.

Ritacco FV, Haltli B, Janso JE, Greenstein M, Bernan VS. Dereplication of Streptomyces soil isolates
and detection of specific biosynthetic genes using an automated ribotyping instrument. J Ind Microbiol
Biotechnol. 2003; 30(8):472–9. https://doi.org/10.1007/s10295-003-0038-0 PMID: 12687492.

14.

Jensen PR, Williams PG, Oh DC, Zeigler L, Fenical W. Species-specific secondary metabolite production in marine actinomycetes of the genus Salinispora. Appl Environ Microbiol. 2007; 73(4):1146–52.
https://doi.org/10.1128/AEM.01891-06 PMID: 17158611; PubMed Central PMCID: PMC1828645.

15.

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. Anal Chem. 2012; 84(10):4277–83.
https://doi.org/10.1021/ac202623g PMID: 22519562; PubMed Central PMCID: PMC3352271.

16.

Abdelmohsen UR, Bayer K, Hentschel U. Diversity, abundance and natural products of marine spongeassociated actinomycetes. Nat Prod Rep. 2014; 31(3):381–99. https://doi.org/10.1039/c3np70111e
PMID: 24496105.

17.

Tawfike AF, Viegelmann C, Edrada-Ebel R. Metabolomics and dereplication strategies in natural products. Methods Mol Biol. 2013; 1055:227–44. Epub 2013/08/22. https://doi.org/10.1007/978-1-62703577-4_17 PMID: 23963915.

18.

Forner D, Berrue F, Correa H, Duncan K, Kerr RG. Chemical dereplication of marine actinomycetes by
liquid chromatography-high resolution mass spectrometry profiling and statistical analysis. Anal Chim
Acta. 2013; 805:70–9. https://doi.org/10.1016/j.aca.2013.10.029 PMID: 24296145.

19.

Macintyre L, Zhang T, Viegelmann C, Martinez IJ, Cheng C, Dowdells C, et al. Metabolomic tools for
secondary metabolite discovery from marine microbial symbionts. Mar Drugs. 2014; 12(6):3416–48.
https://doi.org/10.3390/md12063416 PMID: 24905482; PubMed Central PMCID: PMC4071584.

20.

Harvey AL, Edrada-Ebel R, Quinn RJ. The re-emergence of natural products for drug discovery in the
genomics era. Nat Rev Drug Discov. 2015; 14(2):111–29. https://doi.org/10.1038/nrd4510 PMID:
25614221.

21.

Bobzin SC, Yang S, Kasten TP. LC-NMR: a new tool to expedite the dereplication and identification of
natural products. J Ind Microbiol Biotechnol. 2000; 25(6):342–5. https://doi.org/10.1038/sj.jim.7000057
PMID: 11320422.

22.

Abdelmohsen UR, Cheng C, Viegelmann C, Zhang T, Grkovic T, Ahmed S, et al. Dereplication strategies for targeted isolation of new antitrypanosomal actinosporins A and B from a marine sponge associated-Actinokineospora sp. EG49. Mar Drugs. 2014; 12(3):1220–44. https://doi.org/10.3390/
md12031220 PMID: 24663112; PubMed Central PMCID: PMC3967206.

23.

van der Werf MJ, Jellema RH, Hankemeier T. Microbial metabolomics: replacing trial-and-error by the
unbiased selection and ranking of targets. J Ind Microbiol Biotechnol. 2005; 32(6):234–52. https://doi.
org/10.1007/s10295-005-0231-4 PMID: 15895265.

24.

Yang JY, Sanchez LM, Rath CM, Liu X, Boudreau PD, Bruns N, et al. Molecular networking as a dereplication strategy. J Nat Prod. 2013; 76(9):1686–99. https://doi.org/10.1021/np400413s PMID: 24025162;
PubMed Central PMCID: PMC3936340.

25.

Kjer J, Debbab A, Aly AH, Proksch P. Methods for isolation of marine-derived endophytic fungi and their
bioactive secondary products. Nat Protoc. 2010; 5(3):479–90. https://doi.org/10.1038/nprot.2009.233
PMID: 20203665.

26.

