
RESEARCH

World Journal of Microbiology and Biotechnology          (2025) 41:182 
https://doi.org/10.1007/s11274-025-04413-8

Introduction

Phenylpyrroles have been reported as efficacious agents 
against various fungal and bacterial phytopathogens (Abd 
El-Hameed et al. 2021). Among pyrroles, pyrrolnitrin 
[3-chloro-4-(2-nitro-3-chlorophenyl) pyrrole] belongs to 
a class of phenylpyrrole halo-metabolites predominantly 
produced by Gram-negative bacteria (Schmidt et al. 2009). 
Structurally, pyrrolnitrin (PRN) comprises benzene and pyr-
role rings (C10H6O2N2Cl2, MW: 257.07 g/mol melting point: 
124.5 °C) with two chlorine atoms and a nitro group (van 
Pée and Ligon 2000). The biosynthesis process of pyrrol-
nitrin involves a series of enzymatic reactions governed by 
the prnABCD gene cluster. The initial step is catalyzed by 
tryptophan halogenase (prnA), which converts tryptophan 
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Abstract
Pseudomonas species are recognized for producing a diverse array of microbial metabolites with significant potential 
across various fields. Pyrrolnitrin (PRN), a halogenated metabolite based on phenylpyrrole, exhibits potent antibiotic 
properties. This research aimed to examine the influence of pyrrolnitrin on the antagonistic properties of Pseudomonas 
chlororaphis strains PB-St2, FS2, and RP4. Mutants of P. chlororaphis were generated by inhibiting prnA using two 
distinct suicide vectors, pEX18Tc and pKC1132. Analysis via high performance liquid chromatography (HPLC) revealed 
that pyrrolnitrin production was completely eliminated in the pKC1132 mutant and decreased by 82.5% in the pEX18Tc 
mutant. Both mutants also exhibited reduced phenazine production, with pKC1132 mutants showing a 61.1% reduction 
in phenazine-1-carboxylic acid (PCA) and pEX18Tc-induced mutants displaying a 39.9% decrease in PCA. To further 
elucidate the dependence of pyrrolnitrin production on other regulatory elements, the complete prnABCD operon with its 
native promoter was cloned and expressed in Escherichia coli (BL21). The antimicrobial potential of purified pyrrolnitrin 
was evaluated against fungal plant pathogens, human bacterial pathogens, and cancer cell lines (HepG-2 and SF767). The 
most pronounced inhibitory effect on Alternaria alternata was observed with 100 µg of pyrrolnitrin, resulting in an 82% 
reduction in spore formation followed by its effect on Aspergillus niger, causing a 75% decrease in spore production. Pyr-
rolnitrin’s antibacterial activity produced inhibition zones of 1.8 cm against Salmonella enterica, 3.4 cm against Bacillus 
cereus, and 1.4 cm against Staphylococcus sp. at a concentration of 75 µg. The antiproliferative effects of pyrrolnitrin on 
cancer cell lines demonstrated 50% inhibition of both HepG-2 and SF767 cell lines at concentrations of 15 µg and 25 µg, 
respectively. Pyrrolnitrin exhibited significant antifungal and antibacterial activities, as well as cytotoxic effects on cancer 
cell lines, indicating its potential as both a biocontrol agent and therapeutic compound.
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into 7-chlorotryptophan. Subsequently, aminotransferase 
(prnB) transforms this compound into 7-chlorokynurenine. 
The next stage involves the reduction of this intermedi-
ate to 7-chlorohydroxyindole, facilitated by the reductase 
enzyme encoded by prnC. The final step in the synthesis is 
performed by the halogenase (prnD), which incorporates a 
halogen group to produce pyrrolnitrin (Singh et al. 2016).

Pyrrolnitrin was initially isolated from Pseudomo-
nas pyrrocinia, and later reported in various fluorescent 
and non-fluorescent Pseudomonas species. Subsequently, 
multiple strains of other bacteria, including Burkholderia 
cepacia, Corallococcus exiguus, Cystobacter ferrugineus, 
Enterobacter agglomerans, Myxococcus fulvus, Serratia 
spp., and Actinosporangium vitaminophilum, were found 
to produce pyrrolnitrin in varying quantities. Serratia ply-
muthica and S. ruhidaea have been identified as enhanced 
pyrrolnitrin producers. A recent investigation identified a 
strain from the B. cepacia complex, JKB9, which demon-
strates broad-spectrum antifungal activity. This strain was 
observed to inhibit the growth of several plant pathogens, 
including Phytophthora capsici, Fusarium oxysporum, and 
Rhizoctonia solani (Jung et al. 2018; Mohamed et al. 2020; 
Zhang et al. 2020a, b, c, d).

Among the Gram-negative bacteria, Pseudomonas spp. 
have been documented as the main producer of pyrrolnitrin 
which significantly add to their fungicidal potential. As an 
example, a strain of P. chlororaphis G05 lacking phenazine 
production (phz knockout) demonstrated effective suppres-
sion of fungal plant pathogens, such as F. graminearum, 
Colletotrichum gloeosporioide, and Botrytis cinerea. This 
inhibitory effect was attributed to the strain’s capacity to syn-
thesize pyrrolnitrin (Huang et al. 2018). Likewise, enhanced 
biocontrol efficacy against wheat and canola fungal patho-
gens (Pythium ultimum, Rhizoctonia solani, Gaeumanno-
myces graminis var. tritici) was achieved by P. synxantha 
2–79 strain transformed with pyrrolnitrin synthesis genes 
(Zhang et al. 2020a, b, c, d). Similarly, pyrrolnitrin was 
the main antifungal compound of P. protegens strain W45 
responsible for the inhibition of Sclerotinia sclerotiorum 
(Bajpai et al. 2018). Pyrrolnitrin was also one of the most 
abundant antibiotics produced by P. protegens FD6 (Zhang 
et al. 2020a, b, c, d). However, despite the considerable con-
tribution of pyrrolnitrin, phenazines are still considered the 
primary antifungal compounds, particularly among fluores-
cent species of Pseudomonas. Furthermore, due to its lower 
yield compared to phenazines, this metabolite is rarely iso-
lated in pure form. Consequently, there are only a few exam-
ples where its expression in heterologous systems has been 
studied (Schmidt et al. 2009). Besides, several regulatory 
mechanisms have been documented for the differential sup-
pression or upregulation of pyrrolnitrin and phenazines. For 
instance, some Pseudomonas spp. can repress pyrrolnitrin 

synthesis to upscale the production of phenazines. Such 
as, P. chlororaphis G05, a TetR/AcrR family regulator pip 
promoted the production of phenazines while inhibited the 
synthesis of pyrrolnitrin (Yu et al. 2021). Similarly, P. chlo-
roraphis G05 has also shown the significance of LysR-type 
transcriptional regulator FinR in regulation of pyrrolnitrin 
synthesis (Chen et al. 2021). Nevertheless, the relationship 
between the phenazine and pyrrolnitrin pathways, as well as 
its impact on the overall antifungal efficacy of Pseudomo-
nas strains lacking pyrrolnitrin production, remains poorly 
understood. This study aimed to investigate the effects of 
pyrrolnitrin-deficient mutants of P. chlororaphis strains 
PB-St2, FS2, and RP4 on their antifungal properties, as well 
as to examine the functionality of the pyrrolnitrin gene clus-
ter in heterologous systems for enhanced production. Addi-
tionally, the study sought to examine pyrrolnitrin’s potential 
as both an antibacterial and anticancer agent.

