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Abstract
Background: Pathogens resistant to antimicrobials form a signi�cant threat to public health worldwide.
Tackling multidrug-resistant pathogens via screening metagenomic libraries has become a common
approach for the discovery of new antibiotics from uncultured microorganisms. This study focuses on
capturing non-ribosomal peptide synthase (NRPS) gene clusters implicated in the synthesis of many
natural compounds of industrial relevance. A NRPS PCR assay was used to screen 2976 Escherichia coli
clones in a soil metagenomic library to target NRPS genes. Bioinformatics analysis were conducted to
detect predict NRPS domains and their substrate speci�city.

Results: Successfully, 17 NRPS positive hits with a biosynthetic potential were identi�ed. DNA sequencing
and BLAST analysis con�rmed that NRPS protein sequences shared similarities with members of genus
Delftia in the Proteobacteria taxonomic position. Multiple alignment and phylogenetic analysis
demonstrated that clones no. 15cd35 and 15cd37 shared low bootstrap values (54%) and were distantly
far from close phylogenetic neighbors. Additionally, NRPS domain substrates speci�city has no hits with
the known ones hence they are more likely to use different substrates to produce new diverse
antimicrobials.

Conclusions: We con�rmed that the analyses of the soil metagenomic library revealed a diverse set of
NRPS related to the genus Delftia. An in-depth understanding of those positive NRPS hits is a crucial step
for genetic manipulation of NRPS, shedding light on alternative novel antimicrobial compounds that can
be used in drug discovery and hence supports the pharmaceutical sector.

Background
According to a report released by the World Health Organization (WHO), the number of new antibiotics in
development is insu�cient to relieve the growing threat of antimicrobial resistance. Few new antibiotics
threaten worldwide efforts to contain drug-resistant infections [1]. WHO warns against the urgent need for
new antibiotics to tackle antimicrobial resistance and it advised more investments needed in basic
science, drug discovery and clinical development. As most agents currently in the pipeline are
modi�cations of existing antibiotic classes and would not provide long-term solutions to antimicrobial
resistance [2–4]. This problem needs urgent solutions to beat the multidrug-resistant pathogens.

Usually, research focuses on bacterial isolates that can grow in vitro and thus lack the 99% of bacteria
that remain uncultivated [5, 6] or even harbor cryptic gene clusters [6, 7]. Metagenomics has developed as
an alternative approach to conventional microbial screening that allows comprehensive screening of
microbial genomes in their natural environments. A metagenome is a culture-independent, molecular
method to freshly analyze the microorganism inhabiting in a certain environment [8]. It signi�es a
snapshot of a microbial population at a particular time when its DNA is extracted [9]. Metagenomics
enables us to discover in less time and with higher precision new genes and proteins or even the full
genomes of non-cultivable organisms than traditional microbiology or molecular methods [9]. Several
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studies have recently adopted the screening approach of metagenomic libraries to assess the diversity of
biosynthetic gene clusters and thus, as a tool for drug discovery [10].

The screening of large biosynthetic gene libraries has been shown to detect numerous potentially
interesting clones [11, 12]. Metagenomics is supported by the integration of computational methods
including BLAST algorithms to obtain a list of related hits with a certain annotation which can also be
used to exploit taxonomic information and metabolic potential [13] [9].

The synthesis of bioactive peptides produced by micro-organisms through the ribosomal and non
ribosomal mechanisms is well known. The synthetic route of non-ribosomal peptides is an alternative
means of producing highly specialized polypeptides [14]. Numerous non-ribosomal peptides create
various secondary metabolites such as antibiotics, antifungals, toxins, anticancer drugs, siderophores,
and immunosuppressants [15, 16]. Non-ribosomal peptide synthetases (NRPSs) are modular mega-
synthases that catalyze non-ribosomal peptide assembly from protein and non-protein amino acids [17,
18]. NRPSs consisting of an adenylation (A) domain, condensation (C) domain, and a peptidyl carrier
protein (PCP) as a minimum core structure [19, 20]. Criteria such as composition, number, and
arrangement of elongation modules in NRPS system, commands the mass and chemical structure of the
produced natural compounds.