Robinette SL, Bruschweiler R, Schroeder FC, Edison AS. NMR in metabolomics and natural products
research: two sides of the same coin. Acc Chem Res. 2012; 45(2):288–97. https://doi.org/10.1021/
ar2001606 PMID: 21888316; PubMed Central PMCID: PMC3284194.

27.

Boroujerdi AF, Vizcaino MI, Meyers A, Pollock EC, Huynh SL, Schock TB, et al. NMR-based microbial
metabolomics and the temperature-dependent coral pathogen Vibrio coralliilyticus. Environ Sci Technol. 2009; 43(20):7658–64. https://doi.org/10.1021/es901675w PMID: 19921875.

28.

Tang J. Microbial metabolomics. Curr Genomics. 2011; 12(6):391–403. https://doi.org/10.2174/
138920211797248619 PMID: 22379393; PubMed Central PMCID: PMC3178908.

29.

Tawfike AF, Abbott G, Young L, Edrada-Ebel R. Metabolomic-Guided Isolation of Bioactive Natural
Products from Curvularia sp., an Endophytic Fungus of Terminalia laxiflora. Planta Med. 2018; 84
(3):182–90. Epub 2017/08/29. https://doi.org/10.1055/s-0043-118807 PMID: 28847019.

30.

Tawfike AF, Tate R, Abbott G, Young L, Viegelmann C, Schumacher M, et al. Metabolomic Tools to
Assess the Chemistry and Bioactivity of Endophytic Aspergillus Strain. Chem Biodivers. 2017; 14(10).
Epub 2017/07/04. https://doi.org/10.1002/cbdv.201700040 PMID: 28672096.

31.

Cheng C, MacIntyre L, Abdelmohsen UR, Horn H, Polymenakou PN, Edrada-Ebel R, et al. Biodiversity,
Anti-Trypanosomal Activity Screening, and Metabolomic Profiling of Actinomycetes Isolated from Mediterranean Sponges. PLoS One. 2015; 10(9):e0138528. Epub 2015/09/26. https://doi.org/10.1371/
journal.pone.0138528 PMID: 26407167; PubMed Central PMCID: PMC4583450.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226959 December 30, 2019

26 / 29

Screening of bioactive natural products from soil actinomycetes

32.

Chagas-Paula DA, Zhang T, Da Costa FB, Edrada-Ebel R. A Metabolomic Approach to Target Compounds from the Asteraceae Family for Dual COX and LOX Inhibition. Metabolites. 2015; 5(3):404–30.
Epub 2015/07/18. https://doi.org/10.3390/metabo5030404 PMID: 26184333; PubMed Central PMCID:
PMC4588803.

33.

Chagas-Paula DA, Oliveira TB, Zhang T, Edrada-Ebel R, Da Costa FB. Prediction of Anti-inflammatory
Plants and Discovery of Their Biomarkers by Machine Learning Algorithms and Metabolomic Studies.
Planta Med. 2015; 81(6):450–8. Epub 2015/01/24. https://doi.org/10.1055/s-0034-1396206 PMID:
25615275.

34.

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. Mar Drugs. 2014; 12(6):3323–51.
Epub 2014/06/04. https://doi.org/10.3390/md12063323 PMID: 24893324; PubMed Central PMCID:
PMC4071579.

35.

Kamal N, Viegelmann CV, Clements CJ, Edrada-Ebel R. Metabolomics-Guided Isolation of Anti-trypanosomal Metabolites from the Endophytic Fungus Lasiodiplodia theobromae. Planta Med. 2017; 83
(6):565–73. Epub 2016/10/21. https://doi.org/10.1055/s-0042-118601 PMID: 27760442.

36.

Raheem DJ, Tawfike AF, Abdelmohsen UR, Edrada-Ebel R, Fitzsimmons-Thoss V. Application of
metabolomics and molecular networking in investigating the chemical profile and antitrypanosomal
activity of British bluebells (Hyacinthoides non-scripta). Sci Rep. 2019; 9(1):2547. Epub 2019/02/24.
https://doi.org/10.1038/s41598-019-38940-w PMID: 30796274; PubMed Central PMCID:
PMC6385288.

37.