Materials and methods

Microbial strains, plasmids and growth conditions

The microbial strains and plasmids used in the present study 
are listed in Table 1. Previously characterized Pseudomonas 
strains PB-St2, FS2 and RP4 (Shahid et al. 2017; Mehnaz 
et al. 2014) were maintained on nutritionally defined Kings’ 
B medium (KB; King et al. 1954) at 28 °C. Mutated Pseu-
domonas strains were cultured on KB medium augmented 
with selective antibiotics corresponding to the plasmid uti-
lized. Such as, mutants harboring pKCPN plasmid were 
sustained on KB supplemented with apramycin (50  µg/
mL), and mutants with pEXPN were maintained on KB 
supplemented with tetracycline (30 µg/mL). Various strains 
of E. coli were cultivated in Luria Bertani (LB; Bertani 
1952) medium at 37 °C with the addition of selective anti-
biotics corresponding to the plasmids; PBpSK-1, FSpSK-2, 
RPpSK-3 with ampicillin (100 µg/mL). Fungal phytopatho-
gens were cultivated on potato dextrose agar (PDA) and 
maintained at 25 °C.

Characterization and purification of Pyrrolnitrin

P. chlororaphis strains PB-St2, RP4, and FS2 were culti-
vated in King’s B broth, with each 100 mL of medium con-
taining 1% (v/v) primary inoculum, 0.61  g/L tryptophan, 
and 2% glucose, for five days at 28 °C. Cultures were har-
vested at 3234 × g for 15  min (HERMLE Z 513  K Cen-
trifuge, Germany), supernatants were acidified with HCl 
(pH 2.0), and extracted with equal volume of ethyl acetate. 
The pellets were suspended in 30 mL acetone, sonicated, 
dried using a rotary evaporator (Buchi 210R, Germany) 
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and resuspended in 5 mL methanol. Crude extracts were 
subjected to thin-layer chromatography (TLC) using Sil-
ica Gel 60 F254 (20 × 20 cm, Merck, Germany) plates and 
mobile phase n-hexane: ethyl acetate (2:1). Purple spots, 

indicative of pyrrolnitrin presence, were identified on the 
plates after staining with a 2% Ehrlich Reagent comprising 
2% p-dimethyl amino benzaldehyde with 10 N sulfuric acid 
(de Souza and Raaijmakers 2003; Costa et al. 2009). The 

Table 1  List of microbial strains and plasmids used in this study
Strains/ Plasmids Relevant Characteristics Source/Accession Number
Wild type Pseudomonas strains
PB-St2 Wild type: Pseudomonas chlororaphis subsp. aurantiaca; prn+ Lab collection, 16 S rRNA; EU761590

Complete Genome; AYUD00000000
Mehnaz et al. (2014)

FS2 Wild type: Pseudomonas chlororaphis subsp. aurantiaca; prn+ Lab collection, 16 S rRNA; LN898137
Shahid et al. (2017)

RP4 Wild type: Pseudomonas chlororaphis subsp. chlororaphis; prn+ Lab collection, 16 S rRNA; KT888010
Shahid et al. (2017)

Mutants ofPseudomonasstrains
ΔPKC-A A mutant of PB-St2 derived by pKCPN; AprR, prn− This study
ΔFKC-A A mutant of FS2 derived by pKCPN; AprR, prn− This study
ΔRKC-A A mutant of RP4 derived by pKCPN; AprR, prn− This study
ΔPPX-T A mutant of PB-St2 derived by pEXPN; TetR, prn− This study
ΔFPX-T A mutant of FS2 derived by pEXPN; TetR, prn− This study
ΔRPX-T A mutant of RP4 derived by pEXPN; TetR, prn− This study
E. coli
DH10β A host strain for cloning Dr. Harald Gross´s lab, University of 

Tubingen
BL21 (DE3) A host strain for expression Dr. Harald Gross´s lab, University of 

Tubingen
Fungal phytopathogens
CF Colletotrichum falcatum Lab collection/PP663265
FS Fusarium incarnatum Lab collection/MN636869
AN Aspergillus niger Lab collection/PP663271
AA 1 Alternaria alternata Lab collection/OP740511
AA 2 Alternaria alternata Lab collection/OP740510
Bacterial pathogens
BCi Bacillus cereus Lab collection/MZ414206
SLi Salmonella enterica Lab collection/MZ414205
KOi Klebsiella sp. Lab collection/MZ414202
PAi Pseudomonas aeruginosa Lab collection/OP740518
STi Staphylococcus sp. Lab collection/LT221185
Plasmids
pBSK(-) pBluescript SK (-); standard cloning vector, T7 promoter, orientation of 

MCS allows rescue of antisense strand ssDNA, ampR
Dr. Harald Gross´s lab, University of 
Tubingen

pEX18Tc A broad-host-range, Flp-FRT recombination system for site-specific exci-
sion of chromosomally-located DNA sequences; tetR

Dr. Harald Gross´s lab, University of 
Tubingen

pKC1132 Suicide vector that can be used for cloning and homologous recombina-
tion experiments; aprR

Dr. Bechthold’s lab, University of 
Freiburg

Constructs
PBpSK-1 prnABCD operon from PB-ST2 with its promoter region cloned in 

pBSK(-)
This study

FSpSK-2 prnABCD operon from FS2 with its promoter region cloned in pBSK(-) This study
RPpSK-3 prnABCD operon from RP4 with its promoter region cloned in pBSK(-) This study
pKCPN prnA region cloned in pKC1132 This study
pEXPN prnA region cloned in pEX18Tc This study
Heterologous clones
PBP1 PBpSK-1 transformed in BL21 This study
FBP2 FSpSK-2 transformed in BL21 This study
RBP3 RPpSK-3 transformed in BL21 This study
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48 h at 37 °C and observed for the presence of halo-zones 
around the discs (Hemeg et al. 2020).

