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Abstract
Pyrrolnitrin (PRN) from rhizobacteria displays a key role in biocontrol of phytopathogenic fungi in rhizospheric soil. Therefore, different rhizospheric soils were
investigated for the prevalence of PRN producer in minimal salt (MS) medium containing tryptophan (0.2 M NaCl; pH 8) using three successive enrichments.
Of 12% isolates, only �ve bacterial strains had shown PRN secretion, screened with Thin Layer Chromatography (Rf 0.8) and antifungal activity (27 mm)
against phytopathogen. The phenetic and 16S rRNA sequence revealed the close a�liation of isolates (KMB, M-2, M-11, TW3, and TO2) to Stenotrophomonas
rhizophila (KY800458), Enterobacter spp. (KY800455), Brevibacillus parabrevis (KY800454), Serratia marcescens (KY800456) and Serratia nemtodiphila
(KY800457). Puri�ed compound from isolates was characterised using UV, IR, HPLC, LCMS and GCMS as PRN. However, BLASTn hit of prn gene sequences
from both Serratia species showed 99% similarity with NADPH dependent FMN reductase component (prnF). The homology protein model of prnF was
developed from translated sequence of S. marcescens TW3 with chromate reductase of Escherichia coli K-12. Docking with FMN and NADPH was performed.
The study demonstrated the possible role of prnF NADPH dependent FMN reductases in prnD for supply of reduced �avin in rhizobacterial strain of Serratia
spp. which may pave a way to understand PRN production.

Introduction
Pyrrolnitrin [3-chloro-4-(3’-chloro-2’-nitrophenyl) pyrrole; PRN], is a organo-halo-phenylyrrole metabolite mostly produced by narrow range of rhizospheric Gram
negative bacteria (Schmidt et al. 2009) that has broad spectrum antimicrobial activities including, antifungal activity against a wide range of Deuteromycetes,
Ascomycetes, Basidiomycetes (Arima et al. 1964; Chernin et al. 1996; Kirner et al. 1998; Schmidt et al. 2009; Pawar and Chaudhari 2019) and nematicidal
activity (Nandi et al. 2015). PRN has been documented for (i) insulin secretion by INS-1 cells, but cytotoxic to pancreatic β–cells at low and high concentration,
respectively (Hong et al. 2014), (ii) inhibitory activity (8 µgml− 1) against Mycobacterium tuberculosis and M. avium (Roberto et al. 1998), (iii) potential
importance in the suppressive of soil to phytopathogens for study of plant species richness and (iv) key role in induced systemic resistance in plants (Ellen et
al. 2012; Hong et al. 2014; Weisser et al. 2017). Now, PRN has been used as a lead structure in the development of stable phenylpyrrole derivatives (�udioxonil
and fenpiclonil) as an alternative fungicide to chemical pesticides in agriculture (Ligon et al. 2000; Keum et al. 2009; Bhardwaj et al. 2015). Currently,
chlorinated phenylpyrroles has received more attention in agricultural and pharmaceutical as the most effective allelochemicals (van Pee 2012; Frese and
Sewald 2014) for biocontrol against various pathogens (Arima et al. 1964; Bhardwaj et al. 2015; Pawar et al. 2019) on the basis of (i) inhibitory activities
towards NADH and succinate supported terminal electron transport in mitochondria, (ii) destructive in�uence to the cellular membrane integrity by
combination with phospholipids causing inhibition of cellular respiration in fungi (Nose and Arima 1969; Tripathi and Gottlieb 1969; El-Banna and
Winkelmann 1998) ,(iii) uncoupling of oxidative phosphorylation at low concentration, and (iv) cessation of cell growth due to accumulation of glycerol,
stimulation of triacetyl glycerol leading to leakage of cell membrane (Jespers et al. 1995).

Hence, PRN has been recommended for (i) treatment of Tinea pedis and dermatophytic infections as an antimycotic topical medicine under the trade name
PYRO-ACE in Japan (Gorman and Lively 1967), (ii) control of post-harvest diseases of apple, pear and cut �ower caused by Botrytis cinerea (Tawara et al.
1989; Hammer et al. 1993) and soil borne phytopathogens in a variety of plants (Sako et al. 2002).

Presently, PRN is biosynthesised by rhizobacterial strains of Burkholderia cepacia, B. pseudomallei, Corallococcus exigus, Cystobacter ferrugineus,
Enterobacter agglomerans, Myxococcus fulvus, Serratia spp., �uorescents and non-�uorescent Pseudomonas spp. (Gerth et al. 1982; Roitman et al. 1990;
Chernin et al. 1996; Roberts et al. 2007; Costa et al. 2009) and reported for the presence of prn operon (Hamill et al. 1967; Gerth et al. 1982; Roitman et al.
1990; Chernin et al. 1996; El-Banna and Winkelmann 1998; Roberts et al. 2007; Costa et al. 2009; Parry et al. 2011). The gene cluster (prnA through prnD) for
PRN was reported in Bulkholderia cepacia, Pseudomonas pyrrocinia and Serratia spp. (Hammer et al. 1997) and newly discovered prnF (�avin reductase) in
close proximity to prnD constituted part of the gene cluster (Lee and Zhao 2007) for PRN biosynthesis from tryptophan through chlorination, followed by
rearrangement, regioselective chlorination, oxidation of amino group in the presence of reduced �avin by �avin reductase (Hammer et al. 1997; van Pee 2001).
Among these, prn gene sequences revealed more conservation between Burkholderia, Pseudomonas, Serratia derived sequences and hence, prnD gene
constitute speci�c detection system and de Souza (2003) developed speci�c primers located in the prnD gene to assess phylogenetic relationship in PRN
producing rhizobacteria. prnD (aminopyrrolnitrin oxygenases) in the pathway catalyse a 6-electron oxidation of amine group of aminopyrrolnitrin to a nitro
group to form PRN in the presence of reduced �avin (Nakatsu et al. 1995). The evidences of prnF and prnD to form a two component NADPH dependent
monooxygenase was recently delineated from prnD-catalyzed arylamine oxidation in Pseudomonas �uoresces Pf-5 (Hohaus et al. 1997; Tiwari et al. 2012).