Tawfike AF, Romli M, Clements C, Abbott G, Young L, Schumacher M, et al. Isolation of anticancer and
anti-trypanosome secondary metabolites from the endophytic fungus Aspergillus flocculus via bioactivity guided isolation and MS based metabolomics. J Chromatogr B Analyt Technol Biomed Life Sci.
2019; 1106–1107:71–83. Epub 2019/01/19. https://doi.org/10.1016/j.jchromb.2018.12.032 PMID:
30658264.

38.

Rabah FL, Elshafei A, Saker M, Cheikh B, Hocine H. Screening, isolation and characterization of a
novel antimicrobial producing actinomycete, strain RAF10. Biotechnology. 2007; 6(4):489–96.

39.

El-Shatoury S, El-Kraly O, El-Kazzaz W, Dewedar A. Antimicrobial activities of actinomycetes inhabiting
achillea fragrantissima (family: compositae). Egyptian J Nat Tox. 2009; 6(2):1–15.

40.

Hozzein WN, Rabie W, Ali MIA. Screening the Egyptian desert actinomycetes as candidates for new
antimicrobial compounds and identification of a new desert Streptomyces strain. African Journal of Biotechnology. 2011; 10(12):2295–301.

41.

Amin DH, Tolba S, Abolmaaty A, Abdallah NA, Wellington E. Phylogenetic and antimicrobial characteristics of a novel Streptomyces sp. Ru87 isolated from Egyptian soil. Int J Curr Microbiol App Sci. 2017; 6
(8):2524–41.

42.

Ahmad MS, El-Gendy AO, Ahmed RR, Hassan HM, El-Kabbany HM, Merdash AG. Exploring the antimicrobial and antitumor potentials of Streptomyces sp. AGM12-1 isolated from Egyptian soil. Frontiers
in microbiology. 2017; 8:438. https://doi.org/10.3389/fmicb.2017.00438 PMID: 28348553

43.

Elbendary AA, Hessain AM, El-Hariri MD, Seida AA, Moussa IM, Mubarak AS, et al. Isolation of antimicrobial producing actinobacteria from soil samples. Saudi journal of biological sciences. 2018; 25
(1):44–6. https://doi.org/10.1016/j.sjbs.2017.05.003 PMID: 29379355

44.

Abdel-Aziz MS, Hathout AS, El-Neleety AA, Hamed AA, Sabry BA, Aly SE, et al. Molecular identification
of actinomycetes with antimicrobial, antioxidant and anticancer properties. Comunicata Scientiae.
2019; 10(2):218–31.

45.

Williams ST, Goodfellow M, Wellington EM, Vickers JC, Alderson G, Sneath PH, et al. A probability
matrix for identification of some Streptomycetes. J Gen Microbiol. 1983; 129(6):1815–30. https://doi.
org/10.1099/00221287-129-6-1815 PMID: 6688823.

46.

Reddy NG, Ramakrishna DPN, Gopal SVR. A morphological, physiological and biochemical studies of
marine Streptomyces rochei (MTCC 10109) showing antagonistic activity against selective human.
Asian J Biol Sci. 2011; 10(3):57–65. https://doi.org/10.3923/ajbs.2011.1.14

47.

Aghamirian MR, Ghiasian SA. Isolation and characterization of medically important aerobic actinomycetes in soil of Iran (2006–2007). Open Microbiol J. 2009; 3:53–7. https://doi.org/10.2174/
1874285800903010053 PMID: 19440253; PubMed Central PMCID: PMC2681176.

48.

Gavin JJ. Analytical microbiology. II. The diffusion methods. Appl Microbiol. 1957; 5(1):25–33. PMID:
13403634; PubMed Central PMCID: PMC1057248.

49.

Romankova AG, Zurabova ER, Fursenko MV, Sukharevich VI, Pronina MI. [Selection of strains of
some antibiotic producing Actinomycetes during repeated passages in submerged cultures]. Antibiotiki.
1971; 16(7):579–83. PMID: 5168223.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226959 December 30, 2019

27 / 29

Screening of bioactive natural products from soil actinomycetes

50.

Selvameenal L, Radhakrishnan M, Balagurunathan R. Antibiotic pigment from desert soil actinomycetes; biological activity, purification and chemical screening. Indian J Pharm Sci. 2009; 71(5):499–504.
https://doi.org/10.4103/0250-474X.58174 PMID: 20502566; PubMed Central PMCID: PMC2866339.