Anticancer activity

The cytotoxic effects of various pyrrolnitrin concentrations 
(10, 15, 25, 50, 75, and 100 µg/mL) were evaluated on two 
cancer cell lines: HepG-2 (human liver cancer) and SF767 
(glial cells from the central nervous system). The assessment 
utilized the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltet-
razolium Bromide (MTT) bioassay following the method 
outlined in Zameer et al. (2025). Each experiment was con-
ducted twice, and the results were obtained using an ELISA 
reader (Bio-Rad, I-Mark, USA) at 595 nm wavelength.

Heterologous expression via cloning in E. coli BL21

The complete nucleotide sequence of the pyrrolnitrin operon 
was obtained from the genome sequence data of PB-St2 
available at NCBI (Accession Number: AYUD00000000, 
Mehnaz et al. 2014). The complete prnABCD operon was 
found within the genomic region of 3,809,329–3,815,480. 
Using Primer 3 (Koressaar et al. 2018) and Primer-BLAST (​
h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​m​​.​n​i​​h​.​g​​o​v​/​​t​o​o​​l​s​/​p​​r​i​​m​e​r​-​b​l​a​s​t​/), two sets 
of primers were designed: one targeting the entire operon 
with its native promoter and another targeting a portion of 
the prnA gene (Table 3). Gene-specific primers prnABCD 
F/R were utilized to amplify the entire pyrrolnitrin operon 
region, including its native promoter, from each Pseudomo-
nas strain. Genomic DNA of each strain was extracted using 
a GeneJet Genomic DNA Purification Kit (K0721, Thermo 
Scientific, USA). The PCR reaction mixture (50 µL), was 
composed of the following: 25 µL Taq plus buffer (2X, 
Thermo Scientific), 2 µL dNTPs (2.5 mM), 5 µL DMSO 
(100%), 1 µL Phusion enzyme (2 U/µL, Thermo Scientific), 
4 µL Phusion HF buffer (5X, Thermo Scientific), 1 µL each 
of forward and reverse primers (20 pmol), 2 µL template 
DNA (> 400 ng/µL), and 9 µL ddH2O. PCR conditions fol-
lowed were: initial denaturation (95 °C) for 3 min, followed 
by 35 cycles of denaturation (92 °C) for 30 s, annealing and 

retardation factor (Rf) for each separated spot was calcu-
lated using the standard formula by comparing with stan-
dard as mentioned by Jung et al. (2018).

Pyrrolnitrin (PRN) spots on TLC plates were scraped 
and dissolved in methanol for further analysis. The samples 
were purified by high-performance liquid chromatogra-
phy (HPLC) on Waters HPLC System (e2995, Separations 
Module) coupled with 2998 photodiode-array (PDA) detec-
tor using a Nucleosil C18 column (4.6 × 250  mm, 5µM; 
Macherey-Nagel, Germany) using the water and aceto-
nitrile mobile phase (Table  2). The total HPLC runtime 
was 30 min, and the flow rate was set at 1.0 mL/min. To 
minimize variation in quantification, samples were taken 
in triplicate and compared against the pyrrolnitrin standard 
(Sigma Aldrich). Purified fractions were sent to TTI Testing 
Laboratories Lahore (commercial facility) for liquid-chro-
matography mass spectrometry (LCMS) validation.

Antimicrobial activities of purified Pyrrolnitrin

The disk-diffusion method was employed to assess the 
antifungal efficacy of purified pyrrolnitrin against various 
fungal phytopathogens, including Fusarium solani, Col-
letotrichum falcatum, Alternaria alternata, and Aspergil-
lus niger. Potato dextrose agar plates were inoculated with 
fungal suspensions of each pathogen, containing 104 spores/
mL. Filter paper discs (6  mm in diameter), sterilized and 
loaded with 100  µg of pyrrolnitrin, were placed on these 
inoculated plates (Soliman et al. 2022). Methanol-treated 
discs served as a negative control. Following a 5-day incu-
bation period at 25 °C, hyphal de-morphogenesis was exam-
ined using both stereo and fluorescent microscopes at 40X 
magnification (Olympus IX83). Spore quantification was 
performed using a hemocytometer at 100X magnification.

Antibacterial properties of pyrrolnitrin were evaluated 
against four bacterial pathogens: Bacillus cereus, Pseudo-
monas aeruginosa, Salmonella enterica, Staphylococcus sp. 
and Klebsiella oxytoca. The bacteria were grown overnight 
in 10 mL of LB broth at 37 °C. Subsequently, 20 µL of each 
bacterial culture was plated on LB agar plates in triplicate 
and filter paper discs loaded with varying concentrations 
of pyrrolnitrin (10, 15, 25, 50, 75, and 100  µg/mL) were 
seeded on the inoculated plates. Plates were incubated for 

Table 2  HPLC run time and mobile phase for the assessment of Pyr-
rolnitrin fractions
Time
(minutes)

Water %
(Solvent A)

Acetonitrile %
(Solvent B)

0.0 95 5
1.0 95 5
15.0 5 95
30.0 5 95

Table 3  Primers used for the amplification of Pyrrolnitrin Operon from 
Pseudomonas strains
Primers Sequence Restric-

tion 
Site

prn_op_F 5´-AAAtctaga​G​C​T​G​T​T​C​G​T​C​A​A​G​G​A​A​T​
G​G-3´

XbaI

prn_op_R 5´-AAAggatcc​T​G​C​A​A​C​A​G​C​C​A​G​A​T​A​G​T​
C​A​T​G-3´

BamHI

ΔprnF 5´-AAAtctaga​G​T​G​G​T​C​G​A​C​G​A​G​G​T​C​G​
T​G-3´

XbaI

ΔprnR 5´-AAAgatatc​G​G​A​A​G​T​G​C​T​T​C​A​C​C​A​G​
G​T​G-3´

EcoRV
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Construction of knockdown mutant strains

