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We have shown, the outcome of antifungal activity of phenazine derivatives which is produced by fluo-
rescent pseudomonads (FPs) for the control of sheath blight of rice. A total of 50 fluorescent pseudomon-
ads (FPs) were isolated from rice rhizosphere. Off which, 36 FPs exhibited antagonistic activity against
Rhizoctonia solani, Macrophomina phaseolina, Fusarium oxysporum, Alternaria alternata and Sclerotium rolf-
sii up to 70–80% compared to control by dual culture method. BOX-PCR analyses of antagonistic isolates
indicated that two phylogenetic group, where group I consisted of 28 isolates and eight isolates belongs
to group II. Among 36 FPs, a total of 10 FPs revealed that the presence of phenazine derivatives on thin
layer chromatography (TLC), which is coincided with that of authentic phenazine with Rf value 0.57.
Similar to TLC analysis, antibiotic encoding gene phenazine-1-carboxamide (PCN) was detected in 10
FPs by PCR analysis with respective primer. Among, PCN detected isolates of FPs, a significant biocontrol
potential possessing isolate designated as VSMKU1 and it was showed prominent antifungal activity
against R. solani and other tested fungal pathogens. Hence, the isolate VSMKU1 was selected for further
studies. The selected isolate VSMKU1 was identified as Pseudomonas aeruginosa by 16S rDNA sequence
analysis. The antifungal metabolite phenazine like compound produced by VSMKU1 was confirmed by
UV, FT-IR and HPLC analysis. The phenazine compound from VSMKU1 significantly arrest the growth
of R. solani compared to carbendazim by well diffusion method. The detached leaf assay showed remark-
able inhibition of lesion height 80 to 85% by the treatments of culture (VSMKU1), cell free culure filtrate
and phenazine like compound compared to control and other treatments was observed in detached
leaves of rice. These results emphasized that VSMKU1 isolate can be used as an alternative potential bio-
control agent against sheath blight of rice, instead of using commercial fungicide such as validamycin and
carbendazim which cause environmental pollution and health hazards.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction issues and severe loss in rice production worldwide especially
Sheath blight of rice caused by Rhizoctonia solani Kühn is one of
the economically important critical disease and provide quality
Asian countries like India and China (Slaton et al., 2003;
Shanmugaiah et al., 2010; Xia et al., 2017). The soil-borne pathogen
R. solani is an important basidiomycete fungus infecting with wide
host range of agriculture crop (Zheng et al., 2013; Zhang et al;
2019). R. solani control is a very difficult because of high survival
rate with fruiting bodies (sclerotia) of R. solani under various envi-
ronmental conditions (Harikrishnan et al., 2014; Lu et al., 2016).
Sheath blight of rice has gradually become one of the second most
important disease next to blast disease of rice (Singh et al., 2010).
So, far there is no sheath blight of rice resistant variety is available.
Carbendazim and Validamycin are still widely used for the
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management of sheath blight of rice (Peng et al., 2014). Indiscrim-
inate use of chemical fungicides is causing a rigorous intimidation
to the environment and community health and they are dangerous
to other beneficial rhizosphere micro flora existing in an agricul-
tural environment (Shanmugaiah et al., 2010). Hence, in this back-
ground, here is a vital necessitate to discover, the alternative
approach for crop protection from fungal and bacterial pathogens
with the perception of environment friendly and sustainable agri-
culture (Shanmugaiah et al., 2010; Harikrishnan et al.; 2016;
Rahman et al., 2018; Ahirwar et al., 2020).

Rhizospheric beneficial bacteria are target-specific and they
have been used as bioinoculants and biopesticides to enhance
the plant enlargement and crop yield (Gnanamanickam et al.,
1998; Shanmugaiah et al., 2006; Nascente et al., 2017). Among
the beneficial antagonistic microbial inhabitants, fluorescent pseu-
domonads (FPs) are drawn much attention worldwide, because of
their plant growth promotion effectiveness and bio- control
prospective with broad spectral activity to control of various plant
pathogens by the manufacture of metabolites, siderophore and
hydrogen cyanide (Shanmugaiah et al., 2015; Li et al., 2018). FPs
have been reported as the most predominant bacteria in the plant
rhizosphere and this beneficial microbe is a part of its capacity to
build a protective cover that enhances pathogen suppressive in
the rhizosphere (Kumar and Dube, 1992; Singh et al., 2016).