51.

Chambers MC, Maclean B, Burke R, Amodei D, Ruderman DL, Neumann S, et al. A cross-platform
toolkit for mass spectrometry and proteomics. Nat Biotechnol. 2012; 30(10):918–20. https://doi.org/10.
1038/nbt.2377 PMID: 23051804; PubMed Central PMCID: PMC3471674.

52.

Pluskal T, Castillo S, Villar-Briones A, Oresic M. MZmine 2: modular framework for processing, visualizing, and analyzing mass spectrometry-based molecular profile data. BMC Bioinformatics. 2010; 11:395.
https://doi.org/10.1186/1471-2105-11-395 PMID: 20650010; PubMed Central PMCID: PMC2918584.

53.

Eriksson L, Johansson E, Kettaneh-Wold N, Wold S. Multi and megavariate data analysis. Umea˚:
Umetrics AB; 2006.

54.

Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S ribosomal DNA amplification for phylogenetic
study. J Bacteriol. 1991; 173(2):697–703. https://doi.org/10.1128/jb.173.2.697-703.1991 PMID:
1987160; PubMed Central PMCID: PMC207061.

55.

Benson DA, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW. GenBank. Nucleic Acids Res.
2015; 43(Database issue):D30–5. https://doi.org/10.1093/nar/gku1216 PMID: 25414350; PubMed Central PMCID: PMC4383990.

56.

Tamura K, Dudley J, Nei M, Kumar S. MEGA4: Molecular Evolutionary Genetics Analysis (MEGA) software version 4.0. Mol Biol Evol. 2007; 24(8):1596–9. https://doi.org/10.1093/molbev/msm092 PMID:
17488738.

57.

Savic S, Tapia C, Grilli B, Rufle A, Bihl MP, de Vito Barascud A, et al. Comprehensive epidermal growth
factor receptor gene analysis from cytological specimens of non-small-cell lung cancers. Br J Cancer.
2008; 98(1):154–60. https://doi.org/10.1038/sj.bjc.6604142 PMID: 18087280; PubMed Central PMCID:
PMC2359717.

58.

Tan LT, Ser HL, Yin WF, Chan KG, Lee LH, Goh BH. Investigation of Antioxidative and Anticancer
Potentials of Streptomyces sp. MUM256 Isolated from Malaysia Mangrove Soil. Front Microbiol. 2015;
6:1316. https://doi.org/10.3389/fmicb.2015.01316 PMID: 26635777; PubMed Central PMCID:
PMC4659911.

59.

Jonsbu E, McIntyre M, Nielsen J. The influence of carbon sources and morphology on nystatin production by Streptomyces noursei. J Biotechnol. 2002; 95(2):133–44. Epub 2002/03/26. https://doi.org/10.
1016/s0168-1656(02)00003-2 PMID: 11911923.

60.

Zainal Abidin ZA, Abdul Malek N, Zainuddin Z, Chowdhury AJK. Selective isolation and antagonistic
activity of actinomycetes from mangrove forest of Pahang, Malaysia. Frontiers in Life Science. 2016; 9
(1):24–31. https://doi.org/10.1080/21553769.2015.1051244

61.

Masand M, Sivakala KK, Menghani E, Thinesh T, Anandham R, Sharma G, et al. Biosynthetic Potential
of Bioactive Streptomycetes Isolated From Arid Region of the Thar Desert, Rajasthan (India). Front
Microbiol. 2018; 9:687. Epub 2018/05/04. https://doi.org/10.3389/fmicb.2018.00687 PMID: 29720968;
PubMed Central PMCID: PMC5915549.

62.

Forar R, Elshafei A, Mahmoud S, Bengraa C, Hacene H. Screening, Isolation and Characterization of a
Novel Antimicrobial Producing Actinomycete, Strain RAF10. Biotechnology (Faisalabad). 2007; 6:489–
96. https://doi.org/10.3923/biotech.2007.489.496

63.