Several studies con�rmed that mutations in NRPS genes and phylogenetically far domains in the
modular organization of NRPS lead to a functional complex that can generate new bioactive molecules
[21–23]. Additionally, the DNA sequence of the NRPS gene cluster could be used to predict the chemical
nature of peptide, consequently, it correlates to the chemical nature and the biological function of the
compounds produced via the NRPS biological system [18, 24]. Therefore, it is crucial to study the
phylogenic insight of NRPS in the potential actinomycete that would provide new opportunities for drug
discovery [21, 25, 26].

The present study aims to screen the soil fosmid metagenomic library to target biosynthetic pathways.
Based on the evidence, fosmid libraries evaluate the diversity of biosynthetic gene clusters and help in
�nding several new bioactive compounds [27, 28]. NRPS PCR assay and DNA sequencing were used to
capture NRPS biosynthetic gene clusters from the environmental metagenomic DNA library recovered
from different sites in Cuba [28, 29]. Further, molecular and bioinformatics analysis of the positive NRPS
hits retrieved from the metagenomic library is considered as a preliminary step for the manipulation of
these genes in heterologous hosts [11, 30].

Materials And Methods

The metagenomics DNA source and routine cultivation
Thirty-one plate (96-well) of metagenomic fosmid library constructed from Cuban soil were kindly
provided by Prof. Elizabeth Wellington, The University of Warwick. The Cuban library included 2976
clones, with an average insert size of approximately 35 kb, for a total library size of 104 Mb. All plates
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were recovered in replica using fresh Luria-Bertani (LB) broth media containing chloramphenicol (35
mg/ml). An aliquot of 150 µl LB broth media containing chloramphenicol was placed in each well of the
plates. An amount of 15 µl metagenomic DNA was transferred from each well individually of old plates
into new plates with fresh LB broth media using an electronic micropipette. Each plate was covered with
a permeable sheet and incubated at 37°C for 24 hours. All plates were held at 40C

Extraction of environmental DNA from E. coli clones in metagenomics libraries

Using a multichannel pipette, a volume of 150 µl LB broth containing 12.5 mg/ml of chloramphenicol
was added to each well of (96 well) culture plates (Becton Dickinson Labware). Every well was inoculated
with 15 µl of E. coli clones. Plates were then tapped and incubated at 37°C for 24 hrs. An amount of 10 µl
from every 96 wells was transferred into a 500 µl Eppendorf tube using a multichannel pipette.
Centrifugation of each sample was carried at 13,000 xg for 5 min. The supernatants were discarded, and
the fosmid-bearing E. coli pellets were collected using the GeneJET plasmid miniprep package(QIAGEN).
All steps are performed following the manufacturer's instructions and fosmid DNA was collected for PCR
assay.

NRPS PCR assay and screening of the fosmid metagenomics library

The environmental DNA metagenomic library, of about 104 Mb in size, was screened using Polymerase
chain reaction (PCR) for identi�cation of NRPS clusters with ADEdom5 and ADEdom3 primer pairs
obtained from (Sigma Company, Egypt) as shown in Table 1. PCR mixture included 12.5µl PCR Master
Mix (Promega, Madison, WI, USA), 6.25 µl of Distilled water, 1.25µl DMSO, 2µl of (0.8µM) of each primer
in 25µl total volume, and 1 µl of (0.1 µM) extracted fosmid DNA Template. The PCR program was set as
follows: (5 min at 95°C followed by 40 cycles of 1 min at 95°C, 1 min at 60°C and 1.5 min at 72°C,
followed by a �nal extension of 10 min at 72°C) [45–46]. Five microliters of every PCR product and 1Kb
ladder (Fermentus) were detected using agarose gel electrophoresis for 30 min at 90 V. Streptomyces
coelicolor was positive control in all PCR re-actions as it contains NRPS genes. The gel was stained with
50mg/ml of ethidium bromide and images of DNA bands of the predictable size was recorded using UV
transilluminator (Hercules, CA).