Besides, PrnF was also demonstrated to stimulate (i) chorinaton by PrnA and PrnC activity in PRN synthesis (Richard 2003), (ii) halogenation of aromatic
compounds by RebH and ThdH in rebecamycin, thienodolin (Sanchez et al. 2002; Sebold et al. 2006) and (iii) bromination by BrvH in marine metagenomes
(Neubauer et al. 2018) and reported to catalyse the reduction of �avin such as �avin mononucleotide, �avin adenine dinucleotide and ribo�avin by NAD(P)H to
form reduced �avin which is required to activate oxygen by the terminal oxygenase (Hammer et al. 1997). At present, prnF was identi�ed via sequence
analysis only from Pseudomonas �uorescence Pf-5 and characterized to supply reduced �avin to prnD oxygenase component to function in PRN synthesis
(Hammer et al. 1997). On this premise, we initiated our study with (i) isolation and selection of rhizospheric bacteria from eco-habitats for extracellular
secretion of PRN, (ii) identi�cation of rhizobacterial strains with phenetic and 16S rRNA gene sequencing, (iii) investigation of prnD gene in PRN secretion from
both Serratia spp with prnD speci�c primers (Souza and Raaijmakers 2003) (iv) characterization of prnF component encoding �avin reductase based on
bioinformatic studies, and (v) analysis of structural model of prnF protein from both Serratia strains and compared it with PrnF protein models of reference
strain in order to �nd out structural similarity. Finally, PRN was extracted from �ve selected rhizobacterial isolates and characterized for (a) chemical identity
with analytical tools, and (b) bioactivity against reference phytopathogen.

Materials And Methods

Growth media, chemicals, phyto-pathogens
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Various media viz. King’s B (KB), Trypan Blue Tetracycline (TBT) and Mineral salt (MS) medium (pH 8.0) were used for isolation of bacteria and screening for
secretion of PRN. Plant pathogen Fusarium oxysporum MTCC 9913 was grown and maintained on Potato Dextrose Agar (PDA) for antimicrobial assay and
stored at 4 °C. All chemicals as well as solvents used were of reagent grade and procured from M/s S.D. Fine Chemicals, Mumbai and culture media were
purchased from Hi-Media Pvt. Ltd., Mumbai.

Soil analysis and isolation, enrichment of bacteria for halo-metabolite secretion
The rhizospheric soil was taken from radish (RJ) grown in nearby area (21.0076578 °N 75.5626039 °E) and rice cultivated in saline (RD) of coastal area
(19.9810649 °N 72.7451817 °E) (Table 1). The crop plants were uprooted from each site and soil surrounding the root surface of plants from each location
was taken to the laboratory and stored at 4 °C. Analysis of physico-chemical parameters of soil samples was carried out as per standard protocols at Jain
Irrigation System Ltd. (JISL), Jalgaon (Gupta 1999; Jones 2001; Tondon 2005).

Table 1
Physico-chemical and particle size characterization of soil samples collected from rhizospheric area of different habitats use

Soil Parameters

Physical Chemical

Ecological
location

Soil
Sample

°C pH EC
(mScm− 

1)

OC
(%)

ESP
(%)

SAR N
(kg/ha)

P
(kg/ha)

E-K
(kg/ha)

E-Na
(ppm)

E-
Ca
(%)

E-
Mg
(%)

Chloride
(ppm)

B
(ppm

Rhizospheric
Radish soil,
Jalgaon

(21.0076578
°N
75.5626039
°E)

RJ 27 
± 2

8.38 0.535 0.39 18.78 137.83 150.53 5.21 214.26 49.62 0.17 0.09 232.20 Nil

Coastal
region,

Rice soil,
Dahanu

(Dist.
Palghar)

(19.9810649
°N
72.7451817
°E)

RD 25 
± 2

8.56 1.550 1.21 93.85 808.85 163.07 28.59 179.45 2742.70 0.15 0.08 789.47 0.02

EC: Electrical conductivity, OC: Organic carbon; ESP: Exchangeable sodium potential; SAR: Sodium absorption ration; N: Nitrogen; P: Phosphorus; EK: Exchang
Exchangeable magnesium; B: Boron; S: Sulphur; Fe: Iron; Mn: Manganese; Zn: Zinc; Cu: Copper

For isolation of halometabolite secreting bacteria, rhizosphere soil adhering to the roots of rice plant and root exudates of radish plant were collected in sterile
container. Each sample (10 g soil with roots) was placed in 500 ml Erlenmeyer �asks with active volume of 100 ml containing sterile growth medium KB, TBT
(Hagedorn et al. 1987) and MS medium (de Souza and Raaijmakers 2003) amended with 1.5% NaCl; was incubated for 48 h at room temperature on a rotary
shaker (120 rpm). After three successive enrichments on the same medium, aliquots of decimal dilution (10− 6) were spread on respective agar medium;
typical morphotype colonies were selected and maintained on nutrient agar slant at 4 °C before screening for extracellular PRN secretion.

Screening of bacteria for PRN production
Each pre-grown bacterial isolate (OD 0.5 at A600) was inoculated in 50 ml of MS medium amended with 0.06% D-tryptophan kept at 28 °C on rotary shaker
(120 rpm) for initial 24 h followed by 96 h of dark and static condition as per deSouza and Raaijmakers (2003). The culture broth was centrifuged (R-24 REMI,
Mumbai) at 4650 × g for 15 min to separate cell biomass. Cell free supernatant was acidi�ed to pH 5.0 by 5 N HCl and subsequently, extracted in ethyl acetate
(1:3) thrice. The organic phase was evaporated, residue dissolved in 1 ml of methanol and stored at -20 °C for further characterization. Initially, each sample
was analysed for characteristic (i) optical spectral pattern (190–800 nm), (ii) pyrrole ring using Ehrlich’s reagent (Kessler et al. 1990) and (iii) chlorine moiety
by IR.

Chemical characterization
Methanol extract from each sample (50 µl) was applied onto Silica gel 60 F254 plates (20 × 20 cm, Merck, Germany). Chromatography run was carried out with
chloroform: acetone (9:1) as performed by Burkhed et. al (1994) and de Souza and Raaijmakers (2003) and (i) visualized under UV trans-illuminator (254 nm),
(ii) subsequently treated with Ehrlich’s reagent (2% p-dimethylaminobenzaldehyde) in 95% ethanol: HCl as 1:1 for purple coloured spot. Relative distance of
each coloured spot to solvent front was calculated as Rf value for each sample.