Zhu Q, Li J, Ma J, Luo M, Wang B, Huang H, et al. Discovery and engineered overproduction of antimicrobial nucleoside antibiotic A201A from the deep-sea marine actinomycete Marinactinospora thermotolerans SCSIO 00652. Antimicrob Agents Chemother. 2012; 56(1):110–4. Epub 2011/11/09. https://
doi.org/10.1128/AAC.05278-11 PMID: 22064543; PubMed Central PMCID: PMC3256081.

64.

Bizuye A, Moges F, Andualem B. Isolation and screening of antibiotic producing actinomycetes from
soils in Gondar town, North West Ethiopia. Asian Pacific J Trop Disease. 2013; 3(5):375–81. https://doi.
org/10.1016/S2222-1808(13)60087-0

65.

Thakur D, Yadav A, Gogoi BK, Bora TC. Isolation and screening of Streptomyces in soil of protected forest areas from the states of Assam and Tripura, India, for antimicrobial metabolites. Journal de Mycologie Médicale. 2007; 17(4):242–9. https://doi.org/10.1016/j.mycmed.2007.08.001.

66.

Fu P, Liu P, Qu H, Wang Y, Chen D, Wang H, et al. Alpha-pyrones and diketopiperazine derivatives
from the marine-derived actinomycete Nocardiopsis dassonvillei HR10-5. J Nat Prod. 2011; 74
(10):2219–23. https://doi.org/10.1021/np200597m PMID: 21958359.

67.

Reading C, Cole M. Clavulanic acid: a beta-lactamase-inhiting beta-lactam from Streptomyces clavuligerus. Antimicrob Agents Chemother. 1977; 11(5):852–7. https://doi.org/10.1128/aac.11.5.852 PMID:
879738; PubMed Central PMCID: PMC352086.

68.

Li JL, Huang L, Liu J, Song Y, Gao J, Jung JH, et al. Acetylcholinesterase inhibitory dimeric indole derivatives from the marine actinomycetes Rubrobacter radiotolerans. Fitoterapia. 2015; 102:203–7. https://
doi.org/10.1016/j.fitote.2015.01.014 PMID: 25655350

PLOS ONE | https://doi.org/10.1371/journal.pone.0226959 December 30, 2019

28 / 29

Screening of bioactive natural products from soil actinomycetes

69.

Guo JP, Tan JL, Wang YL, Wu HY, Zhang CP, Niu XM, et al. Isolation of talathermophilins from the thermophilic fungus Talaromyces thermophilus YM3-4. J Nat Prod. 2011; 74(10):2278–81. https://doi.org/
10.1021/np200365z PMID: 21967034.

70.

Dumas A. 8-Substituted-2’-Deoxyguanosines as Internal Probes for DNA Folding and Energy Transfer.:
University of Zurich; 2011.

71.

Nisic F. Stereoselective Synthesis of Glycosyl Amides by Traceless Staudinger Ligation of Glycosyl
Azides: Universita’ Degli Studi di Milano; 2010.

72.

Lavanya A, Sribalan R, Padmini V. Synthesis and biological evaluation of new benzofuran carboxamide
derivatives. J Saudi Chem Soc. 2017; 21(3):277–85. https://doi.org/10.1016/j.jscs.2015.06.008.

73.

Ugale V, Patel H, Patel B, Bari S. Benzofurano-isatins: Search for antimicrobial agents. Arabian J
Chem. 2017; 10:S389–S96. https://doi.org/https://doi.org/10.1016/j.arabjc.2012.09.011

74.

Soldatenkov AT, Levov AN, Mobio IG, Polyakova EV, Kutyakov SV, An’ LT, et al. Synthesis and biological activity of N- and O-acyl derivatives of 2,6, diphenyl-4-hydroxypiperidines and tetrahydropyridines
Pharm Chem Journal 2003; 37:16–8.

75.

Padmavathi V, Reddy BJM, Baliah A, Padmaja A, Reddy DB. Synthesis of some novel spiro heterocycles. Part II. ARKIVOC. 2005; 14:1–13.

76.

AKos. N’,N’’-[(2-Oxo-1H-benzimidazole-1,3(2H)-diyl)bis(methylene)]diacetohydrazide.
AKOS024357626. AKos Consulting & Solutions GmbH 2014 [18 December 2018]. Available from:
http://www.chemspider.com/Chemical-Structure.3460733.html?rid=6ba4f9b4-3363-4535-9e942672b4ee2f69.