Table 1
Primer pair used for amplifying NRPS genes obtained from fosmid metagenomic

library.
Primers Sequence (5'_'3) Fragment (bp) Reference

ADEdom5 5′-ACS GGC NNN CCS AAG GGC GT-3′ 450 [45–46]

ADEdom3 5′-CTC SGT SGG SCC GTA-3′ 450 [45–46]

Puri�cation And Sequencing Of Pcr Products
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Bands of NRPS gene fragments recovered from four fosmids E. coli clones were puri�ed from 1%
agarose gel using the QIAquick Gel Extraction Kit (QIAGEN; Venlo, Netherlands). An amount of �fty
microliters of each PCR sample were added to the 125 µl PB buffer according to the manufacturer's
instructions. Then, ten microliters of 3 M sodium acetate (pH 5.0) were included until the mixture became
yellow. Samples were transferred to a QIAquick column, and centrifuged at 17, 900 xg for 60 sec, then the
�ow was removed. QIAquick columns were washed with 0.75 ml BE Buffer and centrifugated for 60 sec
at 17, 900 xg. Each QIAquick column was set in a clean 1.5 ml microcentrifuge tube to elute the DNA, then
50 µl of BE Buffer (10 mM Tris·Cl, pH 8.5) was carefully added to the center of the QIAquick membrane.
The column was then centrifuged at 17, 900 xg for 60 sec. Storage of the puri�ed samples remained in a
deep freezer at -200C and ready for sequencing. The sequencing of puri�ed PCR products of NRPS gene
fragments was conducted at GATC Biotech AG, Cologne, Germany [52]. All sequenced amplicons were
placed under GenBank accession numbers.

Comparative Analyses Of The Obtained Gene Sequences
Via Blast
Sequenced amplicons of selected strains were transformed into amino acid sequences to de�ne open
reading frames (ORF) using the ORF �nder server (https://www.ncbi.nlm.nih.gov/or�nder/). Comparative
analyses of the deduced amino acid sequences were conducted against corresponding non-ribosomal
peptide domain sequences in the GenBank database using the BLASTP algorithm
(https://blast.ncbi.nlm.nih.gov/Blast). Multiple alignments of NRPS amino acid sequences against
similar sequences were constructed using Bioedit software to represent the patterns of amino acids with
similar descent or shared functional constraints [33–38].

Neighbor-joining Phylogenetic Tree Construction
Neighbor-joining Phylogenetic tree were built using translated nucleotides of NRPS clones versus the
related amino acid sequences accessible in the NCBI database using BLASTP. Multiple sequence
alignment of amino acid sequences was performed using the CLUSTAL W program [31] and Neighbour-
Joining method within the Molecular Evolutionary Genetics Analysis (MEGA) software version 6. 0 [32–
53]. The numbers at each branch's node correspond to a percentage bootstrap value based on 1000
replicates. The scale bar showed the nucleotide sequence dissimilarity.

Downstream Analysis Of The De�ned Amino Acid
Sequences
A comprehensive overview of NRPS sequence domains was predicted via the NRPS Predictive BLAST
web server available at (http://nrps.igs.umaryland.edu/blast.html). This web server uses Hidden Markov
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Model (HMM) to predict the identity of every domain in NRPS gene sequences based on a statistical
representation of protein groups with similar sequences and hence the functional similarity. Additionally,
substrates speci�city of each NRPS clone was expected using Non-Ribosomal Peptide Synthase
Substrate Predictor based on the NRPSsp database which is available at
(http://www.nrpssp.com/execute.php) [54]. Additionally, the PDBsum pictorial database in Protein Data
Bank (PDB) was also used to analyze the NRPS sequence against the sequences of all proteins in the
PDB. The top hits are listed with links to their PDBsum pages showing molecules that make up the
structure including protein chains, DNA, ligands, and metal ions (https://www.ebi.ac.uk/thornton-
srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html) [55].