Fluorescent pseudomonad’s (FPs) are major diverse, ecologi-
cally and cost-effectively important group of microorganisms.
These microbes are well established in terms of the effective plant
interaction (Haas and Défago, 2005). FPs directly influences the
plant growth and indirectly inhibits the harmful effect of phy-
topathogenic microorganisms (Kloepper et al., 1980; Nam et al.,
2018). The previous two decades, the use of plant rhizosphere
associated bacteria having antagonistic potential has become one
of the most important for managing plant diseases and maintain-
ing ecological balance. Recently, more attention has given to FPs
with reference to biocontrol and bio-fertilizing capabilities owing
to their extensive colonization in the rhizosphere (Harman et al.,
2004). FPs can be introduced by seed inoculation, soil application
and foliar spray, where the effectiveness of various secondary
metabolites can inhibit pathogenic microorganisms (Nandakumar
et al., 2001). Hence, in the current scenario, to exploit genetic
diversity and functional characters of FPs from rice rhizosphere is
need of an hour to develop potential plant growth promoting
and biocontrol agents against sheath blight of rice.

The biocontrol potential of FPs by the production of an array of
antimicrobial compounds such as phenazine-1-carboxamide
(Shanmugaiah et al., 2010), pyrrolnitrin (Howell and Stipanovic,
1979), pyoluteorin (Howell and Stipanovic, 1980), hydrogen cya-
nide (Voisard et al., 1989) and 2, 4 -diacetylphloroglucinol
(Jousset et al., 2006) against soil borne pathogenic fungi were
reported. Besides, Indole acetic acid (Kandel et al., 2017), 1-amino
cyclo-propane-1-carboxylate deaminase and phosphate solubiliz-
ing capability has been observed in FPs as part of Plant growth pro-
moting (PGP) traits (Sarma and Saikia, 2014). Phenazines
derivatives are heterocyclic compounds that differ based on the
substitution of assorted functional groups on the core phenazine
ring structure (Mavrodi et al., 2001, 2006; Biessy and Filion,
2018). The heterocyclic molecule phenazine derivatives are
secreted by diverse bacterial genera such as Brevibacterium,
Burkholderia, Streptomyces and Pseudomonas (Budzikiewicz, 1993;
Shanmugaiah et al., 2010; Harikrishnan et al., 2016). The phena-
zine is predominantly synthesized by P. aeruginosa and all phena-
zine derivatives showed wide spectrum activity against numerous
plant pathogenic bacteria and fungi (Smirnov and Kiprianova,
1990).

Phenazine producing bacteria are prevalent in the rhizosphere
of wheat and rice (Mahmoudi et al., 2019; Harikrishnan et al.,
3314
2016; Shanmugaiah et al., 2010). FPs having phenazine biosyn-
thetic genes were identified at higher number in wheat rhizo-
sphere grown in dry land as compared to irrigated land (Mavrodi
et al., 2012). The current study focus on bacterially mediate
improvements in rice seedling for their growth and disease
management.

Rhizobacteriummediated biological control have diverse mech-
anisms against plant pathogens of fungi and bacteria include
antibiotics, iron chelating siderophore, salicylic acid and cell wall
degrading enzymes (Santoyo et al., 2016; Carmona-Hernandez
et al., 2019). Biocontrol and plant growth promoting rhizobac-
terium FPs are increasing plant growth through a biological nitro-
gen fixation (Bhattacharjee et al., 2008), phosphorus uptake
(Yazdani et al., 2009), hydrogen cyanide (Voisard et al., 1989)
and siderophores production (Rosenblueth and Martínez-Romero,
2006).