The IR spectra of each extracted sample was recorded for the presence of functional group using Fourier transform infrared spectroscopy (FTIR) (88522
Spectrum Two TM, Perkin-Elmer, USA) in the range of 4000–350 cm− 1 spectral region. Each sample was analysed using % transmission with devoid of
sample as control.
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High performance liquid chromatography (HPLC) (Younglin (S.K) Gradient System; Software: Autochro-3000) of each sample was conducted at Shree
Analytics, Jalgaon (El-Banna and Winkelmann 1998). The HPLC column used was a C18 (4.6 mm x 250 mm (YMC; particle size packing 5 µm). The sample
was detected with isocratic system using acetonitrile: water (20 to 100%) as solvent phase. Flow rate was 0.7 mlmin− 1 with ambient temperature and
absorbance was checked at 220 nm (UV Detector-730D). Molecular mass spectrum was determined by LC coupled with mass spectrophotometer (LC-MS)
(Waters Micromass Q-Tof Micro, USA) at Punjab University, Chandigarh. MS analysis was conducted to screen LC eluent for PRN.

Further, characterization of extracted sample from two bacterial isolates (TW-3 and TO-2) were also conducted by gas chromatography (GC) at NCML,
Hyderabad using Thermo TR-5 Column (30 m length, 0.32 ID, 5% phenyl poly siloxane) with the following conditions: carrier gas: Helium; �ow: 2 mlmin− 1;
inlet: 250 °C; oven: 150 °C for 5 min, 15 °Cmin− 1 up to 250 °C, hold 10 min; detector: 200 °C; sample volume: 3 µL with no split ratio (Schmidt et al. 2009). The
mass of peak was determined at RT of 10.6 min.

Antagonistic activity of halometabolites towards phytopathogen
Each extracted sample was examined for in vitro antagonistic activity towards test phytopathogen Fusarium oxysporum MTCC 9913 using agar-well diffusion
assay (Ahmad et al. 2008). About 20 µl of each extracted sample was applied against 104 fungal spores ml− 1 into 20 ml of PDA and incubated at 28 °C for
240 h. The growth of phytopathogen in the absence of active compound was monitored and used as a control for the antagonist assay. The zone of inhibition
around wells (mm) was estimated after 8 days of incubation. Each experiment was repeated twice, and data was analysed for standard deviation.

Taxonomic identi�cation of bacterial strains
Preliminary identity of �ve selected bacterial isolates designated as, TO-2, TW-3, KMB, M-11, M-2 were examined using (i) cultural, morphological and
microscopic examination, (ii) molecular characterization at Macrogen, South Korea, (iii) two bacterial strains TW-3 and TO-2 studied for (a) biochemical
identi�cation by Vitek-2 system (version 7.01) at Salvus Bioresearch Solution, Vadodara (Gujarat) and also, (b) utilization of carbohydrates and sugars by
inoculating a loopful of pre-grown culture (24 h) into the wells of KB009 HiCarbo kit (KB009A/KB009B1/ KB009C).

16S rRNA sequencing and phylogenetic relationship
For 16S rRNA, reaction was performed in 25 µl volumes using 20 ng of template DNA, containing 15 pmol of each primer, PCR was performed in a 30 µl
reaction mixture with EF-Taq (SolGent, Korea). The sequence primer 785F 5' (GGA TTA GAT ACC CTG GTA) 3', 907R 5' (CCG TCA ATT CMT TTR AGT TT) 3'
while PCR primer 27F 5' (AGA GTT TGA TCM TGG CTC AG) 3’, 1492R 5' (TAC GGY TAC CTT GTT ACG ACT T) 3' was used for ampli�cation. The PCR ampli�ed
DNA fragments were gel-puri�ed using QIAquick™ Gel Extraction Kit (250) (Qiagen, Hilden, Germany) and sequenced by using ABI3730 XL DNA Analyser
(Applied Biosystems, Renton, USA) at Macrogen Inc (Seoul, South Korea).

The nucleotide sequence data were assembled and analysed using Basic Local Alignment Search Tool (BLAST) at NCBI. The phylogenetic relationship was
inferred by neighbour-joining method using MEGA 7.0 software (Felsenstein 1985; Saitou and Nei 1987; Zuckerkandl and Pauling; Kumar et al. 2016). The
resulted gene sequences have been submitted to the NCBI gene database and �ve bacterial cultures were deposited to culture collection centre at MTCC,
Chandigarh and NCIM, Pune.

prn gene sequencing

PCR based detection of PRN coding gene (prn gene) from bacterial isolates (as determined by analytical tools) was carried out by using 25 ng of DNA
template. For this purpose, prnD primers (PRND1 GGGGCGGGCCGTGGTGATGGA and PRND2 YCCCGCSGCCTGYCTGGTCTG) and reaction (3 µl diluted heat
lysed cell suspension + 1 x PCR buffer + 1.5 mM MgCl2 + 200 µM of each dNTPs + 20 pmol of each primer + 2.0 U AmpliTaq polymerase) conditions (initial
denaturation for 2 min at 95 °C followed by 30 cycles at 95 °C for 1 min; annealing at 68 °C for 1 min; and �nal extension at 72 °C for 1 min) for ampli�cation
were carried out as per deSouza and Raaijmakers (2003) using PCR machine (DNA Engine Tetrad 2 Peltier Thermal Cycler, BIO-RAD). The PCR program for prn
consisted of an initial denaturation at 94 °C for 5 min, followed by 40 cycles at 94 °C for 30 secs, annealing at 68 °C for 30 secs, followed by an extension at
72 °C for 2 min. The PCR ampli�ed product was resolved in buffer using AxyPrep DNA gel extraction kit. All PCR based reactions were conducted using Big
Dye (R) Terminator v3.1 cycle sequencing kit (Applied Biosystems, USA). The gene sequences were identi�ed using similarity search against the available
database with BLASTx. The prn gene sequences from each bacterial strain were deposited in NCBI GenBank database.

Molecular modelling of PrnF protein
The 3D structure of PrnF was generated using MODELLER (Sali and Blundell 1993; Fiser and Do 2000). A BLAST search of Protein Data Bank (PDB) indicated
the signi�cant sequence identity (85.93%) with PrnF and chromate reductase in Escherichia coli K-12 (tseq1) possessing the highest bit score among all of the
search results. The crystal structure of the 3SVL (resolution 2.2 Å) was used as a template. The target sequence was aligned with template structure and the
health of the template structure was checked using protein health module. The �nal model was build using information from template structures and
validated using (i) ProSA web server, (ii) SAVES v5.0 and (iii) PROCHECK.