Results

PCR assay detection of NRPS gene cluster in fosmid
metagenomic library
NRPS PCR assay screening of 2976 clones of the soil metagenomic library retrieved a total of 17 positive
clones thus putatively harboring NRPS biosynthetic pathway as in Figure 1. Consequently, the hit rate can
be calculated as the total DNA captured divided by the number of positive hits (17 hits), therefore it is 1 in
6 Mb for the soil metagenomic library. This expects that the NRPS assay can detect an average greater
than one gene cluster per 1.4 genomes, based on that the average E. coli genome is 4.6 Mb in size. The
sequenced clones primarily had similarity to sequences found in Gram-negative bacteria, Proteobacteria
including the genus Delftia. Selected sequenced clone amplicons can be viewed under GenBank
accession numbers (MT538186, MT538187, MT538188, MT538189)

Bioinformatic analysis DNA sequences obtained from E. coli fosmid clones

Bioinformatics investigations of ORF amino acid sequences of E. coli clones derived from metagenomic
libraries revealed signi�cant homology to the NRPS gene available in NCBI data base. Clones no. 15cd30
and 15cd34 showed (100%) blast identity with NRPS genes of Delftia tsuruhatensis and Delftia
acidovorans, respectively. While NRPS gene sequences of clone 15cd35 and clone 15cd37 exhibited
recognizable blast identity (98.82%) and (95.24%) with corresponding NRPS gene fragments of Delftia
acidovorans, and all sequences were not identical to each other as shown in Table 2.
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Table 2
Results of BLAST identity of the positive clones retrieved from soil metagenomic library using the

BLASTP algorithm.
Primer
pairs

ORF Size of
product
(aa)

Characteristics of homolog (s)

Protein
ID

Deduced role BLAST
Identity

Origin Accession
no. of the
sequenced
amplicon

15cd30 ORF5 127 aa 2347175 non-
ribosomal
peptide
synthetase

100.00% Delftia
tsuruhatensis

MT538186

15cd34 ORF6 127 aa 2347190 AMP-binding
protein in
NRPS cluster

100% Delftia
acidovorans

MT538187

15cd35 ORF5 175 aa 2347562 AMP-binding
protein

98.82% Delftia
acidovorans

MT538188

15cd37 ORF4 90 aa 2347577 AMP-binding
protein

95.24% Delftia
acidovorans

MT538189

Phylogenetic Analysis Of The Detected Nrps Gene
Fragments
Phylogenetic analyses were carried to locate metagenomic NRPS gene fragments inside the phylogenetic
tree built with the NRPS published sequences on Genbank. Clone 15cd30 was clustered with Delftia
tsuruhatensis (WP 082254717), Delftia tsuruhatensis (WP 070080972), Delftia sp. BR1 (WP 151019177),
and Delftia sp. GW456-R20 (WP 063325845) with (bootstrap value, 100) as shown in Figure 2.
Additionally, amino acid sequence multiple alignment pattern of NRPS clone no. 15cd30 was identical to
corresponding amino acid sequences of Delftia tsuruhatensis (WP 082254717), Delftia tsuruhatensis (WP
070080972), Delftia sp. GW4 (WP063325845.1) at the core region of the NRPS domain, while at the
terminal several mismatches were detected as presented in Figure 3.

The closest match to the NRPS gene of clone no. 15cd34 is AMP-binding protein (within the NRPS gene
cluster) was Delftia tsuruhatensis (WP 154834667.1). It is clustered with members of Pandoraea spp.
and Achromobacter spp. with bootstrap value (100%) as shown in Figure 4. Amino acid sequence
multiple alignment pattern of NRPS clone no. 15cd34 was identical to corresponding amino acid
sequences of Delftia tsuruhatensis (WP 154834667.1) except for the terminal region as presented in
Figure 5.

Phylogenetic analysis con�rmed that clone 15cd35 and clone 15cd37 were clustered in a separate clade
from AMP binding protein sequences (within NRPS) that belonged to members of genus Delftia spp.
within the b-Proteobacteria. Delftia acidovorans (WP 099752190.1), and Delftia sp. RIT313
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(WP043825786.1) was identi�ed as the nearest phylogenetic relative to both clones with a low bootstrap
value (54%) as shown in Figure 4. Amino acid sequence multiple alignment pattern of NRPS clone no.
15cd35 shows several amino acid substitutions to corresponding conserved regions of amino acid
sequences of all corresponding Delftia spp. in the middle core region as presented in Figure 5.