Our main focus of this research is to detect phenazine produc-
ing FPs from rice rhizosphere and to identify the most significant
isolate inhibiting the sheath blight pathogen R. solani. Rice is a sig-
nificant cultivated crop all over the world, especially tropical Asian
countries like India and China. In India, rice cultivation is mainly
concentrated in the southern parts of India, where Tamil Nadu is
one of the leading states for rice production. Tamil Nadu is one
of the rich microbial biodiversity with in India however, the biodi-
versity from the Vaigai river agriculture belt of Tamil Nadu is unex-
plored. Genetic diversity and functional study of fluorescent
pseudomonads in the rice rhizosphere has not been explored in
southern province of Tamil Nadu. Hence, we attempt to study
sheath blight of rice control by new isolate of VSMKU1 which
was isolated from the rice rhizosphere. This study mainly paying
attention of existing Pseudomonas spp with the antibiotic encoding
genes for the production of antimicrobial secondary metabolites
associated with the control of sheath blight of rice, specifically phe-
nazine like derivatives.

The objective of this study was carried out to (i) To study the
genetic diversity and functional characters of antagonistic FPs
associated with rice rhizosphere, (ii) Detection of phenazine-1-
carboxamide encoding gene among antagonistic FPs (iii) To evalu-
ate the FPs producing phenazine like compound against R. solani
for the control of sheath blight of rice by detached leaf assay and
(iv) The partially purified phenazine like compound was character-
ized by TLC, UV-VIS, and FT-IR spectrum.
2. Materials and methods

2.1. Sample collection and isolation of FPs

A total of 10 rice field rhizosphere samples were collected from
various locations in the province of Dindigul, Tamil Nadu, India.
The rhizosphere samples were stored at 4 �C until further process.
Ten gram of rice rhizosphere sample were dissolved in 90 ml of
sterile distilled water and vigorously shaken at 180 rpm at room
temperature for 30 min. After that, the soil suspension was serially
diluted up to 10 9. From all the dilution 100 ml of aliquot was
spread on King’s B agar (King et al., 1954) in triplicates and plates
were incubated at 28 �C for 24 h. Fluorescent colonies were visual-
ized under UV trans-illuminator at 365 nm. All the isolates of FPs
were kept in 30% (v/v) glycerol stocks at �80 �C for further study.
2.2. In vitro screening of FPs against fungal phytopathogens

FPs were tested towards fungal pathogens such as Rhizoctonia
solani, Sclerotium rolfsii, Macrophomina phaseolina, Alternaria
alternata and Fusarium oxysporum have been confirmed by a dual
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culture assay on potato dextrose agar (PDA), with three replicates
of each FP (Harikrishnan et al., 2014).

2.3. 16S rDNA gene sequence analysis

Based on the best antagonistic performance, the strain VSMKU1
were selected for further studies. 16S rDNA gene was amplified
using universal primers. 27F (50AGAGTTTGATCCTGG -
TCAGAACGCT) and 1492R (50 TACGGCTACCTTGTACGACTTCACCCC)
(Saikia et al., 2011).

2.4. Hydrolytic enzyme production by antagonistic fluorescent
pseudomonads

The antagonistic FPs were tested for production of lytic
enzymes like chitinase, cellulase, pectinase, protease and amylase.
Chitinase production was evaluated in 0.1 % colloidal chitin agar
medium (g/l) (Shanmugaiah et al., 2008), cellulase activity was
determined in nutrient agar medium (NA) (g/l) with 0.1% (w/v) car-
boxymethylcellulose (CMC) and pectinase in nutrient agar medium
(Aneja, 2001). Proteolytic activity was assessed using skim milk
agar medium (g/l) and amylase activity was screened on nutrient
agar (NA) added with 0.1% skim milk and starch (Benson, 1990).

2.5. Production of Indole acetic acid (IAA) and secondary metabolites
by FPs

Indole acetic acid (IAA) production by FPs was assessed by the
revised method of Gordon and Weber (1951). One ml of cell-free
culture filtrate and 2 ml of Salkowski reagent (1 ml of 0.5 M FeCl3
in 50 ml of 35% HClO4) was added and incubated at 25 �C for
30 min in dark condition. The development of pink color indicates
the production of IAA. Hydrogen cyanide production was assessed
from FPs on nutrient sucrose agar medium (Lorck, 1948). Sidero-
phore production by antagonistic FPs were tested (Schwyn and
Neilands, 1987) and phosphate solubilization ability of the antago-
nistic FPs was assessed on Pikovaskaya’s agar medium (Pikovskaya,
1948).

2.6. Genetic diversity of fluorescent pseudomonads

2.6.1. Extraction of total genomic DNA
Total genomic DNA from fluorescent pseudomonads was iso-

lated by the method of Keel et al. (1996).

