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Background: The microbial genome sequences provide solid in silico framework for interpretation of their drug-like chemical 
scaffolds biosynthetic potentials. Pseudomonas fluorescens strains are metabolically versatile and producing therapeutically 
important natural products.
Objectives: The key objective of the present study was to mine the publically available data of P. fluorescens strains genomes 
for putative drug-like metabolites identification. 
Materials and Methods: We implemented the computational biology resources of AntiSMASH and BAGEL3 for the secondary 
metabolites prediction from P. fluorescens strains genome sequences. The predicted secondary metabolites were evaluated using 
drug discovery chemoinformatics resources, like Drugbank database search and molecular docking inspection. 
Results: The analyses unveiled a wide array of chemical scaffolds biosynthesis in different P. fluorescens strains. 
Subsequently, the drug-like potential evaluation of these metabolites identified few strains, including P. fluorescens PT14, 
P. fluorescens A5O6, and P. fluorescens FW300-N2E3 that harbor the biosynthetic gene clusters for salicylic acid-like 
metabolite biosynthesis. The molecular docking inspection of this metabolite against human cyclooxygenase and aldo-keto 
reductase targets revealed its feasible inhibitory potentials like other salicylate compounds.
Conclusion: The computational biology and drug discovery analyses identified different gene clusters in P. fluorescens 
genomes coding for salicylic acid-like chemotypes biosynthesis. These gene clusters may worthy to target through metabolic 
engineering for the massive production of salicylates-like chemical scaffolds from microbial resources. 
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1. Background
Microbes produce secondary metabolites for survival and 
development of ecological interactions with surrounding 
organisms in the environment (1, 2). These microbial 
secondary metabolites have wide range of applications 
in pharmaceutical and agricultural industries (3). The 
microbial secondary metabolites include non-ribosomal 
peptides (NRP), polyketides (PK), post-translationally 
modified peptides (RiPP), terpenoids, saccharides, 
and their hybrids. These metabolites biosynthesis is 
controlled by a set of genes located closely on microbial 
chromosome termed as Biosynthetic Gene Cluster 
(BGC). This organization enables the joint expression of 
these biosynthetic enzymes, regulators and transporters 
(4). The rich genetic diversity of microbial BGCs 
eventually brings high chemical diversity in underlying 
coding secondary metabolites (5, 6).
The gram-negative Pseudomonas fluorescens is a 
ubiquitous soil bacterium, harbors metabolic versatility 

(7, 8). The species of pseudomonads produce the 
fluorescent, which play essential role in promotion of 
plant health as well as diseases suppression (7). The 
species is particularly important for natural products 
biosynthesis as because of its versatile metabolic feature 
and existence of miscellaneous enzymatic machinery 
(9). Therefore, recombinant strains of P. fluorescens have 
been used for biosynthesis of several natural products, 
including antibiotics, antitumor, anti-inflammatory, 
antifungal, and cholesterol-lowering drugs (10).
The recent advancement in genome-level DNA 
sequencing approaches in the form of next-generation 
sequencing (NGS) enabled the researchers to easily 
understand genome-based ecological fitness and 
metabolic versatility of microbes (11). Nowadays, 
the robust genome-level DNA sequencing availability 
of microbial species and growth in bioinformatics 
resources greatly facilitated the discoveries of novel 
secondary metabolites from rational and predictive 
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perspectives (12). Likewise, the BGCs organization in 
microbial genomes in the form of single locus enable 
the accurate in silico prediction of these genomic 
motifs through bioinformatics principles (13). Despite 
of the recent developments of these resources, the 
identification of microbial secondary metabolites from 
genome-guided information is still limited compare to 
the bioassay screening methodologies. 

2. Objectives
The key objective of the study was to mine the publicly 
available genomes sequences of different P. fluorescens 
strains to anticipate their drug-like secondary metabolites 
coding potential. 

3. Materials and Methods 

3.1. Genome Sequences Retrieval
The 17 complete and 6 chromosome-level genome 
sequences of P. fluorescens (available till September 
2017) were acquired from NCBI resource (https://www.
ncbi.nlm.nih.gov/) (14) and the database of Integrated 
Microbial Genome and Microbiomes (https://img.jgi.
doe.gov/) (15) (Table S1). 