Prediction of NRPS clones was conducted using PKS/NRPS analysis web site. HMMs hits of NRPS
positive clones retrieved from the soil metagenomic library resolve diversity in NRPS domains as shown
in Table 3. The substrate of NRPS clones retrieved from soil metagenomic library was predicted by
NRPSpredictor2 as presented in Table 4. The substrate for the NRPS adenylation domains of clones no.
15cd30 and 15cd34 appear to be phenylalanine and alanine, respectively. No substrates were recorded to
other NRPS domains of clones 15cd35 and 15cd37 as presented in Table 4. PDBsum Bioinformatics tool
demonstrated hits of all clones against all proteins sequences and related 3D structures deposited in the
Protein Data Bank as shown in Table 5. The bioinformatic analysis con�rmed the presence of diverse
NRPS domains in all sequences retrieved from the metagenomic library.

Table 3
List of top HMMs hits of NRPS positive clones retrieved from soil metagenomic library using

NRPS analysis web site.
Clones Protein Identi�er Domain Coordinates of the hit Hit probability score

15cd30 ORF5 ER Domain 1 127 7.2

15cd34 ORF6 DH Domain 1 92 7.1

15cd35 ORF5 AT Domain 1 131 7.4

15cd37 ORF4 KR Domain 17 91 9.3

*Several domains of NRPS gene cluster with de�ned functions (ER): Enoylreductase (DH): Dehydratase
(AT): Acyltransferase (KR) Ketoreductase.

Table 4
Results of substrates that bind to a given NRPS positive clones retrieved from soil metagenomic library

Using Non-Ribosomal Peptide Synthase Substrate Predictor based on HMM predictor.
Clones Protein

Identi�er
Adenylation
domain

start position

Adenylation
domain

end position

Substrate
Name

Score

15cd30 ORF5 0 124 Phenylalanine 82.7

15cd34 ORF6 0 120 Alanine 128.2

15cd35 ORF5 - - ND -

15cd37 ORF4 - - ND -

*(ND): Not detected.
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Table 5
Results of Top hits of positive clones retrieved from soil metagenomic library against all protein

sequences and related 3D structures deposited in the Protein Data Bank using the PDBsum database.
Clones ORF PDB

code
Amino
acid

overlap

z-score Ligands Protein name Organism

15cd30 ORF5 5n9x 129 215.2 THR,
ATP,
8QN

adenylation
domain thr1

Streptomyces
sp. Oh-5093

15cd34 ORF6 3fce 118 382.8 ATP d-alanyl carrier
protein ligase

Bacillus
cereus

15cd35 ORF5 4oae 66
118.7

SO4,
CLM,
EDO

gnat superfamily
acetyltransferase

Pseudomonas
aeruginosa

15cd37 ORF4 4oae 66 130.9 SO4,
CLM,
EDO

gnat superfamily
acetyltransferase

Pseudomonas
aeruginosa

Discussion
Our environment still contains lots of undiscovered micro-organisms that can support potential drug
discovery [5]. In this study, the soil metagenomic library was screened to discover the biosynthetic
pathways in uncultured microorganisms. Similarly, several studies have involved in the mining of
metagenomic libraries to determine the variety of biosynthetic gene clusters [10]. Screening of large
biosynthetic gene libraries detected abundant remarkable clones with biosynthetic potential [11, 12, 28].
In this study, the NRPS PCR assay captured successfully several NRPS gene fragments in E. coli clones
that matched corresponding NRPS genes on the GenBank. Those positive hits indicate the existence of
NRPS biosynthetic genes within the soil metagenome. A similar PCR screening approach was used by
other research groups to capture NRPS clones from soil metagenomes [28]. These �ndings are in
agreement with other study that con�rmed capturing NRPS genes in Cuban soil metagenome using NRPS
PCR using different primer pair [28].