2.6.2. BOX-PCR based genotypic analysis
BOX-PCR fingerprinting was performed for each antagonistic

strain using BOXAIR primer (50-CTACGGCAAGGCGACGCTGACG-30)
with slight modification (Jin et al., 2011).

2.6.3. Detection of Phenazine -1- carboxamide
Phenazine-1-carboxamide encoding gene detected from antag-

onistic FPs. The isolation of genomic DNA from FPs was performed
by heat lysis method. After that DNA were amplified using specific
primer of PhzHup and PhzHlow (50-CGCACGGATCCTTTCA
GAATGTTC-30 and 50-GCCACGCCAAGCTTCACGCTCA-30). PCR reac-
tion was conducted in a total volume of 25 ll, containing 50 ng
DNA template,10X buffer (with 2.5 mM MgCl2), 25 mM dNTPs,
1 ml (10 pM) of primer sets, 1U Taq polymerase (GeNet Bio, Banga-
lore). The PCR reaction was carried out in an Agilent thermocycler
through certain terms: initial denaturation at 95 �C for 3 min fol-
lowed by 30 cycles of denaturation at 94 �C for 30 s, annealing at
54 �C for 30 s, extension at 72 �C for 1 min and final extension at
72 �C for 7 min (Mavrodi et al., 2001). The PCR product was sepa-
rated by electrophoresis on 1% agarose gel in 1X TAE buffer at 70 V
3315
for 60 min. The gels were visualized using gel documentation sys-
tem (Bio-Rad, Japan).

2.7. Thin layer chromatography (TLC)

The ethyl acetate extracts were air dried by rotary evaporator at
50 �C. The crude extracts of FPs were analyzed by TLC. On silica gel
plates (Merck, Germany), 1 mg of commercial phenazine and crude
extracts from the FPs were spotted with methanol solution (Sigma
Aldrich, Mumbai). The TLC plates were developed with a solvent
system of hexane: ethyl acetate at 4:2 ratio (Perneel et al., 2007).
The spots were detected under UV at 254 nm and the Rf values
of the crude metabolites were determined by compared with that
of commercial phenazine.

2.7.1. Antifungal activity of phenazine like compound against R. solani
Antifungal activity was carried out by partially purified phena-

zine like compound, which is correlate with the authentic phena-
zine on TLC. The phenazine like compound was dissolved in ethyl
acetate and the extract was introduced into each well with various
concentrations such as 25, 50, 75 and 100 mg/ml on PDA plates.
Three days old mycelial discs of R. solani (9 mm in diameter) was
placed on the center of the PDA plates. Plates were hatched at
28 �C for three days.

2.8. Characterization of phenazine like compound

Phenazine like compound were dissolved at the concentration
of 100 mg/ml with ethyl acetate and the sample were recorded
between the wavelength of 200 and 400 nm after calibration with
EA as blank using a UV–Vis spectrophotometer (Shimadzu, Kyoto,
Japan). IR spectrum was recorded at 400–4000 cm�1 in dry chloro-
form solution using a Fourier transform infrared spectroscopy (FT-
IR) (Shimadzu). Both ultraviolet (UV) and infrared (IR) spectrum
was taken for pure phenazine as positive control. The crude
metabolites were analyzed using an HPLC system which consisted
of a photodiode array detector, analytical column of 250 � 4.60 m
m (5 mm). Acetonitrile and 10% trifluoracetic acid (TFA) were used
as mobile phase. The experiments were tested at 1.0 ml/min. The
peaks were compared to pure phenazine.

2.9. Detached leaf assay

The extraction of secondary metabolites from the antagonistic
FPs was done by adding 1 ml of pre-inoculation of FPs in KB broth
and grown at 37 �C for 16 h. Liquid cultures of FPs were used at 108

Cfu/ml. The cell-free culture filtrates of FPs from 24 h old cultures
grown in KB broth were diluted with sterile condensed water to
achieve a final concentration of 10% (v/v). The crude phenazine like
compound were prepared at the concentration of 5 mg/ml. The rice
leaf segments were screened against sheath blight of rice (Guleria
et al., 2007).