Protein-ligand docking simulations were performed using AutoDock4 and AutoDock Vina tool (Trott and Arthur 2015) in PyRx (Dallakyan and Arthur 2015) for
initial screening. Ligands were obtained from the ZINC database and structure was corrected for (i) geometric, (ii) optimized atom numbers and, (iii)
conformational issues using the repair tools like ChemDraw, Avogadro, etc. For the standard docking procedure, ligands were docked by de�ning a grid box
with spacing 1 Å, center of X = 80.8924, Y = 62.494 and Z = 8.631and size of 25 × 25 × 25 (Å) pointing in x, y and z directions around the protein active site.
After preparing the coordinate �les, FMN and NADPH were docked with binding domains in order to see the bound conformations, binding a�nity and
possible protein-ligand interactions. PyMOL (Molecular Graphics System, Version 2.3 Schrodinger, LLC) and BIOVIA/Discovery Studio 2019 used for the
visualization and structure analysis then lowest energy structure was used for post-docking analysis.
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Results

Isolation and screening of halometabolite producing bacteria from rhizospheric soil
The rhizospheric soil samples namely, RJ and RD were analysed for physico-chemical characteristics. The analysis of both soil (RJ and RD) are revealed in
Table 1. The soil type of both RJ and RD samples appeared to be Loam and Sandy loam with high alkalinity and salinity, respectively. The saline soil likely
harbour halometabolites (e.g. PRN) secreting bacteria in rhizosphere (van Pee 2001). Besides, the abundance of tryptophan in the root exudates of radish was
reported earlier (Kravchenko et al. 2004) (Table 2), possibly a precursor for PRN biosynthesis in rhizospheric region. Hence, both salinity and tryptophan were
incorporated in the selection medium for isolation of halometabolite secreting rhizobacteria in the present study. The evidences about prevalence of PRN
secreting rhizobacteria from rhizospheric soil of grasslands and arable soil was reported earlier with PCR based approach (Garbeva et al. 2004).

Table 2
The amount of tryptophan secreted by the different genera of plants in rhizospheric soil

S. N. Name of the Plant Amount of tryptophan Reference

1. Pea Plant (Pisum sativum) µg 0.5 Morris and Johnson (1987)

2. Oat (Avena sativa) Mm 0.25 Barazani and Friedman (1999)

3. Pigeon pea (Cajanus cajan) + Rhizobiom spp. wild S2 1.2 ± 0.09 Pandya et al. (1999)

Pigeon pea (Cajanus cajan) + Rhizobium spp. mutant S14 0.13 ± 0.08

4. Tomato cultivars (Karmello) ng− 1 5.3 ± 0.7 Kravchenko et al. (2004)

Tomato cultivars (Aromato) 2.8 ± 0.4

Radish cultivars (Saksa nova) 293 ± 35

Radish cultivars (Teplichnyi) 390 ± 42

5. Tomato Seedlings− 1 7.39 ± 0.83 Kamilova et al. (2006)

Cucumber 1.81 ± 0.28

Sweet Pepper 23.9 ± 0.83

Radish 293 ± 35

6. Cucumber Plant− 1 4.9 ± 4.5 Liu et al. (2007)

7. Soya bean FN 4.10 nmol plant− 1 2.79 Yaryura et al. (2008)

Soya bean FN 4.85 0.29

8. Corn Mmol ml− 1 0.05–0.3 Tahat et al. (2010)

Tomato 0.1–0.2

9. Rice (Oryza sativa) nM g− 1 1.026–1.345 Tawaraya et al. (2013)

0.992–1.856

10. Clover (seedling) gL− 1 7.5 × 10− 6 Kefford et al. (1960)

Total 111 bacterial strains (40 and 71 bacterial morphotypes) were isolated from rhizospheric soil (radish and rice). The preliminary analysis of methanolic
extracts of cell free broth from all isolates for PRN was detected with (i) UV-Vis spectrum (Fig. 1a) and (ii) Ehrlich’s test using Ehrlich’s reagent. Among these,
only 40 isolates showed characteristic Ehrlich’s reagent spectra (Kessler et al. 1990) of pyrrole ring at 520–570 nm (Fig. 1b). Analogous to UV-Vis spectra of
40 samples, TLC plate developed violet coloured spot after Ehrlich’s reagent reaction with Rf value of 0.8 (Fig. 2a) which are consistent with the earlier reports
(de Souza and Raaijmakers 2003; Parry et al. 2011).

The UV spectrum of the pyrrole compound yielded λmax/nm (relative absorbance) of 212 (3.425), 252 (1.88); 212 (3.425), 252 (1.882); 226 (4.0123), 252
(2.399); 211 (1.5982), 252 (1.88); 220 (2.7584), 252 (1.194); for bacterial isolates KMB, M-11, M-2 TW-3 and TO-2 respectively (Fig. 1a). PRN extracted from
each bacterial strain KMB, M-11, M-2, TW-3 and TO-2 quanti�ed according to Chernin et al. (1996) for the same molecular weight of 257.07 D at absorbance
of 252 nm using 1 cm path length against sample devoid of PRN, (ethanol as blank) and calculated using extinction coe�cient (ϵ = 7500) appears 64.43,
82.26, 64.51, 64.43 and 41. 02 µgml− 1, respectively. The PRN reported in this study was 8-16.5 times more than the earlier reports from E. agglomerans (1996)
and B. cepacia (1998).