In the herein study, NRPS PCR assay recovered clones that had similarity to sequences belonging to the
Delftia genus, Proteobacteria phyla, suggesting that they are the dominant phyla and the tested soil is
abundant in metabolite-producing bacteria. Several reports con�rmed the biotechnological potential of
the Delftia genus. For instance, a recent study has identi�ed Delftibactin A (NRP) isolated from novel
environmental Delftia spp. with potent antimicrobial activity against methicillin-resistant Staphylococcus
aureus, vancomycin-resistant Enterococcus, Acinetobacter baumannii, and Klebsiella pneumonia [34].
Furthermore, the biotechnological perspective of Delftia sp. JD2 was previously con�rmed using a
genomic approach [35]. In the same context, functional NRPS genes were identi�ed in Delftia
tsuruhatensis MTQ3 for bacteriocins and siderophore production [36].
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The level of diversity in the metagenomic library is low since all positive hits related only to the genus of
Delftia. Reversely, another study declared high bacterial biodiversity in Cuban soil with abundant
enzymatic activity [28]. Due to the small number of clones selected for the sequencing phase, and a huge
sequencing work is needed to identify all the gene clusters in the metagenomic library. Additionally, higher
biodiversity would be achieved if a range of primer sets were used. Similarly, Amos et al suggested that
using different primers focusing on different groups of microorganisms would increase the biodiversity
of the positive hits [28]. Several related NRPS sequences were isolated from different sites suggesting a
widespread environmental distribution of bacteria harboring NRPS genes. Similar results were recorded
by a research study on the metagenomic library extracted from the soil in Cuba [28].

In the case of natural product science, phylogenetic relationships are highly informative in the design and
function of the genes involved in secondary metabolite biosynthesis. Non ribosomal peptide synthetases
provide a model in which individual domain phylogenies exhibit various predictive capabilities,
determining features of substrate speci�city correlated to the �nal metabolic product [37]. In this study,
sequencing of selected NRPS clones showed that they belonged to different regions in NRPS gene
clusters, thus they were separated in different phylogenetic trees. It also may evidence for the
evolutionary process of NRPS genes [38]. Phylogenetic relationships showed that clones no. 15cd30 and
15cd34 were clustered together as a sister group to the genus Delftia, supported by high blast identity
values and the tree was in agreement with a previous phylogenetic analysis of the group [28]. Clone no
15cd30 and 15cd34 shared amino acid similarity with strains of Delftia tsuruhatensis and Delftia
acidovorans, suggesting similar secondary metabolites production. However, they even have some
mismatches at the terminal region indicating a distinct scope of bioactive molecules production. In case
of clone 15cd35 and clone 15cd37, NRPS gene sequences of exhibited noticeable similarity values to
AMP (A) domain sequences of belonged to members of genus Delftia spp. Though they still showed
several differences in amino acid sequences and low bootstrap value (54%) with the closest phylogenetic
neighbors. Thus, the metagenomic NRPS genes are predicted to produce distinct non-ribosomal peptides
or suggesting many of the clones recovered came from undiscovered NRP pathways. These changes in
amino acid sequences can be due to conservative mutation or radical substitution [39, 40]. Especially, the
mutations are detected in the protein interior which may be a sign of structural constraints [41]. A similar
study con�rmed that multiple alignments and the phylogenic tree of amino acid sequences of NRPS
genes of Streptomyces sp. BDUSMP 02 reveals the potential to produce a new type of antibacterial
compounds belonging to the NRPS type [42]. Other studies supported using multiple alignments and
phylogenetic trees approach in identifying conserved sequence regions and establishing evolutionary
relationships [38]. Similarly, a study emphasized that sequence analysis of the 21 most active improved
variants revealed that each contained between one and three changes to their primary amino acid
sequence, suggesting that minimal sequence variation was able effect dramatic improvements in NRPS
domain function [43]. Fischbach et al. (2007) declared that NRPS is considered as enzymes that
assemble the key skeletons of natural products, so any mutation of these genes is expected to give the
clearest impact on the metabolite pattern and their functions. In agreement with our results, a
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substitutional mutation in NRPS genes can lead to ≈10-fold improvements in enzyme activity and can
trigger the creation of new derivatives of NRP antibiotics [23].

In this study, bioinformatics tools such as NRPS predictor tool, NRPS predictive blast webserver, and
PDBsum database were used to identify NRPS domains at both genome/proteome level and their
substrate suggesting different structures with relevant biological activities. Similarly, other studies
support the use of the NRPS predictor tool for reliable prediction of adenylation domain (NRPS)
speci�cities [44, 45]. None of the predictive methods could infer any substrate speci�city for 15cd35 and
15cd37 NRPS sequences, suggesting completely new types of speci�city and PDBsum database showed
their resemblance to acetyltransferase domains still with low z- score. This may be due to mutations from
corresponding sequences recorded in the multiple alignments. Different substrate speci�city using
bioinformatic tools refers to variation in the NRPS clones, thus different non-ribosomal peptide
biosynthesized. Similar results recorded that substrate speci�city is important in determining the �nal
bioactive product such as the A domain TycB_m3 activates l-tryptophan and phenylalanine for tyrocidine
biosynthesis [46, 47]. Additionally, A domain of the barbamide biosynthetic gene cluster activates 100%
speci�city for leucine and valine, and 80% for trichloroleucine [48].