2.10. Data analysis

The data from the zone of inhibition for in vitro antagonism,
efficacy of crude metabolites and their evaluation against patho-
gens were examined by Analysis of Variance (ANOVA) and the
treatment means were compared through least significant differ-
ence (LSD) value of Duncan’s Multiple Range Test (DMRT) test at
P < 0.05 using CoStat statistical software (Cohort Berkeley, Califor-
nia) (Cardinali and Nason, 2013). The significance analysis of vari-
ance was p < 0.001. For BOX PCR analyses, the dendrogram were
constructed using the neighbor-joining method. Distances were
corrected for multiple base changes (Jukes and Cantor, 1969).
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3. Results

3.1. Antagonistic properties of FPs against phytopathogens

A total of 50 FPs was isolated from the rice rhizosphere of
healthy rice plants in ten different places in the district of Dindigul,
southern Tamil Nadu, India (Fig. 1). Of which, 36 isolates of FPs
were showed potential antifungal activity against prevalent rice
Fig. 1. Rice rhizosphere sampling collection from dindigul district. (A) India map showin
cultivating area from Dindigul district of Tamil Nadu.

Table 1
In vitro antagonism of FPs against Phytopathogens.

Antagonistic strain Zone of inhibition (mm) (Mean ± SD)

Rhizoctonia solani Macrophomina p

VSMKU1 44.2 ± 0.075 29.7 ± 0.082
VSMKU2 35.0 ± 0.084 26.3 ± 0.082
VSMKU3 18.8 ± 0.075 13.8 ± 0.075
VSMKU4 21.7 ± 0.103 14.3 ± 0.082
VSMKU5 17.0 ± 0.063 13.0 ± 0.063
VSMKU6 36.0 ± 0.087 12.0 ± 0.063
VSMKU7 16.0 ± 0.063 20.5 ± 0.084
VSMKU8 28.5 ± 0.084 20.0 ± 0.063
VSMKU17 8.50 ± 0.084 15.0 ± 0.063
VSMKU18 18.0 ± 0.063 13.0 ± 0.063
VSMKU19 19.0 ± 0.063 18.5 ± 0.084
VSMKU20 16.0 ± 0.063 17.0 ± 0.063
VSMKU23 17.0 ± 0.063 16.0 ± 0.063
VSMKU27 18.0 ± 0.063 15.0 ± 0.063
VSMKU28 18.5 ± 0.084 16.5 ± 0.084
VSMKU30 17.5 ± 0.084 14.5 ± 0.084
VSMKU31 17.0 ± 0.063 14.0 ± 0.063
VSMKU34 14.5 ± 0.084 18.0 ± 0.063
One way ANOVA
LSD (P = 0.05) 0.19 0.16
Two way ANOVA
LSD (P = 0.05)
Isolates, 0.072 (***)
Pathogens, 0.038 (***)
Interaction effect (isolates � pathogens) ***

3316
pathogen R. solani and other fungal pathogens such as Macrophom-
ina phaseolina, Fusarium oxysporum, Alternaria alternata and Sclero-
tium rolfsii with different level of zone of inhibition ranging from
7.0 to 44.2 mm, 12.0 to 29.7 mm, 8.0 to 25.0 mm, 13.0 to
28.0 mm, and 13.0 to 27.0 mm respectively (Table 1). Among 36
FPs, VSMKU1 was selected as potent biocontrol agent based on
the maximum zone of inhibition (Fig. 2) against R. solani when
compared to rest of the isolates and control.
g the place of Dindigul district, (B) displays the ten different sites of different paddy