To knockdown the expression of prnABCD operon, two 
disruption plasmids, pEXPN and pKCPN, were generated 
using two different suicide vectors, pEX18Tc and pKC1132. 
A 540 bp fragment encoding part of tryptophan halogenase 
(prnA) gene was amplified using ΔprnF/R primers (Table 3, 
Fig. S1). The reverse complement sequence of the target site 
was inserted into the plasmid to ensure 5´ to 3´ complemen-
tarity and antisense RNA hybridization to the target mRNA 
(Ji et al. 2017). The 50 µL reaction mixture contained 25 µL 
Taq plus mix, 2 µL each of forward and reverse primers (20 
pmol), 4 µL template DNA (> 400 ng/µL), and 17 µL d.H2O. 
PCR steps included initial denaturation (95 °C) for 5 min, 
followed by 35 cycles of second denaturation (92 °C) for 
30 s, annealing (62 °C) for 30 s, extension (72 °C) for 1 min 
30 s, and final extension (72 °C) for 10 min. Through prim-
ers, restriction sites of XbaI and EcoRV were introduced 
into the PCR product. Later, the PCR product was digested 
with Xba1 and EcoRV, pEX18Tc with SmaI-XbaI, and 
pKC1132 with EcoRV-XbaI and incubated at 37 °C for 3 h. 
The purified PCR product was ligated to pEX18Tc to gener-
ate pEXPN, and pKC1132 to generate pKCPN. Construc-
tion was confirmed by restriction digestion and sequencing. 
The constructs were transformed into electrocompetent 
cells of Pseudomonas strains PB-St2, FS2 and RP4. A 100 
µL aliquot of transformed cells was spread on antibiotic 
selection plates and incubated overnight at 28  °C. Kings’ 
B agar plates containing apramycin (50 µg/mL) were used 
to select mutants derived by pKCPN construct, and tetracy-
cline (30 µg/mL)-supplemented plates were used to select 
pEXPN derived mutants (Hao et al. 2019).

Evaluation of antifungal effect of Pyrrolnitrin 
knockdown Pseudomonas strains against fungal 
phytopathogens

To confirm the production of pyrrolnitrin in clones and its 
absence in knockdown mutants, extracts of constructs and 
knockdown strains were subjected to HPLC and TLC anal-
ysis. Extracts were prepared using the method outlined in 
Sect. 2.2 and examined for the presence or absence of pyr-
rolnitrin bands on Silica Gel 60 F254 plates. The mobile 
phase used was n-hexane: ethyl acetate. As a control, 
extracts from wild type P. aurantiaca strains (PB-St2, RP4, 
FS2) were utilized, while purified pyrrolnitrin fractions 
served as the standard. All the extracts were analyzed on 
HPLC based on the profile mentioned in Table 2. Antifun-
gal activities of synthesized clones and pyrrolnitrin knock-
downs were assessed using disc-diffusion bioassay against 
fungal phytopathogens as mentioned in the section (Antimi-
crobial activities of purified pyrrolnitrin).

extension (62 °C) for 4 min (40 s/Kb), and final extension 
(72  °C) for 10  min. The PCR product was resolved on a 
0.8% agarose gel and purified using the GeneJet PCR Puri-
fication Kit (K0702, Thermo Scientific, USA). The Phusion 
enzyme was used to create blunt ends in the PCR product, 
while pBluescript (-) was digested with EcoRV to gener-
ate compatible ends. This was performed to ligate both the 
PCR product and plasmid seamlessly via blunt-end ligation. 
Ligation was conducted using ligase (1 U/µL) in a 20 µL 
reaction, incubated overnight at 16  °C to yield PBpSK-1, 
FSpSK-2, and RPpSK-3 constructs (Hao et al. 2019). Con-
structs were validated using SnapGene (​h​t​t​p​​s​:​/​​/​w​w​w​​.​s​​n​a​p​​g​
e​n​e​​.​c​o​​m​/​p​​l​a​s​m​i​d​s).

Electrocompetent cells of E. coli (BL21) were prepared 
following the protocol of Gonzales et al. (2013) with modi-
fications. Initially, a small aliquot (1%) of the primary cul-
ture was inoculated into 100 mL of LB broth and incubated 
until the optical density at 600 nm reached 0.5–0.6. The cells 
were subsequently harvested by centrifugation at 3234×g for 
10 min at 4 °C. The harvested cells were subjected to two 
washing cycles with chilled, autoclaved distilled water, fol-
lowed by an additional wash using a 10% glycerol solution. 
Subsequently, the cell pellet was resuspended in 1 mL of 
cold 10% glycerol. The resultant suspension was aliquoted 
into 100 µL portions and stored at -80 °C for future use.

The constructs (pBpSK-1, fSpSK-2, and rPpSK-3) were 
transformed into the electrocompetent BL21 cells to gener-
ate PBP1, FBP2, and RBP3 clones. For transformation, 5 
ng of each construct was individually transformed to a 100 
µL aliquot of competent cells, transferred to chilled electro-
poration cuvette (BioRAD) and subjected to a voltage shock 
of 2 KV. The volume was increased to 1 mL with 950 µL of 
sterile broth and incubated for 1 h. A 100 µL fraction from 
each aliquot was spread on LB plates supplemented with 
100  µg ampicillin, 40 µL X-Gal (20  mg/mL), and 40 µL 
IPTG (100 mM), and incubated at 37 °C overnight (Liu et 
al. 2014). White colonies were randomly selected for plas-
mid isolation.

To confirm the presence of the entire operon, a restric-
tion digestion was performed, followed by a 2-h incubation 
at 37  °C. The reaction mixture, totaling 20 µL, consisted 
of plasmid (10 µL; 150–200 ng), Tango buffer (2 µL; 2×, 
Thermo Scientific), enzyme (1 µL; 1 U/µL, Thermo Scien-
tific), and distilled water (7 µL). This mixture was incubated 
at 37  °C for 1  h for single digestion, and 2  h for double 
digestion. Sequencing (Macrogen, Republic of Korea) was 
used to ultimately validate the constructs from each host 
strain. The antifungal activity of these heterologous clones 
was evaluated using the disc diffusion assay as previously 
described.
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Antimicrobial analysis of purified Pyrrolnitrin

The antifungal activities of purified pyrrolnitrin, at a con-
centration of 100 µg, against plant pathogens demonstrated 
strong efficacy against Alternaria sp., evidenced by a 
4.5  cm inhibition zone followed by Fusarium sp., Colle-
totrichum sp., and Aspergillus sp. (Fig. 3a). Notably, pyr-
rolnitrin significantly impeded spore formation in the tested 
fungal strains. Hemocytometer analysis indicated that spore 
production decreased by 82% in Alternaria sp., 75% in 
Aspergillus sp., 56.5% in Fusarium sp., and 61% in Col-
letotrichum sp. (Fig. 3b). Fluorescence microscopy exami-
nation revealed a reduction in spore count compared to the 

Results

Characterization and purification of Pyrrolnitrin

All three Pseudomonas strains exhibited pyrrolnitrin produc-
tion in supernatant and pellet extracts. This was evidenced 
by the formation of pink bands on TLC plates immediately 
after spraying with Ehrlich Reagent (Fig. 1a-c), which later 
changed to dark blue after 24 h (Fig. 1d-f). The compound 
was purified using HPLC, identified through LC-MS library 
and compared with standard reference data of pyrrolnitrin 
previously identified from PB-St2. The chromatograms ver-
ified pyrrolnitrin with m/z [M + H]+ 256.1 (Fig. 2).