Further, FT-IR analysis of each extracted sample was accomplished for the presence of pyrrole group (Fig. 2b). The FT-IR spectra of extracted samples in the
range of 4000 − 350 cm− 1 revealed vibration band at (i) ∼3470 cm− 1 for pyrrole ring in 40 samples that correlates with Rf value of 0.8 using TLC analysis, (ii)

500–800 cm− 1 con�rmed the presence of chlorine moiety and (iii) 1530 and 1375 cm− 1 veri�ed the existence of nitro group only in 15 samples. Consequently,
negative test of ferric chloride for nitro group in 15 samples also suggested the presence of PRN (Arima et al. 1964).
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The retention time of HPLC chromatogram spotted at 27.5 min in all 15 samples (de Souza and Raaijmakers 2003). Among these, only 05 cell free methanol
extract of each had shown comparatively signi�cant percent area of peak obtained at 27.5 min from bacterial strains namely, TW-3, TO-2, M-11, M-2 and KMB
and hence, selected further for extracellular production of PRN. The methanolic extracts of two bacterial strains, TW-3 and TO-2 were characterised by mass
spectrophotometry. The LCMS analysis showed a main peak at m/z = 256.232 and 256.121 for TW-3 and TO-2 samples, respectively (Fig. 3a-b), thus,
indicated the presence of PRN. The GC analysis of both samples from both isolates TW-3 and TO-2 also showed highest peak at RT 10.6 min (Fig. 4) for PRN
while remaining peak represented derivatives. Furthermore, GCMS analysis of the extract of bacterial cultures TO-2 and TW-3 showed fragments ion at m/z = 
166 which con�rmed the PRN like GCMS chromatogram of extracted sample from wild-type Burkholderia lata 383 reported earlier for PRN (Schmidt et al.
2009).

Antagonistic activity at PRN extracts against F. oxysporum MTCC 9913
The samples (40) veri�ed with TLC were tested for antagonistic activity against F. oxysporum MTCC 9913. Of these, only 32 extracted samples had shown
13–27 mm diameter of zone of inhibition around the wells after 8 days, exhibiting phyto-protecting competence against F. oxysporum. However, extracted
sample of isolates TW-3, TO-2, KMB, M-2 and M-11 displayed signi�cant inhibitory action against growth of F. oxysporum with 27, 25, 17, 13, and 15 mm of
zone of inhibition, respectively (Fig. 5a-b), whereas others were in the range of 11–14 mm in diameter. These results agree with earlier observations (Chernin et
al. 1996; de Souza and Raaijmakers 2003; Huang et al. 2018). Apart from suppression of mycelial growth; conidial germination of F. oxysporum was
undetected even after 10 days in the present study, indicating cessation of sporulation possibly due to more active phenyl-pyrrole component in methanolic
extracted samples (Kilani and Fillinger 2016). These results eventually suggest key role of rhizobacterial isolates in suppressive of phytopathogen by PRN in
alkaline and saline soil.

16S rRNA and prn coding gene sequencing
The partial 16S rRNA gene sequence (1.4–1.5 kb) of �ve bacterial isolates TW-3, TO-2, M-2, M-11 and KMB were ampli�ed with PCR and sequences were
searched for similarity using BLAST analysis (Table S1). The search analysis revealed 99% similarity of the bacterial strain TW-3, TO-2, M-2, M-11 and KMB
with Serratia marcescens, Serratia nematodiphila, Enterobacter spp., Brevibacillus parabrevis and Stenotrophomonas rhizophila, respectively and NCBI
GenBank database accession numbers of KY800456, KY800457, KY800455, KY800454 and KY800458, respectively (Fig. 6a and Fig. S1a). The bacterial
isolate TW-3, TO-2, M-2, M-11 and KMB were deposited in culture collection centers with number [(i) NCIM 5696, (ii) NCIM 5695 and MTCC 12894, (iii) NCIM
5716, (iv) MTCC 12893, (v) MTCC 12898], respectively. The preliminary biochemical characteristics of selected bacterial strains S. marcescens TW-3 and S.
nematodiphila TO-2 was ascertained using Vitek-2 system (Version 07.01) on Gram negative (GN) card (Table S2b). The results also showed 99% probability
and excellent con�dence level with S. marcescens. Table S2a summarizes utilization of carbohydrates, sugars and various carbon sources by all �ve bacterial
strains. The phylogenetic relationship of rhizospheric isolates was inferred and constructed based on available 16S rRNA sequences from NCBI database
using MEGA 7.0 software tool (Kumar et al. 2016). The taxonomic position of �ve bacterial isolates is shown in the phylogenetic tree (Fig. 6b). The nucleotide
sequences of bacterial isolates were aligned and inferred for the evolutionary history using the neighbor-joining method (Saitou and Nei 1987). Neighbor-
joining tree based on 16S rRNA gene sequences of rhizobacterial isolates showing the positions of the isolate TW-3 (a), TO-2 (b), M-2 (c), M-11 (d) and KMB
(e) with Serratia marcescens, Serratia nematodiphila, Enterobacter spp., Brevibacillus parabrevis and Stenotrophomonas rhizophila expressed as replications.
Bar 0.02 substitution per nucleotide position. The optimal tree with the sum of branch length of 0.27687301 was drawn. The percentage of replicate tree in
which the associated taxa clustered together in the bootstrap test with 1000 replicates were shown next to the branches (Felsenstein 1985; Felsenstein and
Kishino 1993) to assess the reproducibility of clades in the inferred phylogenies. The trees were drawn to the scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood
method (Felsenstein and Kishino 1993) and were in the units of the number of base substitutions per site. The analysis involved 8 nucleotide sequences. All
positions containing gaps and missing data were eliminated. There were a total of 1461 positions in the �nal dataset. Of these, Serratia marcescens was
reported earlier for PRN production (Purkayastha et al. 2018). The occurrence of extracellular PRN from other rhizobacterial species were reported for the �rst
time in this study.

The bacterial isolates were investigated for the presence of characteristic prnD coding gene by PCR based ampli�cation using primer that have been derived
from conserved region of prnD gene identi�cation by de Souza and Raaijmakers (2003). The electrophoretic gel image of PCR ampli�ed product (Fig. 6c)
showed distinct bands in Lane 1 and 2 whereas, lane 3 and 5 showed multiple bands and Lane 4 exposed weak single band. Hence, the gel extraction of PCR
products was carried out for the band present in the range of 700–800 bp and taken for DNA sequencing (Fig. S1b). However, these gained gene sequences
have shown 99% similarity with putative NADPH dependent FMN reductases present in complete genome of S. marcescens after BLASTn which didn’t match
with targeted prnD gene. Hence, translated nucleotide query sequence of both isolates was checked using BLASTx against protein data bank and showed
gene sequences are belonging to FMN reductase superfamily. As per the Lee and Zhao (2005) for in vitro activity of prnD from Pseudomonas �uorescens Pf-5
required NADPH and FMN molecule. The study revealed biochemical organization of PrnD system where �avoprotein reductase accepts electron from NADPH
and transfer to PrnD. Then, the reduced PrnD catalyses oxidation reaction and convert aminopyrrolnitrin to pyrrolnitrin which mimics with FAD reductases
encoded by prnF. Thus, suggest the presence of prn gene which possibly codes for the supply of reduced �avin during enzymatic reactions.