haseolina Fusarium oxysporum Alternaria alternata Sclerotium rolfsii

25.0 ± 0.063 20.0 ± 0.063 27.0 ± 0.063
20.0 ± 0.063 21.80 ± 0.063 25.0 ± 0.063
15.0 ± 0.063 13.8 ± 0.075 15.0 ± 0.063
18.0 ± 0.063 15.0 ± 0.063 13.0 ± 0.063
16.0 ± 0.063 14.5 ± 0.084 18.0 ± 0.063
12.8 ± 0.075 14.5 ± 0.084 16.0 ± 0.063
16.8 ± 0.075 16.0 ± 0.063 17.0 ± 0.063
18.0 ± 0.063 14.0 ± 0.063 14.7 ± 0.082
15.0 ± 0.063 13.7 ± 0.082 18.0 ± 0.063
16.0 ± 0.063 11.7 ± 0.103 15.0 ± 0.063
18.0 ± 0.063 15.0 ± 0.063 18.0 ± 0.063
14.5 ± 0.084 14.0 ± 0.063 15.0 ± 0.063
13.8 ± 0.063 13.2 ± 0.075 16.0 ± 0.063
8.0 ± 0.063 13.0 ± 0.063 16.0 ± 0.063
16.0 ± 0.063 16.5 ± 0.084 19.0 ± 0.063
17.0 ± 0.063 14.0 ± 0.063 14.0 ± 0.063
15.0 ± 0.063 15.0 ± 0.063 16.0 ± 0.063
15.0 ± 0.063 15.0 ± 0.063 15.0 ± 0.063

0.18 0.15 0.13



N. Karmegham, S. Vellasamy, B. Natesan et al. Saudi Journal of Biological Sciences 27 (2020) 3313–3326
3.2. Identification of the selected strain VSMKU1

The strain VSMKU1 16S rDNA partial sequence was matched to
11 reference species of Pseudomonas denoted in the Genbank. The
highest score sequences were retrieved from Genbank, aligned,
distance matrices were calculated and the phylogenetic tree was
constructed (Data not shown). The strain VSMKU1 showed 99%
similarity with Pseudomonas aeruginosa. The 16S rDNA sequence
analysis was submitted to the Genbank database with the acces-
sion number KM583892.

3.3. Functional characterization of fluorescent pseudomonads

The hydrolytic enzymes, plant growth hormones and antimicro-
bial metabolites production by FPs were assessed. Out of 36 antag-
onistic FPs, 50% of the isolates produced protease and IAA.
However, 28%, 22%, 25% and 19% produced chitinase, cellulase,
Fig. 2. Pure culture of P. aeruginosa VSMKU1 exhibiting on King’s B agar medium
when visualized under UV trans-illuminator at 365 nm.

Fig. 3. Functional characterization of 36 antagonistic FPs. Of which 18 strains produc
produced pectinase, 7 strains produced amylase, 18 strains produced IAA, 17 strains show
and siderophore.

3317
pectinase and amylase. Whereas 47.2% and 27.7% showed positive
for phosphate solubilization, hydrogen cyanide and siderophore
(Fig. 3).

3.4. BOX-PCR based genetic diversity of fluorescent pseudomonads

To study the diversity of 36 antagonistic FPs by BOX-PCR. BOX-
PCR data resulted that 26 distinct polymorphic banding patterns
ranging between 100 bp and 1500 bp (Fig. 4A-E). The polymorphic
banding pattern showed 80% similarity coefficient with two dis-
tinct genomic clusters. The distances were correlated with multi-
ple base changes by the method of Jukes and Cantor. While
generating dendrogram, out of 36 FPs the tree forms two major
clades Group I and Group II (Fig. 5). The group I was subdivided
into 6 clusters consisting 28 isolates of FPs. Group II subdivided
into 3 clusters which included 8 isolates of FPs, where VSMKU31
strain forming a separate cluster. Due to their high degree of
genetic heterogeneity among the different species of antagonistic
FPs, all strains displayed a large variance in fingerprinting patterns
and thus resulted in their distribution in different clusters.

3.5. Detection of phenazine-1-carboxamide encoding gene and
phenazine like compound by PCR and TLC

A total 10 FPs (28%) were showed the presence of phenazine-1-
carboxamide encoding gene with 500 bp and it was matches with
PCN encoding gene P. aeruginosa MML2212 (Fig. 6). Similarly, out
of 36 antagonistic FPs, 18 FPs were showed the production of phe-
nazine like compound compared with that of authentic phenazine
with Rf value 0.57 (Table 2; Fig. 7).