Fig. 2  Identification of pyrrolnitrin (PRN). (a) Chemical structure of pyrrolnitrin, (b) LC-MS chromatogram representing pyrrolnitrin, m/z 
[M + H]+ 256.1000

 

Fig. 1  Pyrrolnitrin (PRN) detection through TLC in the wild type 
Pseudomonas strains. Fresh TLC after spraying; Identification of Pyr-
rolnitrin production in the (a) supernatant and (b) cell pellet of wild 
type Pseudomonas strains. (c) medium control. 24  h old TLC indi-

cating color change of pyrrolnitrin from pink to purple; (d) superna-
tant and (e) cell pellet of wild type Pseudomonas strains. (f) medium 
control; EA: Ethyl acetate extraction from supernatant, CP: Acetone 
extraction from cell pellet
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1.4  cm only at 75 µg pyrrolnitrin concentrations (Fig. 4). 
No activity was observed against Pseudomonas aeruginosa, 
and Klebsiella sp.

Anticancer activity of Pyrrolnitrin

Pyrrolnitrin´s cytotoxic effects were evaluated on HepG-2 
and SF767 cancer cell lines using various concentra-
tions. The experiments, conducted using microtiter plates, 
included PB-St2, FS2, and RP4 extracts as a positive control 

control, as well as substantial hyphal deformations in Alter-
naria sp. and Fusarium sp. (Fig. 3c).

Purified pyrrolnitrin from Pseudomonas strains PB-St2, 
FS2, and RP4 also showed antibacterial activity against 
Bacillus sp. with an inhibition zone of 2.5  cm (at 50  µg 
concentration of pyrrolnitrin), 3.4 cm (at 75 µg concentra-
tion of pyrrolnitrin), and Salmonella sp. with an inhibition 
zone of 1.8–2 cm at 75–100 µg pyrrolnitrin concentration. 
Antibacterial activity of pyrrolnitrin against Staphylococcus 
sp. was observed with an inhibition zone of approximately 

Fig. 4  Antibacterial potential of pyrrolnitrin (PRN). (a) Antagonistic plate assay of pyrrolnitrin against Bacillus cereus, Salmonella enterica and 
Staphylococcus sp. (b) Graph depicting antibacterial activity of pyrrolnitrin, at different concentrations, against the selected bacterial pathogens

 

Fig. 3  Antifungal potential of pyrrolnitrin (PRN). (a) Antifungal plate 
assay of pyrrolnitrin against (1) Colletotrichum sp., (2) Alternaria sp. 
and (3) Fusarium sp. 1 = pyrrolnitrin, 2 = extract of PB-St2, 3 = con-
trol (extract of BL21 with trp), C = control (methanol). (b) Graphical 
representation measuring zone of inhibition and spore reduction by 
pyrrolnitrin against selected fungal phytopathogens. (c) Fluorescent 

microscopy (254 nm, 40X) observations revealing the effect of pyrrol-
nitrin on (1) Fusarium sp. with reduction in spore formation (2) normal 
production of spores, (3) Alternaria sp. with reduced spore formation, 
granulations in hyphae and increased branching compared to the (4) 
untreated Alternaria sp. with septate in hyphae and high sporulation. 
Df: Deformation, Gr: Granulations, Br: Branching, St: Septate
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PB-St2) displayed the most potent inhibitory effect, with 
57% and 70% inhibition against two Alternaria strains 
tested, respectively. The clone FBP2 (of strain FS2) showed 
inhibition rates of 51.1% and 61.34%, while RBP3 (of strain 
RP4) exhibited 55.88% and 68.21% inhibition against Alter-
naria 1 and Alternaria 2 strains, respectively. Additionally, 
the PBP1 clone was the most effective in suppressing spore 
production, achieving approximately 77% and 82% inhibi-
tion for Alternaria 1 and Alternaria 2 strains, followed by 
FBP2 with 61% and 70% inhibition. The clone RBP3 dem-
onstrated 56% and 54% inhibitory activity against spore 
production (Fig. 7, Fig. S5).

Pyrrolnitrin knockdown mutants showed decreased 
antifungal potential

The knockdown constructs were verified by restric-
tion digestion and PCR amplification. The empty vector, 
pKC1132 when digested with XbaI generated a single band 
of 3443 bp and the construct pKCPN generated a single band 

and methanol as a negative control for both cell lines. In the 
HepG-2 cell line, pyrrolnitrin exhibited an IC50 at 15 µg, 
with complete cell death observed at 75 µg. For the SF767 
cell line, the IC50 of pyrrolnitrin was reached at 25 µg. When 
treated with 100 µg of pyrrolnitrin, only 5% of SF767 cells 
remained viable (Fig. 5).

Fungicidal activity of heterologous Pyrrolnitrin 
clones against Alternaria Sp

Successful cloning of the complete sequence was confirmed 
by digesting the constructs with EcoRI and BamHI restric-
tion enzymes (Fig. S2). Restriction digestion of the empty 
plasmid generated a single band of approximately 3  kb 
(exact 2961 bp) on the gel with EcoRI.

The purified pyrrolnitrin from wild type Pseudomonas 
strains exhibited the maximum effectiveness against the 
Alternaria sp. (Fig. 3), prompting the evaluation of heter-
ologous clones against two distinct Alternaria sp. strains. 
A plate assay demonstrated that the PBP1 clone (of strain 

Fig. 5  Anticancer activity of pyrrolnitrin (PRN). Light microscopy 
(40X) observation revealing the effect of pyrrolnitrin against (a-
d) HepG-2 and (e-h) SF767 cell lines. Control and negative control 

depict the morphology of healthy cells. Graphical representation of 
MIC of pyrrolnitrin against (i) HepG-2 cancer cell line and (j) SF767 
cancer cell line
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not detectable in extracts from pKCPN-derived mutants, 
verifying the suppression of pyrrolnitrin synthesis. Strains 
transformed with pEXPN, however, demonstrated minimal 
pyrrolnitrin production, ranging from 8 to 10 µg/mL (Fig. 6; 
Table 4, Fig. S4, S6).