3.2 Data Mining for Potential Secondary Metabolites 
Identification 
The prediction models implemented as bioinformatic 
resources were used for BGCs identification from 
genome datasets. These include AntiSMASH 4.0 
(https://antismash.secondarymetabolites.org/#!/start) 
(16) and BAGEL3 (http://bagel.molgenrug.nl) (17). 
The AntiSMASH resource holds known secondary 
metabolite BGCs from the MIBiG (Minimum 
Information about a Biosynthetic Gene cluster) project 
(https://mibig.secondarymetabolites.org/) (18). The 
integration of additional modules like ClusterBlast and 
ClusterFinder enabled the AntiSMASH current version 
to putatively identify the unknown BGCs on the basis of 
similarities and homologies to previously characterized 
BGCs with known metabolic products (16).  

3.3. Drug-like Potential Evaluation of Putative 
Metabolites 
The chemical structures of the secondary metabolites were 
designed using ChemDraw (https://www.perkinelmer.
com/category/chemdraw) (19). The chemical structures 
were converted into 3D and SMILES format to conduct 
additional analyses. The MOE (Molecular Operating 
Environment) from Chemical Computing Group Inc. 
Canada, 2016 (https://www.chemcomp.com/Products.
htm) was employed to evaluate the drug-likeness of coding 

metabolites according to Lipinski’s rule of five (20, 21). 
Lipinski’s principle is commonly implemented to evaluate 
the drug-likeness potential of a chemical compound. The 
rule is important to consider during drug discovery when a 
biologically active lead compound is prioritized. According 
to Lipinski’s rule the drug-like compound should not have 
H-bond donors >5, neither the H-bond acceptors >10. 
Besides, the molecular weight should be <500 Daltons 
and the partition coefficient of octanol-water calculated as 
log P should not be >5 (20, 21). The predicted secondary 
metabolites were evaluated for drug-like compound 
similarity and drug target search using Drugbank database 
(https://www.drugbank.ca/) (22). 

3.4. Molecular Docking Analysis
The computational method of molecular docking can 
predict the ligands binding capabilities to receptor proteins. 
The analyses of molecular docking usually performed to 
test the molecular binding affinity of putatively identified 
salicylic acid analogue against salicylates drug targets 
(23). The MOE resource was used for this purpose. The 
template including complex structure of salicylate bound 
human COX-2 and AKR1C1 targets were acquired from 
the protein data bank (PDB) (https://www.rcsb.org/) 
under IDs, 5F1A and 3C3U, respectively. The complex 
3D protonation and energy minimization was achieved 
by MOE for downstream analyses. The protein-ligand 
docking procedure implemented in the MOE was used 
to elucidate the molecular binding potential of ligand 
molecule with receptor. The binding affinity of the ligand 
was estimated via generalized Born/volume integral (GB 
/ VI) method implemented in the MOE (24). The ligand 
binding free energy was estimated via London dG scoring 
method in the MOE. The receptor atoms residing in the 
ligand locality and binding site were retained flexible. 
The ligand atoms were set free to move in the binding 
pocket. The top docking conformations were selected 
based on “S” score and binding energy. 

3.5. Phylogenetic Analysis
The phylogenetic analysis among different P. fluorescens 
strains was performed based on genomic variations in 
multilocus sequence typing (MLST) loci. This scheme 
defines microbial strains based on seven housekeeping 
genes sequences. MLST method is well-known to 
determine the evolutionary relationship among bacterial 
strains (25). The seven housekeeping genes for P. 
fluorescens strains typing are glnS (glutamine tRNA 
ligase), gyrB (DNA gyrase beta subunit), ileS (isoleucine 
tRNA ligase), nuoD (NADH-quinone oxidoreductase, 
C/D subunit), recA (recombinase A), rpoB (DNA-
directed RNA polymerase, beta subunit), and rpoD (RNA 
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polymerase sigma factor) (26). The DNA sequences of 
these seven housekeeping genes were combined and 
Maximum Likelihood-based rooted phylogenetic tree was 
generated from corrected multiple sequence alignment 
comprises of 3,286 nucleotides characters from each 
strain. We utilized MEGA7 software resource (https://
www.megasoftware.net/) (27) to perform this analysis. 
The tree with the highest log likelihood (i.e., -35342.71) is 
shown. Besides, the phylogenetic analysis was performed 
on the basis of few conserved biosynthetic proteins (i.e., 
enlisted in Table S4) of salicylic acid analogue coding 
BGCs. The genes sequences of these biosynthetic 
proteins were concatenated from their respective strains 
and a neighbor-joining based phylogenetic tree was 
constructed from multiple sequence alignment of 23,210 
nucleotides characters using the MEGA7 resource (27). 