3.6. Antifungal activity of phenazine like compound against R. solani

The antifungal activity of phenazine like compound from
antagonistic FPs wasshowed various level of zones of inhibition
(ZOI) against R. solani using dissimilar concentrations of phenazine
like compound (25, 50, 75 and 100 mg/ml) with diverse level of
zone of inhibition ranged from 12.0 to 20.0 mm (25 mg/ml), 12.5
to 21.8 mm (50 mg/ml), 15.0 to 24.0 mm (75 mg/ml) and 17.0 to
25.6 mm (100 mg/ml) compared to authentic phenazine and car-
bendazim. However, phenazine like compound from VSMKU1
showed significant antifungal activity against R. solani in compared
to rest of the other strains. Among all the concentration, the appli-
cation of 100 mg/ml of phenazine derivatives from the isolate
ed protease, 10 strains produced chitinase, 8 strains produced cellulase, 9 strains
ed positive for phosphate solubilization and 10 strains produced hydrogen cyanide



Fig. 4. BOX PCR results of 36 antagonistic FPs. A-E showing distinct polymorphic banding patterns ranging between 100 bp and 1500 bp with the corresponding lanes are as
follows: Lane M:100 bp DNA ladder, Lane 1: VSMKU1, Lane 2: VSMKU2, Lane 3: VSMKU3, Lane 4: VSMKU4, Lane 5: VSMKU5, Lane 6: VSMKU6, Lane 7: VSMKU7, Lane 8:
VSMKU8, Lane 9: VSMKU9, Lane 10: VSMKU10, Lane 11: VSMKU11, Lane 12: VSMKU12, Lane 13: VSMKU13, Lane 14: VSMKU14, Lane 15: VSMKU15, Lane 16: VSMKU16, Lane
17: VSMKU17, Lane 18: VSMKU18, Lane 19: VSMKU19, Lane 20: VSMKU20, Lane 21: VSMKU21. D-E is Lane 22: VSMKU22, Lane 23: VSMKU23, Lane 24: VSMKU24, Lane 25:
VSMKU25, Lane 26: VSMKU26, Lane 27: VSMKU27, Lane 28: VSMU28, Lane 29: VSMKU29, Lane 30: VSMKU30, Lane 31: VSMKU31, Lane 32: VSMKU32, Lane 33: VSMKU33,
Lane 34: VSMKU34, Lane 35: VSMKU35, Lane 36: VSMKU36.
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VSMKU1 was found to have a higher zone of inhibition against R.
solani. The statistical analysis carried out using two-way ANOVA,
indicate that irrespective of pathogens and concentration of cell-
free culture, amongst all the strains VSMKU1 was found to have
a significantly higher zone of inhibition for all the pathogens when
compared to rest of the isolates (Table 3).

3.7. Characterization of the crude metabolite

The UV spectrum of the phenazine like compound was showed
kmax values at 300–400 nm, similar to a spectrum profile of authen-
tic phenazine with kmax value range of 300–400 nm (Fig. 8A and
8B). The FT-IR spectrum of phenazine like compound showed
absorption at 3325.39 cm�1 and 2935.76 cm�1 with functional
groups, particularly CAH aromatic stretch, NH amine stretch and
CH alkene stretch. At 1666.55 cm�1, 1651.12 cm�1, 1643.41 cm�1

and 1452.45 cm�1 displayed the functional groups of C@C alkene
stretch, a C@O carboxylic acid group, an amide stretch with a
strong bond and an a, b unsaturated ketone with a strong bond.
The spectra absorption values at 1332.86 cm�1, 1313.57 cm�1,
1111.03 cm�1 and 1043.52 cm�1 specified the existence of CAN
amine stretch groups. The absorption value at 1240.27 cm�1 indi-
cated a CAO carbonyl acid with strong intensity (Fig. 9A and B).
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The phenazine like compound was analyzed by HPLC. The crude
phenazine like compound HPLC chromatogram (Fig. 10A) displays
a similar peak value to that of authentic phenazine (Fig. 10B), with
a retention time of 29.5 min at 254 nm.