Pyrrolnitrin-deficient mutants of Pseudomonas strains 
PB-St2, RP4 and FS2 exhibited reduced fungicidal activi-
ties against all tested fungal pathogens, advocating the 
contribution of pyrrolnitrin in antifungal potential of P. 
aurantiaca strains. Plate assays indicated that relative to 
the wild type Pseudomonas strain, the antifungal activity 
of ΔPKC-A mutant of PB-St2 against Alternaria sp. was 
diminished by 45%, while the ΔPPX-T mutant exhibited 
a reduction of 21.21% in its antifungal potential. Similar 
trends were observed with Aspergillus sp., where ΔPKC-A 
showed a 52% decrease in antifungal efficacy followed 

of 3972 bp. In contrast, double digestion of the construct 
pKCPN with EcoRV + XbaI generated two bands of 3417 bp 
and 555 bp and XhoI bands of 2020 bp and 1952 bp, respec-
tively. Moreover, the empty vector pEX18Tc generated 
two bands of 3955 bp and 2394 bp construct pEXPN and 
two bands of 3955 bp and 2936 bp. The pEX18Tc showed 
a single band of 6349 bp after digestion with EcoRV. The 
construct pEXPN showed three bands after digestion with 
KspAI and XhoI with sizes of 3206, 2863, and 822  bp. 
Moreover, PCR amplification of the knockdown constructs 
confirmed ligation of the 540 bp insert (Fig. S2). Extracts 
from pyrrolnitrin-deficient mutants showed no bands and 
peaks corresponding to pyrrolnitrin when subjected to TLC 
and HPLC analyses. Wild type strains exhibited pyrrolnitrin 
production of approximately 34–44 µg/mL, as revealed by 
HPLC analysis of their extracts. In contrast, pyrrolnitrin was 

Fig. 6  Quantification of pyrrolnitrin (PRN). HPLC chromatograms 
representing (a) standard of pyrrolnitrin (PRN), (b) standard of phen-
azine-carboxylic acid (PCA), (c) standard of tryptophan (TRP), (d) 
wild type crude extract of PB-St2 as positive control showing peaks 
for phenazine-1-carboxylic acid and pyrrolnitrin, (e) crude extract 
of PB-St2 mutant derived by pKCPN revealing reduced phenazine-
1-carboxylic acid production and absence of pyrrolnitrin peak, (f) 
crude extract of PB-St2 mutant derived by pEXPN revealing reduc-

tion in phenazine-1-carboxylic acid and pyrrolnitrin peaks, (g) crude 
extract of BL21 strain as negative control, (h) crude extract of BL21 
induced with tryptophan as negative control showing a peak of only 
TRP, (i) crude extract of PBP1 showing production of pyrrolnitrin 
when induced with tryptophan. (j) Graph showing standard curve of 
pyrrolnitrin. Blue arrow: peak of pyrrolnitrin, red arrow: peak of PCA, 
green arrow: peak of tryptophan

 

1 3

Page 9 of 16    182 



World Journal of Microbiology and Biotechnology          (2025) 41:182 

sp. The significant loss of fungicidal potential was observed 
by ΔRKC-A (pyrrolnitrin knockdown mutant of strain RP4) 
with 27.5%, 22.5%, 26.3% and 42.2% against Colletotri-
chum sp., Fusarium sp., Alternaria sp., and Aspergillus sp., 
respectively (Figs. 8 and 9).

Spore counts obtained using hemocytometer indicated 
that PKCPN derived mutants lost their ability to inhibit spore 
production in fungi when compared to the wild-type strains. 
Results demonstrated that pyrrolnitrin-deficient mutants 
of PB-St2 exhibited a significant reduction in their ability 
to suppress spore production: 82.88% for Alternaria sp., 
73.12% for Aspergillus sp., 67.16% for Colletotrichum sp., 
and 66.6% for Fusarium sp. Similarly, the mutant ΔFKC-A 
also showed significantly decreased spore inhibition relative 
to the wild type FS2 strain, losing 23.7% efficacy against 
Fusarium sp., 58.1% against Alternaria sp., 64.25% against 
Aspergillus sp., and 69.5% against Colletotrichum sp. Like-
wise, compared to the wild type RP4, mutant ΔRKC-A 
lost 40.7% spore inhibition potential against Fusarium sp., 
47.9% against Alternaria sp., 43.5% for Aspergillus sp. and 
47.5% for Colletotrichum sp. (Fig. 10).

When observed under a stereomicroscope, antifungal 
plates revealed a clear inhibition zone around the wild-type 
PB-St2 strain with no hyphal or spore production. In con-
trast, plates co-cultured with mutant strains showed fused 
mycelial growth and spores around the bacterial inoculum 
(Fig. 10).

by ΔPPX-T that showed a 30% reduction. For Fusarium 
sp., the antifungal potential of the mutants ΔPKC-A and 
ΔPPX-T decreased by 28.9% and 21.05%, respectively. 
Likewise, ΔPKC-A showed 31.7% decrease in its antifungal 
potential against Colletotrichum sp., while ΔPPX-T showed 
only 26.8% decrease (Figs. 8 and 9).

The fungicidal potential of ΔFKC-A (knockdown mutant 
of FS2) against Alternaria sp. was reduced by 31.7% and of 
ΔFPX-T by 14.6%. Similar results were observed for Asper-
gillus sp., where ΔFKC-A showed a decrease of 36% in its 
inhibitory activity. Nevertheless, no significant variation in 
antifungal potential against Fusarium sp. was witnessed 
by pyrrolnitrin deficient mutants in comparison to wild 
type FS2. The mutant ΔFKC-A of strain FS2 showed 76% 
decrease in its antifungal potential against Colletotrichum 

Table 4  Quantification of Pyrrolnitrin and phenazine-1-carboxylic 
acid (PCA) in Pyrrolnitrin knockdown mutants
Metabo-
lites (µg/
mL)

PB-St2 ΔPKC-A ΔPPX-T PBP1 + Trp

Pyrrol-
nitrin

36 ± 2.05 ND 9.77 ± 0.67 21 ± 1.22

PCA 228.03 ± 5.73 57.17 ± 6.13 88.25 ± 5.17 ND
FS2 ΔFKC-A ΔFPX-T FBP2 + Trp

Pyrrol-
nitrin

34 ± 1.11 ND 8.13 ± 1.55 18.44 ± 2.01

PCA 317.31 ± 6.22 84.22 ± 3.74 166.18 ± 12.22 ND
RP4 ΔRKC-A ΔRPX-T RBP3 + Trp

Pyrrol-
nitrin

44 ± 2.05 ND 9.87 ± 1.17 19.02 ± 1.19

PCA 322.09 ± 8.41 92.27 ± 7.03 221.74 ± 4.17 ND
Results are displayed as average of triplicates

Fig. 7  Antifungal analysis of heterologous clones. (a, b) Plate assay of heterologous clones against two Alternaria strains, (c, d) Fungal spore 
reduction counted by hemocytometer
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0.85, and 0.77. Similarly, ΔPPX-T, ΔFPX-T, and ΔRPX-T 
mutants showed optical densities of 0.88, 0.92, and 0.88. 
Computational analysis of the pyrrolnitrin biosynthetic 
gene cluster revealed sequence homology between the tryp-
tophan halogenase (prnA) nucleotide sequence and thiore-
doxin reductase (trxR). The trxR gene is a component of 
the thioredoxin system (TS), which plays a role in NADPH 
reduction, crucial for catalytic reactions in major secondary 
metabolite pathways. Additionally, trxR is involved in DNA 
replication, explaining that its reduced expression impacts 
cellular replication and growth (Fig. S7).