4. Results

4.1. Putative Secondary Metabolites 
The analyses of different strains of P. fluorescens genomes 
assemblies inferred the BGCs coding for non-ribosomal 
peptide synthetases (NRPs), type III polyketide synthases 
(PKs), bacteriocins, homoserine lactones (HSL), 
siderophores, phenazines, arylpolyenes, terpenes, and 
ectoines metabolites (Table S2; Table S3). Moreover, 
some hybrid secondary metabolites, i.e. originating 

from BGCs comprise of distinct classes of secondary 
metabolites coding sub-clusters were predicted. These 
include butyrolactone-HSL, phenazine-NRP, bacteriocins-
NRP, terpene-NRP, HSL-phenzaine, siderophore-ectoine, 
HSL-ladderane, and HSL-NRP. Besides, several BGCs 
of unknown biosynthetic capabilities were predicted. A 
pyoverdine-coding BGC was putatively identified for all 
P. fluorescens strains genomes (Table S2).

4.2. Salicylic Acid Analogue Metabolite Identification
The putative secondary metabolites identified from 
genome mining of P. fluorescens strains were evaluated 
for necessary drug-like features using in silico drug 
discovery approaches. During this analysis, a single 
metabolite was found to fulfill the Lipinski’s rules of 
five (20) (Table 1; Additional file 1). The scanning 
of DrugBank database identified this metabolite as 
salicylic acid analogue and its corresponding BGCs were 
characterized for genome sequences of P. fluorescens 
A5O6, P. fluorescens PT14, and P. fluorescens FW300-
N2E3 strains (Table 2). The BLASTN analysis against 
NCBI genome repository identified the existence of 
salicylic acid analogue coding BGC in three additional 
Pseudomonas strains with significant query coverage 
and sequence identity (Table 3). This salicylic acid 
analogue is coding from NRP type of BGCs annotated 
from AntiSMASH version 4.0 resource analysis.

Table 1: The basic drug-like features of a salicylic acid analogue metabolite identified from P. fluorescens strains genomes

Lipinski’s rules of five values Chemical scaffold of putatively identified compound

Mol. weight:239.23 g/mol
log P:0.18
Hydrogen Donor: 3
Hydrogen Accepter: 5
Toxic : No

Table 2: The genomic position of salicylic acid analogue coding BGCs in different P. fluorescens strains

P. fluorescens strain Genbank Accession number Chromosome Start position-End position

A506 NC-017911.1 1 3,048,111-3,099,246

PT14 NZ-CP017296.1 1 1,942,951-1,994,085

FW300-N2E3 NZ-CP012830.1 1 5,251,222-5,323,220

Table 3: The NCBI Genbank BLASTN hits obtained for salicylic acid analogue coding BGC sequence from P. fluorescens A506