Both prnF and prnD proposed to form two component oxygenase systems, wherein prnF provides pool of reduced �avin to prnD gene function that seems to
be required in catalysing unusual arylamine oxidation (Hammer et al. 1997; Ellis 2010; Tiwari et al. 2012).

Initially, PSI BLAST of protein sequence from isolates TW-3 and TO-2 was performed to get position speci�c scoring matrix for secondary structure of related
protein sequences. The BLAST hit of protein sequences from isolates TW-3 and TO-2 showed 100 and 99% identities with class of NAD(P)H-dependent
oxidoreductase protein of Serratia spp. Therefore, gene sequence analysis unambiguously con�rmed the capacity of the strains TO-2 and TW-3 to secrete PRN
and indicate that the prn gene may be contributing to PRN production.
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Comparative PrnF structure modelling using MODELLER and molecular dynamic
simulation and docking
To investigate the structural basis of the reaction mechanism of PrnF, a homology model of the PrnF was built using crystal structure of the �avin reductase
(3SVL) from Escherichia coli K12 that showed maximum identity in BLAST (Fig. 7a). The developed model had shown a dual binding cleft for the NADPH and
FMN substrate, like the previous reports (van den Heuvel et al. 2004; Okai et al. 2006; Kim et al. 2008; Tiwari et al. 2012).

The result from ProSA as Z-Score, Verify 3D and ERRAT plot displayed − 6.07, 81.48% and 87.4016, respectively (Fig. S2a-b). The calculated Ramachandran’s
plot suggested that 91.0%, 7.2%, 0.9% and 0.9% of the residues in derived model were in the most favored, additional allowed, generously allowed and
disallowed regions, respectively. Altogether 98% of the residues were placed into the combined favored and allowed groups. Thus, PROCHECK and other tools
validated the folding integrity of the PrnF model and indicated that the protein structure derived from the 3SVL template was of higher quality in terms of
protein folding. Figure 7b shows the distribution of  and φ from the Ramachandran’s plot for the non-glycine, non-proline residues.

Molecular docking was performed to predict the molecular interactions between NADPH, FMN and amino acid residues of PrnF protein using Autodock,
Autodock Vina™ combined with PyRx ™. The molecular docking study revealed that FMN molecule was bound with a groove of the PrnF protein. A single
hydrogen bond interaction of FMN with the amino acid residues was observed (Fig. S3a). The pyrophosphate moiety of the FMN molecule was bonded with
Isoleucine25 by carbon-hydrogen bond at 6.38 Å. While ribose and adenine moiety of the FMN forms (i) pi-sigma bond interaction (shown in dark pink colour)
with Leucine39 (3.96), (ii) alkyl bond (interpreted in light pink) with Proline29 (5.01 Å), Proline 36 (5.01 Å) and Leucine39 (4.35 Å) (Fig. S3b). The NAPDH also
bound protein by (i) hydrogen bond interaction with nicotinamide ring by VAL 27 (4.06 and 3.84), (ii) alkyl bond nicotinamide ring by VAL27 (4.49 Å), (iii) Pi-
sigma bond by ILE18 (4.87 Å), LEU54 (4.78 Å), ILE26 (5.37 Å), (iv) alkyl bond by VAL24 (2.35 and 3.95 Å), LEU54 (2.86 Å), ILE26 (6.15 Å) and VAL59 (5.92 Å)
(Fig. S4).

Discussion
The secretion of PRN in soil by few rhizospheric bacteria has contributed potential role in the (i) suppression of soil to plant pathogens and, (ii) organically
driven agricultural practices (Costa et al. 2009). Rhizospheric RJ soil appeared strong brown coloured, with intense dried cracks, while RD soil seems to be
dark red to black in colour, possibly due to high iron content. The alkalinity and salinity probably served as key determinants for the occurrence of
rhizobacteria in soil to produce PRN (Garbeva et al. 2004) and hence, rhizobacteria application to crop has emerged out as preferred eco-friendly strategy to
control phytopathogens compared to the synthetic chemical fungicides.

The rhizobacteria belonging to the genus Serratia was found in root exudates of plants that had a�nity towards tryptophan. The root exo-metabolite contains
tryptophan in detectable amount in radish root exudates, but, the in vivo concentration of PRN could be produced from available tryptophan is within the range
required for fungal inhibition. Hence, secretion of PRN is always in limited quantity than other bacterial metabolites. Interestingly, the previous report had
shown that bacterial cell retains PRN inside the cell more than exterior (Roitman et al. 1990) and hence, in vitro antibiosis was examined with supernatant to
select e�cient rhizobacteria against a test phytopathogen F. oxysporum. Antagonistic activity towards targeted phytopathogen was demonstrated in 23.42%
bacterial culture extracts. The signi�cant suppression of fungal development was seen with cell free broth, indicating extracellular secretion of antibiotics by
rhizobacterial isolates. About, 72.22% Serratia species had displayed antifungal activity due to PRN secretion (Kalbe et al. 1996). Serratia marcescens (Kim et
al. 2008) also, IC1270 and IC14 of S. plymuthica strains reported antagonistic activity due to secretion of PRN (Meziane et al. 2006; Liu et al. 2007), indicating
that present study is in line with earlier reports.