Pyrrolnitrin knockdown mutants showed decreased 
phenazine biosynthesis and impacted growth 
kinetics

Unexpectedly, all knockdown mutants of Pseudomonas 
strains PB-St2, FS2, and RP4 displayed alterations in mor-
phology when compared to their wild-type counterparts. 
The distinctive orange coloration, indicative of phenazine 
production in P. chlororaphis strains, shifted to yellow in 
the knockdowns (Table 4; Fig. 11).

Furthermore, these mutants exhibited slow growth during 
cultivation. Such as, after 24 h, the wild-type strains PB-St2, 
FS2, and RP4 reached optical densities of 1.32, 1.25, and 
1.22, respectively. In contrast, the mutants ΔPKC-A, 
ΔFKC-A, and ΔRKC-A achieved optical densities of 0.72, 

Fig. 8  Analysis of antifungal activity in mutants. (a-c) Graphs repre-
senting the inhibition zones measured from antifungal plates of wild 
type and mutant Pseudomonas strains, (d-f) Graphs representing aver-

age percent reduction in spore inhibition of fungal strains by both wild 
type and mutant strains. The error bars represent standard deviation 
where results are means of three replicates
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several studies (Jug et al. 2018; Mohamed et al. 2020; Zhang 
et al. 2020a, b, c, d). In addition to antifungal activities, pyr-
rolnitrin isolated from strains PB-St2, FS2, and RP4 showed 
antibacterial properties against Bacillus sp., Salmonella sp., 
and Staphylococcus sp. strains. These findings are consis-
tent with previously reported antibacterial effects of pyrrol-
nitrin against Agrobacterium tumefaciens, Corynebacterium 
insidiousum, P. syringae, and Xanthomonas campestris, 
with MIC of 1 µg /mL. Bacterial pathogens Clavibacterium 
michiganense and S. marcescens, were inhibited at MIC lev-
els of 10 µg/mL or greater (Cherin et al. 1996). Nonetheless, 
no substantial reports were identified that could indicate 
pyrrolnitrin’s antibacterial properties. Additionally, purified 
pyrrolnitrin also showed antiproliferative potential against 
HepG-2 and SF767 cancer cell lines. In the HepG-2 cell 
line, pyrrolnitrin exhibited an IC50 at 15 µg, with complete 
cell death observed at 75 µg, whereas, for the SF767 cell 
line, the IC50 of pyrrolnitrin was reached at 25 µg. Previous 
studies have shown the antiproliferative activity of several 
of pyrrole derivatives indicating their therapeutic potential, 
however, purified pyrrolnitrin has been reported a little for 
anticancer potential (Ahmad et al. 2018).

Owing to its broad-spectrum biological activities, the 
entire prnABCD operon, spanning 6.1 kb, along with its pro-
moter region, was transformed into E. coli to optimize the 
heterologous expression. This approach sought to determine 
whether pyrrolnitrin production was dependent on additional 
factors or genes, or if the upstream promoter region alone 

Discussion

The biological control of plant pathogens involves vari-
ous bacterial genera like Burkholderia, Serratia, Pseu-
domonas, and Bacillus. Pseudomonas spp. is notable for 
their widespread presence and production of phenazines, 
broad-spectrum antifungal compounds. Pseudomonas also 
synthesizes metabolites that enhance antifungal capabilities 
and aid survival under biotic stress (Höfte 2021; Navarro-
Monserrat and Taylor 2023; Vasanthabharathi and Jayalak-
shmi 2018). The P. chlororaphis group is significant due to 
its potential as bio-stimulants and bio-fungicides in crops, 
producing volatile organic compounds, siderophores, and 
phytohormones, benefiting plants (Raj et al. 2020). P. chlo-
roraphis subsp. aurantiaca strains FS2 and PB-St2, and P. 
chlororaphis subsp. chlororaphis RP4 are documented for 
plant growth promotion and synthesis of diverse second-
ary metabolites, with primary focus on antifungal activity 
attributed to phenazines (Fakruddin et al. 2022; Shishir and 
Hoq 2020; Shahid et al. 2021).

This study specifically elucidated the function and signif-
icance of pyrrolnitrin in these strains examining their antag-
onistic properties against various fungal plant pathogens. 
The purified pyrrolnitrin extracted from all three strains 
demonstrated effective inhibition against all tested fungal 
pathogens, resulting in a reduction of up to 82% in spore 
formation among them. Antifungal potential of pyrrolnitrin 
is a well-documented phenomenon and has been shown in 

Fig. 9  Antifungal activity of wild type and mutant Pseudomonas sp. 
strains against fungal pathogens. Antifungal plate assays; comparison 
of antagonistic activity of wild type Pseudomonas strain with devel-
oped mutant strains, against Alternaria sp., Aspergillus sp., and Colle-

totrichum sp. pKCPN derived mutants (ΔPKC-A, ΔFKC-A, ΔRKC-A) 
showing reduced antifungal activity compared to pEXPN derived 
mutant (ΔPPX-T)
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heterologously in E. coli. These engineered bacteria offer 
an efficient alternative to the lengthy process of cultivat-
ing Pseudomonas strains and extracting pyrrolnitrin. These 
engineered clones can be utilized for pyrrolnitrin production 
and incorporated into fungicidal formulations for inhibition 
of specific pathogens and can be further enhanced for large-
scale pyrrolnitrin synthesis. Some of the previous studies 
have demonstrated the benefits of expressing pyrrolnitrin 
operon in heterologous systems. For instance, the entire 
prnABCD operon from P. protegens Pf-5 was successfully 
expressed in tomato plants utilizing the plant universal 
vector IL-60. It resulted in the manifestation of a distinct 
plant phenotype exhibiting resistance to damping-off dis-
ease caused by R. solani (Mozes-Koch et al. 2012). In silico 
analysis of PB-St2 genome verified the intactness of entire 
pyrrolnitrin operon and only a single copy of prnABCD loci 
was located in the genome. The four genes responsible for 
pyrrolnitrin production were present on two open reading 
frames (ORFs), where prnA, prnC and prnD were on frame 
1, whereas, prnB on frame 2.