BLAST hit Strains Query coverage E-value Identity

1 Pseudomonas sp.WCS374 100% 0.0 99%

2 Pseudomonas sp. Bs2935 100% 0.0 99%

3 Pseudomonas fluorescens strain pt14 100% 0.0 99%

https://www.megasoftware.net/
https://www.megasoftware.net/
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4.3. Molecular Docking Inspection of Putative Salicylic 
Analogue Against Cyclooxygenase (COX) Target 
The COX (cyclooxygenase) is an enzyme responsible 
for the formation of thromboxane and prostaglandins. 
The mechanism of well-known anti-inflammatory 
salicylic acid such as aspirin and ibuprofen is based 
on pharmaceutical inhibition of COX. Aspirin acts 
upon both COX-1 and COX-2 isozymes to inhibit 
the prostaglandins formation. The aspirin covalently 
modifies the COX by acetylating its Ser-530 residue 
within active site. This eventually results in complete 
loss of COX-1 biological activity, while COX-2 
acetylation leads to generation of monooxygenated 
15(R)-hydroxyeicosatetraenoic acid (15R-HETE) (28). 
The analysis of molecular docking inferred the 
active binding of putative salicylic acid analogue 
within the aspirin binding pocket of human COX-
2 (Figure 1). Different conformations revealed 
that benzaldehyde group of the putative analogue 
compound forms molecular interactions with Ser-530, 
which was previously reported to affect the essential 
stereochemistry required for the addition of oxygen to 
prostaglandin end product (29). Based on this in silico 
binding potential (i.e. binding energy of -12.30Kcal.
moL-1), we assume that putatively identified salicylate 
analogue acts as a potential candidate to inactivate the 
COX-2 functioning as like aspirin. 

Figure 1: The putative salicylic analogue compound [(2S)-2-
formyl-6-hydroxyphenyl 2-amino-3-hydroxybutanoate] identified 
for P. fluorescens strains A5O6 (cluster 5), PT14 (cluster 3) and 
FW300-N2E3 (cluster 9) genomes. The numbers depict different 
protein domains as; 1. Condensation domain containing protein 2. 
Lysine/ornithine N-monooxygenase 3. Isochorismate synthase 4. 
AMP dependent synthase and ligase 5. Decarboxylase pyridoxal 
dependent 7. Diguanylate cyclase 8. Short chain dehydrogenase/
reductase 9. Homoserine/threonine efflux protein 10. TonB 
dependent sidrophore receptor 11. Iron compound ABC transporter 
periplasmic 12. ABC transporter ATP binding protein 13. Transport 
system permease 14. ABC transporter related protein 15. RND 
family efflux transporter mfp subunit 16. RND efflux system outer 
membrane lipoprotein 17, 19. AcrBAcrD and AcrF family proteins 
18. Major facilitator transporter 20. Extra cytoplasmic function 
sigma70-factor 21. Response regulator 22. LacI transcriptional 
regulator 23. TetR family transcriptional regulator.

4.4. Molecular Docking Against Aldo-keto Reductase 
(AKR1C1) 
The human aldo-keto reductase 1C1 (AKR1C1) also 
called 20α-hydroxy steroid dehydrogenase plays key 
role in progesterone metabolism (30). The oncogenic 
AKR1C1 causes 20α-hydroxy steroid hyperactivity 
and leads to the development of endometriosis and 
breast cancer. Besides, the hyperactive AKR1C1 leads 
to a premature birth defect by conversion of active 
progesterone, i.e. essential for the maintenance of 
pregnancy, to an inactive 20α-hydroxy progesterone 
(31, 32). The salicylates including, 3, 5-Diiodosalicylic 
acid (DISA) is reported as a potent inhibitor of human 
AKR1C1 (32). During molecular docking analysis, the 
binding energies and chemical interactions pattern with 
key residues revealed the AKR1C1 inhibitory potential 
of putatively identified salicylic acid analogue like 
other salicylates compounds (Figure 2; Table 4). 

Figure 2: The molecular docking of putative salicylic acid analogue 
in the aspirin binding pocket of human COX-2. The putative 
analogue compound is shown with green legend while aspirin is 
depicted with red color in the binding pocket.

Figure 3: (A) The molecular docking poses of 3, 5-diiodosalicylic 
acid (DISA) and (B) putative analogue within the active site binding 
pocket of AKR1C1.
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Table 4: The comparative docking results of putative salicylic analogue along with other salicylates compounds against AKR1C1 binding pocket.