The presence of pyrrole ring in the cell free broth was detected using Ehrlich reagent (2% p-dimethyl-amino-benzaldehyde), where reaction occurs with
available α-hydrogen of pyrrole in boron tri�uoride methanolic complex (Mattocks 1967). Ehrlich reagent in ethanolic hydrochloride formed weak and unstable
colour complex that fade instantly during TLC analysis. Of 111 rhizobacterial isolates, only solvent extract of 15 bacterial strains demonstrated the presence
of pyrrole ring and nitro group using FTIR and HPLC. The analytical tools revealed PRN secretion only in 13.5% rhizobacteria isolates possibly due to (i)
undetectable secretion and (ii) absence of metabolic system to synthesize the compound from tryptophan. PRN from microbes was detected only in D-
tryptophan amended MS medium and (El-Banna and Winkelmann 1998) indicated L-tryptophan had no effect on PRN production possibly tryptophan enters
the cell quickly and utilized for protein synthesis. The initial characterization with UV, TLC, Ehrlich’s reaction test, IR and HPLC of metabolites secreted from
various genera of bacteria demonstrated that the secretion of PRN is not restricted to Pseudomonas or Burkholderia. The chromatography (GC and HPLC) and
mass spectroscopy (LCMS and GCMS) con�rmed extracellular secretion of PRN from S. marcescens TW-3 and S. nematodiphila TO-2. PRN was isolated from
bacterial cell extract (Arima et al. 1964; de Souza and Raaijmakers 2003) but, extracellular PRN was recorded up to minimum 5% secretion as contrast to the
Roitman et al. (1990) who reported 98% phenylpyrrole present in the cell extract while only 1% found in the supernatant. B. cepacia in monosodium glutamate
medium at 27 0C for 5 days showed very low yield of PRN (0.54 µgml− 1) by intracellular secretion (El-Banna and Winkelmann 1998). These �ndings
demonstrated that PRN production is not unique to the genus Pseudomonas and our study uncovers PRN production by newer rhizospheric bacteria possibly
contributing to selective antagonistic activity against fungal phytopathogens (Garbeva et al. 2004).

The preliminary morphology and 16S rRNA sequencing remarkably showed prevalence of rhizobacteria that are still unknown for the presence of phenyl-
pyrrole/PRN-producers. Hence, prnD was used as a marker gene for screening of PRN producer strains. For this, �ve bacterial isolates screened initially for the
PRN were detected for the presence of prnD with speci�c primers (PRND1 and PRND2) developed from conserved sequences (de Souza and Raaijmakers
2003). PCR ampli�cation of prnD in three isolates namely, S. rhizophila KMB, Enterobacter spp. M-2 and B. parabrevis M-11 revealed absence of a distinct
band, suggesting unsuccessful ampli�cation of prnD gene (Fig. 6c). It may be possibly due to (i) dissimilarity of prnD gene sequences from that of
Pseudomonas spp. or may harbour distant prnD gene and (ii) mismatches between the primers used and DNA template of respective strain i.e. primers
speci�city probably restricted to Pseudomonas and Burkholderia spp. only (de Souza and Raaijmakers 2003; Garbeva et al. 2004; Costa et al. 2009) and
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necessitate to optimize PCR or RT PCR with new speci�c primers for the occurrence of prnD coding genes in rhizobacteria KMB, M-2 and M-11 strains. These
results agree with earlier report (Costa et al. 2009) where two Serratia strains 5.1R and 5.3R were not ampli�ed with prnD. In the present study, both isolates
TO-2 and TW-3 have demonstrated PRN production with chemical tools and, shown distinct band after PCR ampli�cation but, the gene sequences (KY867430
and KY867431) (Fig. S1B) were not matching with prnD gene after BLASTn analysis. Although, rhizobacteria TO-2 and TW-3 have shown to secrete PRN by
analytical tools but undetected for prnD may be due to polymorphic nature of prnD sequences (Costa et al. 2009). However, these prn gene sequence have
shown 99% similarity with putative NADPH dependent FMN reductases present in complete genome of S. marcescens after BLASTn. Additionally, BLASTx
revealed that the gene sequences belong to FMN reductase superfamily and thus, suggest the presence of prn gene which possibly codes for the supply of
reduced �avin during enzymatic reactions.

The earlier reports suggested the role of FAD dependent prnF to supply the reduced �avin for functioning of prnD as product in PRN secretion (Hammer et al.
1997; Tiwari et al. 2012). However, functional or structural differences between the FMN-dependent and FAD-dependent enzyme systems were undetected
(Ellis 2010). Hence, the query sequences (KY867430 and KY867431) in the present study were considered as prnF gene. On the contrary, earlier study had
shown that prnF is non-speci�c and not directly involved in PRN biosynthesis (van Pee 2012) but, it is required for prnD to function and enhance PrnDs activity
(Hammer et al. 1997; Lee et al. 2005; van Pee 2012). The bacterial DNA lacking prnF but having prnD gene may lose their ability to form PRN and thereof
accumulate aminopyrrolnitrin (van Pee 2012). Aminopyrrolnitrin oxygenase (prnD) catalyses unusual arylamine oxidation which is only characterized example
of arylamine N-oxygenases involved in arylnitro group formation (Lee and Zhao 2007) As stated earlier, monooxygenases are the �avoprotein enzyme that
carries two reactions on a single polypeptide chain. The reduction of �avins followed by the transfer of reduced �avins to the oxygenase component by �avin-
dependent reductases is the common reaction observed in two-component oxygenase family. Reduced form of �avin mononucleotide (FMN), �avin adenine
dinucleotide (FAD), and ribo�avin by NAD(P)H are required to activate oxygen by the terminal oxygenases. However, the earlier study suggests reductase
involved in two-component oxygenase of Pseudomonas �uorescens Pf-5 prefers FAD speci�c for NADH (Hammer et al. 1997) In addition, it has shown that
the puri�ed PrnD of P. �uorescens Pf-5 requires NADPH, FMN and �avin reductases for its functional expression in in vitro. The expression of prnF with prnD
showed 15-fold higher activity of prnD than that of E. coli BL21 carrying only prnD (Lee et al. 2005). Moreover, single gene encoding an FMN reductase (prnF)
express in heterologous hosts may not predict the role in PRN secretion. It necessitates coexpression with prnD and to this, requires (i) speci�c primers
developed from conserved sequences of Serratia spp. for prnD, (ii) ampli�cation of fragments with Serratia that produce PRN and, (iii) gene loci and its
regulation in Serratia spp. The present study provided distinct reaction of PRN biosynthesis where NADPH dependent FMN reductase is involved to form
reduced �avin in Serratia spp. FMN-dependent monooxygenases have been characterized in antibiotic synthesis in several Streptomyces spp. (Thibaut et al.
1995; Filisetti et al. 2003; Volton et al. 2008). As per the earlier reports, (i) reductases from the two-component system is speci�c for FMN, but monooxygenase
may utilize either FMN or FAD also, (ii) FMN reductase differed in their speci�city for NADH and NADPH (Sucharitakul et al. 2005; Ellis 2010) supporting to
NADPH dependent FMN in single reaction for PRN secretion. This study signi�es the role of PrnF in PRN biosynthesis (Tiwari et al. 2012)