was sufficient for expression. Heterologous expression of 
bacterial secondary metabolites and biosynthetic gene clus-
ters is a powerful tool for natural product discovery, pro-
duction optimization, and biosynthetic pathway elucidation 
(Frias et al. 2018; He et al. 2018). It facilitates the transfer 
of biosynthetic pathways from slow-growing or geneti-
cally intractable organisms to more amenable host systems, 
thereby improving production efficiency and genetic manip-
ulation capabilities (Hao et al. 2019; Sharma et al. 2020). 
This approach also allows for the expression of large and 
complex biosynthetic gene clusters, such as those encod-
ing polyketide synthases (PKS) and non-ribosomal peptide 
synthetases (NRPS), in well-characterized host organisms 
(Sharma et al. 2020). The T7 promoter in the pBluescript 
plasmid facilitates heterologous expression, offering the 
advantages of robust expression levels and the potential for 
the heterologous product to constitute up to 50% of the total 
cellular protein content (Kielkopf et al. 2021).

The antifungal activity and biological control poten-
tial of pyrrolnitrin remained unchanged when expressed 

Fig. 10  Microscopic comparisons of antifungal activity in wild-type 
and mutant Pseudomonas strains against fungal pathogens. (a-d) Ste-
reomicroscopy (40X) observations against Aspergillus niger reveal-
ing reduced inhibition activity by mutants; (a) clear zone of inhibition 
can be observed between wild type and hyphae of Aspergillus with no 
spore production, (b) No inhibition zone can be observed after treat-
ment with ΔPPX-T with few spores production, (c) High hyphae pro-

liferation around ΔPKC-A with increase in spore production as well, 
(d) negative control. (e-h) Fluorescent microscopy (40X) observations 
against Alternaria alternata revealing (g) loss of inhibition activity 
by ΔPKC-A as high number of spores production can be observed. 
(i-l) Hemocytometer observations against Fusarium sp. (k) revealing 
reduced inhibition activity by ΔPKC-A as high production of spores 
can be observed
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pyrrolnitrin in shaping the antifungal characteristics of P. 
chlororaphis strains PB-St2, FS2, and RP4.

Unexpectedly, the removal of the prnA gene in pyrrol-
nitrin knockdowns not only impacted the antifungal capa-
bilities but also changed the phenazine biosynthesis. The 
elimination of prnA resulted in decreased synthesis of the 
characteristic orange pigment (phenazine-1-carboxylic 
acid) and exhibited slower growth rates compared to wild-
type strains. Analysis using high-performance liquid chro-
matography (HPLC) showed reduced PCA biosynthesis in 
pyrrolnitrin knockdowns. Additionally, the cell density of 
the mutant strains after 24  h of cultivation was half that 
of the wild-type strains. Subsequent computational analy-
sis showed homology of prnA with thioredoxin reductase 
(trxR) gene. Thioredoxin reductase (trxR) is crucial in DNA 
replication, bacterial metabolism, NADPH reduction, and 
maintenance of redox balance of the cell, and is regulated by 
the thioredoxin system (TS) which includes two antioxidant 
oxidoreductases, Trx and trxR, with NADPH as an elec-
tron donor and regulates ribonucleotide activity (Karlenius 
and Tonissen 2010). The diverse roles and importance of 

As previously mentioned, P. chlororaphis strains PB-St2, 
FS2, and RP4 have been thoroughly demonstrated to pos-
sess phenazines-based antifungal activities. To determine 
whether pyrrolnitrin also contributes to the antifungal 
capabilities of these strains, knockdown mutants which 
suppressed the production of pyrrolnitrin, were generated, 
resulting in reduced antifungal activities. Part of prnA gene 
encoding tryptophan halogenase was targeted to suppress its 
expression of pyrrolnitrin operon. The approach used in this 
study specifically used antisense DNA, as they are fairly 
stable compared to RNAs, and the length was enhanced 
to avoid nonspecific silencing. Analysis of the mutants 
with reduced gene expression, created using the pEXPN 
construct, showed a decrease in pyrrolnitrin levels when 
subjected to TLC and HPLC validation. Pyrrolnitrin knock-
downs exhibited a reduction in fungicidal effectiveness of 
up to 51% and were incapable of inhibiting spore produc-
tion. They displayed a significant decrease of 82% in their 
ability to suppress spores and demonstrated diminished 
efficacy in restricting mycelial growth when compared to 
wild-type strains. This finding highlights the crucial role of 

Fig. 11  Morphological pigment variation in the pyrrolnitrin-deficient mutant strains compared to the wild type P. chlororaphis strains
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the trxR gene underscore its crucial role in sustaining cel-
lular growth dynamics, while its elimination confirms the 
slower growth rates and decreased phenazine biosynthesis 
as observed in pyrrolnitrin knockdowns. While the precise 
molecular process through which the removal of the prnA 
gene affected phenazine production requires further inves-
tigation, it confirms that prnA is crucial in sustaining the 
biological control capabilities of P. chlororaphis strains 
PB-St2, FS2, and RP4.

In conclusion, the study highlights the pivotal role of pyr-
rolnitrin in the antifungal activity of Pseudomonas chloro-
raphis strains PB-St2, FS2, and RP4. Purified pyrrolnitrin 
effectively inhibited multiple mycopathogens, suppressing 
spore formation by up to 82%. Beyond its antifungal action, 
it also demonstrated antibacterial effects and antiprolifera-
tive activity against cancer cell lines. The complete prn-
ABCD operon was successfully heterologously expressed 
in E. coli, preserving its antifungal efficacy and supporting 
its potential use in fungicidal formulations. Interestingly, 
pyrrolnitrin knockdown mutants not only showed dimin-
ished antifungal performance but also disrupted phenazine 
biosynthesis and exhibited slower growth. Computational 
analysis revealed homology between prnA and thioredoxin 
reductase (trxR), a key enzyme in bacterial metabolism, 
DNA replication, and redox regulation. Collectively, these 
findings underscore pyrrolnitrin’s central role in the biocon-
trol potential of P. chlororaphis and its broader regulatory 
influence on secondary metabolite pathways.
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