S.No Compound name Structure Binding energy 
(Kcal/mol) Receptor-interaction residues

1 Anthraquinone-2-
carboxylic acid -11.1192 Asp50, Lys84,Tyr55

2 3,5-dinitro-4-
hydroxyphenyl acetic acid -12.5280 Tyr24, Asp50

3 3,5-diiodosalicylic acid -10.8759 Asp50, Lys84, His117, Tyr55

4 4-benzoylpyridine -8.1918 His117,Tyr55

5 3,5-dinitro-P-toluic acid -10.7199 Tyr24, Asp50

6 3-phenyl-4,5-
isoxazoledione-4-oxime -9.1001 Asp50,Lys84

7 N-benzyl-2,2,2-
trifluoroacetamide -9.4832 His222

8
putative salicylic analogue 
compound (identified in 

this study)
-12.0593 Tyr55, Asp50, His117

5. Discussion
The microbial genomes mining through computational 
biology approaches became an important tool for drug-

like novel metabolites discovery. The in silico analyses 
of available genome sequences of P. fluorescens strains 
revealed a diverse array of secondary metabolites 
biosynthetic potential in P. fluorescens strains. Few 
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BGCs were found to be strain-specific. For instance, 
the HSL-NRP coding from a hybrid BGC was detected 
only in P. fluorescens FW300-N2C3. We speculate that 
these strain-specific BGCs are coding for metabolites 
that attribute unique ecological competency to their 
respective P. fluorescens strains.
The chemoinformatic analysis results are crucial in 
the identification of few P. fluorescens strains, which 
harbor BGCs coding for salicylic acid like compound 
biosynthesis. The bio-control strains of Acinetobacter 
spp., Pseudomonas spp., and Serratia spp. produce 
salicylic acid to elicit the essential cellular signaling 
and induce plant defense mechanisms (7, 33). The 
orthologs distribution pattern of salicylic acid analogue 
coding BGCs was found similar between P. fluorescens 
A5O6 and P. fluorescens PT14, while in the case of 
P. fluorescens FW300-N2E3 the gene organization 
pattern was found somehow distinct (Figure 3). The 
AntiSMASH though predicted only the core chemical 
scaffold of salicylic acid analogue for these BGCs, while 
we speculate the biosynthesis of different salicylic acid 
like chemotypes with different aryl starter unit in these 
P. fluorescens strains. 
The MLST analysis of salicylic coding BGCs protein 
domains identified the P. fluorescens A5O6 and P. 
fluorescens PT14 as phylogenetically closest species 
(Figure 4). In addition, the P. fluorescens FW300-N2E3, 
which harbor distinction in orthologs arrangement 
in salicylic acid analogue coding for BGC was found 
far phylogenetically from P. fluorescens A5O6 and P. 
fluorescens PT14 (Figure 4).

Figure 4: A phylogenetic analysis of P. fluorescens strains on the 
basis of seven housekeeping genes MLST approach. The strains 
boxed in green harbor BGCs for coding putative salicylic acid 
analogue metabolite.

A similar phylogenetic tree pattern was observed for 
these strains, while the analysis was performed on the 
basis of conserved genes sequences from their salicylic 
acid analogue coding for BGCs (Fig.5; Table S4). This 
speculates that different P. fluorescens strains share the 
molecular machinery for salicylic acid chemical scaffold 
biosynthesis. Moreover, some strains harbor linage-
specific distinction in orthologs arrangement in these 
BGCs. This somehow reveals lineage-specific salicylic 
acid chemotypes biosynthesis in P. fluorescens strains.

Figure 5: A phylogenetic analysis of P. fluorescens strains predicted 
to harbor salicylic acid coding BGCs. The analysis was based on 
concatenated conserved biosynthetic genes sequences from salicylic 
acid coding BGCs.

6. Conclusion
The genome mining for BGCs revealed that P. 
fluorescens strains encode a diverse array of secondary 
metabolites. The in silico drug discovery analysis 
identified few P. fluorescens strains, which hold 
molecular signatures for coding salicylic acid like 
metabolite. The analyses conducted here provide a 
solid framework for experimental characterization 
of salicylate coding gene clusters in P. fluorescens 
strains.  We speculate that additional methodologies 
of metabolic engineering and strain-specific induction 
might be promising for the massive production of 
such important drug-like chemical scaffold. The 
salicylate-coding gene cluster characterized here can 
be up-regulated or activated by promoter exchange 
cloning and transformation to construct recombinant 
transformants P. fluorescens strains for large scale 
biological production of salicylate chemical scaffolds. 
Furthermore, the biological manipulation of these gene 
clusters by recombinant DNA approaches may produce 
additional novel and potent chemical derivatives of 
salicylic acid. 
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