Finally, this study emphasizes the presence of biosynthetic NRPS genes in the soil metagenomic library.
The molecular, phylogenetic, and bioinformatic analysis con�rmed that mainly 15cd35 and 15cd37 are
distinct clones harboring biosynthetic potential with undetected substrate speci�city and thus can
produce improved yield or even new antibiotics. Similar results con�rmed that directed mutation in
substrate speci�city code within the A-domain of NRPS genes can produce a high yield of certain
antibiotic or even a novel antimicrobial compound [49–52]. This study supports the methodology of
using PCR assay for screening soil metagenomes as a tool for drug discovery. Further genetic
manipulation of NRPS clones will provide a positive impact on the pharmaceutical sector and
consequently the health sector.

Conclusion
In conclusion, PCR assays for screening soil metagenomic libraries are a useful approach to explore the
biosynthetic potential in uncultivated bacteria. Molecular and bioinformatic methods con�rmed that all
contained clones belong to Proteobacteria, and code for an NRPS biosynthetic pathway. This research
highlights the richness of Cuban soil with diverse biosynthetic gene clusters. These diverse biosynthetic
clusters can be exploited in genetic engineering, they are more likely to produce new antibiotics. This is
expected to have a positive effect on the pharmaceutical industry soon.

Abbreviations
NRPS
non ribosomal peptide synthase
PKS
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polyketide synthase
PDB
Protein Data Bank
HMM
Hidden Markov Model
AMP
Adenosine monophosphate.
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Figures

Figure 1

NRPS PCR screening of soil metagenomic fosmid library. PCR amplicons were subjected to
electrophoresis in 1% agarose gels as previously described in the Materials and Methods section. Lane M:
1 kb ladder, Lane 1: control (S. coelicolor), Lane (3,6,8,12,15): Positive hits of 450 bp of NRPS genes
isolated from E. coli clones of the soil metagenomic library by ADEdom3/5 primers.
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Figure 2

Phylogenetic tree based on the amino acid sequence of NRPS gene fragment of positive clone retrieved
from soil metagenomic library. Multiple sequences were aligned using the CLUSTAL W program [31]
against corresponding amino acid sequences. The tree was constructed using the neighbor-joining
method using MEGA software version 6.0 [32]. The numbers beside the branches indicate the percentage
bootstrap value of 1000 replicates. Bootstrap values greater than 50% are at the node. The scale bar
indicates nucleotide sequence dissimilarity.
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Figure 3

Amino acid sequence multiple alignment pattern for the identi�cation of conserved motifs in NRPS
positive clone retrieved from soil metagenomic library. Multiple sequences were aligned using the
CLUSTAL W program[31] against corresponding amino acid sequences using Bioedit program [33].
Conservation is viewed by plotting identities to the �rst sequence as dots with outlining.
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Figure 4

Phylogenetic tree based on the amino acid sequence of NRPS gene fragment of positive clones retrieved
from soil metagenomic library. Multiple sequences were aligned using the CLUSTAL W program [31]
against corresponding amino acid sequences. The tree was constructed using the neighbor-joining
method using MEGA software version 6.0 [32] .The numbers beside the branches indicate the percentage
bootstrap value of 1000 replicates. Bootstrap values greater than 50% are at the node. Scale bars indicate
nucleotide substitutions per site.
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Figure 5

Amino acid sequence multiple alignment pattern for the identi�cation of conserved motifs in NRPS
positive clone retrieved from soil metagenomic library. Multiple sequences were aligned using the
CLUSTAL W program [31] against corresponding amino acid sequences using Bioedit program [33].
Conservation is viewed by plotting identities to the �rst sequence as dots with outlining.
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