The functional characterization of a studied protein sequence was facilitated by developing three-dimensional (3D) structure of protein using comparative or
homology modelling which provided a structure related to one known protein. PrnF is superimposed with reductase part of the Escherichia coli K12 (3SVL).
The objective to perform molecular docking is to (i) gain optimized conformation of PrnF, FMN and NADPH i.e. ligand-receptor complex with less binding
energy and (ii) predict binding parameters of ligand-protein complex. The docking simulation with modelled PrnF has shown that several amino acids are in
close contacts with the ligands i.e. FMN and NADPH (Fig. 7c). Overall, FMN is bounded with protein through hydrogen bond along with van der Waals, carbon-
hydrogen, Pi-Sigma and alkyl bonds (Fig. S3b). The isoalloxazine ring of FMN probably �xed in the deep groove of the protein whereas NADPH restricted at
wide groove with compact bonded conformation with nicotinamide ring where, binding capacity of protein-NADPH and protein FMN was − 5.7 and − 5.0,
respectively.

Theoretical indications of the PrnF reductase in the two-component aryl amine oxygenase system allows to continue more detailed investigation of this
system by genetical-structural characterization with protein engineering and interaction studies. Also, PRN protein model suggests highly restricted
conformational space in active site and necessitate to relate the gene with various physiological scenario, interaction of biomolecules with enzymes. These
comparative models provide the value of domains/proteins belonging to Serratia spp. in the stereoselective synthesis of pharmaceutically important drugs
(Peng et al. 2014; Bai et al. 2015; Liu et al. 2018). In conclusion, preliminary molecular modelling analysis represents the basic study on prnF and further
detailing of prnF with FMN and NADPH may pave more insight on two component arylamine oxygenase system in PRN production among rhizobacteria.

Conclusion
The present study demonstrated that PRN secretion is not restricted for Pseudomonas, Burkholderia and Serratia spp. The �nal step of pyrrolnitrin in Serratia
spp., �avin (FMN) reductase transfers the electron from NADPH to the aminopyrrolnitrin oxidase. Molecular docking represents the basic interaction with FMN
and NADPH on PrnF and further detailing may pave more insight on two component arylamine oxygenase system in PRN production. Beside these, the
analytical characterization of solvent extracts from Brevibacillus parabrevis Stenotrophomonas rhizophila, Enterobacter spp., showed the presence of
pyrrolnitrin but detail molecular study of these new genera of PRN secreters are obligatory.
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Figure 1

a) UV spectral scan of methanol extracted samples from rhizobacterial isolates of TO-2, TW-3, M-11, KMB and M-2. UV shows two major peaks while arrow
speci�ed peak at 252 nm. b) Absorption spectral pattern of bacterial extracts in the presence of Ehrlich reagent after 5 min exposure for pyrrole detection. Red-
violet color complex and characteristics spectral pattern of complex shown in color band.
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Figure 2

a) Thin Layer Chromatogram analysis of solvent extracted samples for pyrrolnitrin production. b) FTIR spectra of solvent extracted samples from bacterial
isolates for the presence chlorine and nitro group.
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Figure 3

High pressure liquid chromatogram and UV detector 730D. LC-MS analysis of pyrrolnitrin secretion by Serratia marcescens TW-3 and Serratia nematodiphila
TO-2. (a) The top panel shows extracted ion chromatograms at m/z =256.232 for the Serratia marcescens TW-3 and Serratia nematodiphila TO-2 (bottom
chromatogram) represented ion chromatograms at m/z = 256.121 of bacterial extract using C18 column (µm) with mobile phase of acetonitrile: water (20%).

Figure 4

GC chromatogram of two selected bacterial solvent extracted samples (a) TW-3 and (b) TO-2.
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Figure 5

In vitro assay for antifungal activity of extracted sample from rhizobacterial isolates KMB, TW-3, M-2, M-11, TO-2 against F. oxysporum MTCC 9913. (a) Plate
image of antifungal assay, (b) Bar graph diagram plotted zone of inhibition (mm) against isolates. Values of zone of inhibition (mm) represented with error
bars as Mean ± SD.
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Figure 6

a) Agarose gel electrophoresis image of PCR-ampli�ed product of bacterial 16S rRNA gene for identi�cation of bacteria on 1% agarose gel with sharp band
produced by bacterial strains: TO-2; TW-3; M-2; M-11; KMB and 1 kb marker on the right. b) Neighbor-joining phylogenetic trees of rhizobacterial isolates TO-2;
TW-3; M-2; M-11; KMB namely, Serratia marcescens, Serratia nematodiphila, Enterobacter spp., Brevibacillus parabrevis and Stenotrophomonas rhizophila
based on the 16S rRNA sequences. GenBank accession numbers are shown in parentheses of bacterial names. c) Electrophoresis gel image of PCR products
ampli�ed from genomic DNA of isolated bacterial strains for prn gene sequencing (a) TO-2: Serratia nematodiphila KY800457 (b) TW-3: Serratia marcescens
KY800456 (c) M-2: Enterobacter spp. KY800455(d) M-11: Brevibacillus parabrevis KY800454 (e) KMB: Stenotrophomonas rhizophila KY800458. M: marker
(3kb)
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Figure 7

: a) Ribbon diagram from homology modelling of superimposed 3SLV (pink color) and PrnF (blue color) structures generated in the PyMol.2.3. b)
Ramachandran plot of torsion angle created from PROCHECK server characterized for PrnF modelled retrieved from sequence of S. marcescens TW-3
(KY800456). Color shades represent different regions in the plot; red color region (where no steric clashes) permitted for α-helical and β sheet whereas, yellow
color for allowed region (atoms are allowed to come a little closer together) Most favoured regions : A, B, L Additional allowed regions : a, b, l, p Generously
allowed regions : ~a, ~b, ~l, ~p Disallowed regions : Number of Glycine reside : Showed in triangles c) Docking of the FMN and NADPH with receptor binding
pocket of PrnF modelled developed by homology modelling. FMN molecule with red colour while green colour indicated NADPH molecule where potential
hydrogen bonds represented by yellow dashed lines and distance are in 0A. The �gures generated in PyMol 2.3.
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Figure 8

Figure 8
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