77.

Garg G. Design, Synthesis and Biological Evaluation of Ring-constrained and Biphemyl Derivatives as
Hsp20 C-terminal Inhibitors: The University of Kansas; 2014.

78.

Khalifa ME, Gobouri AA, Kabli FM, Altalhi TA, Almalki ASA, Mohamed MA. Synthesis, Antibacterial,
and Anti HepG2 Cell Line Human Hepatocyte Carcinoma Activity of Some New Potentially Benzimidazole-5-(Aryldiazenyl)Thiazole Derivatives. Molecules. 2018; 23(12):3285–301. https://doi.org/10.
3390/molecules23123285.

79.

Woese C. Bacterial evolution background. Microbiology. 1987; 51(2):221–71. https://doi.org/10.1139/
m88-093 PMID: 3052760

80.

Song J, Lee SC, Kang JW, Baek HJ, Suh JW. Phylogenetic analysis of Streptomyces spp. isolated from
potato scab lesions in Korea on the basis of 16S rRNA gene and 16S-23S rDNA internally transcribed
spacer sequences. Int J Syst Evol Microbiol. 2004; 54(Pt 1):203–9. https://doi.org/10.1099/ijs.0.02624-0

81.

Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol
Biol Evol. 1987; 4(4):406–25. https://doi.org/10.1093/oxfordjournals.molbev.a040454 PMID: 3447015.

82.

Kimura M. A simple method for estimating evolutionary rates of base substitutions through comparative
studies of nucleotide sequences. J Mol Evol. 1980; 16(2):111–20. https://doi.org/10.1007/bf01731581
PMID: 7463489.

83.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets. Mol Biol Evol. 2016; 33(7):1870–4. https://doi.org/10.1093/molbev/msw054 PMID: 27004904.

84.

Zheng K, Shen D, Hong R. Biomimetic synthesis of lankacidin antibiotics. J Am Chem Soc. 2017; 139
(37):12939–42. https://doi.org/10.1021/jacs.7b08500 PMID: 28853876.

85.

Harada S. Studies on lankacidin-group (T-2636) antibiotics. VI. Chemical structures of lankacidin-group
antibiotics. II. Chem Pharm Bull (Tokyo). 1975; 23(10):2201–10. https://doi.org/10.1248/cpb.23.2201
PMID: 1212749.

86.

Lumb M, Macey PE, Spyvee J, Whitmarsh JM, Wright RD. Isolation of vivomycin and borrelidin, two
antibiotics with anti-viral activity, from a species of Streptomyces (C2989). Nature. 1965; 206(981):263–
5. https://doi.org/10.1038/206263a0 PMID: 5840561.

87.

Maehr H, Evans RH. Identity of borrelidin with treponemycin. J Antibiot (Tokyo). 1987; 40(10):1455–6.
https://doi.org/10.7164/antibiotics.40.1455 PMID: 3680012.

88.

Arakawa K, Kodama K, Tatsuno S, Ide S, Kinashi H. Analysis of the loading and hydroxylation steps in
lankamycin biosynthesis in Streptomyces rochei. Antimicrob Agents Chemother. 2006; 50(6):1946–52.
https://doi.org/10.1128/AAC.00016-06 PMID: 16723550; PubMed Central PMCID: PMC1479134.

89.

Omura S, Muro T, Namiki S, Shibata M, Sawada J. Studies on the antibiotics from Streptomyces spinichromogenes var. kujimyceticus. 3. The structure of kujimycin A and kujimycin B. J Antibiot (Tokyo).
1969; 22(12):629–34. https://doi.org/10.7164/antibiotics.22.629 PMID: 5367395.

90.

Sheu CW, Salomon D, Simmons JL, Sreevalsan T, Freese E. Inhibitory Effects of Lipophilic Acids and
Related Compounds on Bacteria and Mammalian Cells. Antimicrobial Agents and Chemotherapy.
1975; 7(3):349–63. https://doi.org/10.1128/aac.7.3.349 PMID: 1137388

PLOS ONE | https://doi.org/10.1371/journal.pone.0226959 December 30, 2019

29 / 29