3.8. Effect of antagonistic culture, cell free culture filtrate and crude
metabolite against sheath blight of rice by detached leaf assay

Treatment of detached rice leaves with culture, cell free culture
filtrate and crude metabolites at 5 mg/ml significantly reduced the
sheath blight lesions compared to carbendazim and control after
five days of incubation (Table 4). In addition, the leaves treated
with the culture of VSMKU1, crude metabolites showed significant
reduction compared to cell-free culture filtrates, fungicide carben-
dazim and control. The crude metabolite of the 18 isolates showed
significant reduction in lesion height (9.93% to 30.03%) followed by
culture (12.27% to 33.00%) and least lesion height reduction was
recorded in the cell-free culture filtrate (14.20% to 86.02%). More-
over, among all the treatment with different isolates, the strain
VSMKU1 exhibited significant lesion height reduction in the cul-
ture (12.27%), cell free culture filtrate (14.20%) and crude metabo-
lite (9.93%) compared to carbendazim (16.20%) and control
(97.82%) (Table 4; Fig. 11). Overall, amongst all the FPs cell-free



Fig. 5. Phylogenetic analysis of 36 antagonistic FPs by BOX-PCR. The phylogenetic tree forms two major clades Group I and Group II. The group I was subdivided into 6
clusters consisting 28 isolates. Group II subdivided into 3 clusters which included 8 isolates where VSMKU31 strain forming a separate cluster.
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culture filtrate, irrespective of type of isolates the maximum dis-
ease reduction was observed while applying the crude metabolites
(Table 4). However, VSMKU1 when applied as crude metabolite
showed highest sheath blight control when compared to rest of
isolates and found at par with commercial product carbendazim
(Table 4).
4. Discussion

Fluorescent pseudomonads (FPs) is highly adaptable and cos-
mopolitan tailored bacterium in different habitats such as soil,
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plant rhizosphere, epiphytic and entophytic colonization in many
plant systems. In recent days, FPs were considered as a prominent
candidate of beneficial bacteria for controlling soil borne plant
pathogens (Ellis et al., 2000; Duke et al., 2017) because of their
highly competitive adaptation towards the exterior and interior
tissues of leaf, roots and stems. (Capdevila et al., 2004). The present
study focuses on functional and genetic characterization of rice rhi-
zobacterium Pseudomonas spp. and validates its functional identity
by using phenotypic and genotypic tools. We have recovered 52%
of FPs isolates in this sample which have been found to have antag-
onistic activity against five fungal pathogens such as R. solani, M.
phaseolina, F. oxysporum, A. alternata and S. rolfsii. Among the



Fig. 6. Detection of phenazine-1-carboxamide gene among the antagonistic FPs.
The positive strains for PCN gene corresponds to the following lanes are as follows;
Lane M: 100 bp DNA ladder, Lane 1: positive control (MML2212), Lane 2: Negative
control, Lane 3: VSMKU1, Lane 4: VSMKU2, Lane 5: VSMKU3, Lane 6: VSMKU4, Lane
7: VSMKU6, Lane 8: VSMKU18, Lane 9: VSMKU20, Lane 10: VSMKU23, Lane 11:
VSMKU28, Lane 12: VSMKU34.

Fig. 7. Thin-layer chromatography of Phenazine like compound from P. aeruginosa
VSMKU1. Lane 1: Authentic phenazine exhibiting single pure band, Lane 2:
Phenazine like compound of VSMKU1 showed many distinct bands and a single
band of the crude metabolite from P. aeruginosa VSMKU1 coincides with the single
band of authentic phenazine with the Rf value of 0. 57.
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antagonistic FPs, the isolate VSMKU1 exhibited efficient capability
to control fungal mycelium and could be used for the prevention of
sheath blight disease during rice production. The broad spectrum
antifungal activity of FPs is consistent with the results reported
through various genetically and functionally diverse antagonistic
FPs isolated from tea, banana and rice rhizosphere exhibiting dif-
ferent level of zone of inhibition towards fungal pathogen such
as F. oxysporum f. sp.raphani (For), F. oxysporum. f.sp. ciceri (foc)
Table 2
Detection of Phenazine-1-carboxamide by TLC and PCR.

FP isolate TLC PCR

VSMKU1a + +
VSMKU2a + +
VSMKU3a + +
VSMKU4a + +
VSMKU5b + –
VSMKU6a + +
VSMKU7b + –
VSMKU8b + –
VSMKU9c – –
VSMKU10c – –
VSMKU11c – –
VSMKU12c – –
VSMKU13c – –
VSMKU14c – –
VSMKU15c – –
VSMKU16c – –
VSMKU17b + –
VSMKU18a + +

a Indicates the presence phenazine derivative in TLC and PCN gene in the isolate.
b Plus indicated the presence of phenazine derivative in TLC and absence of PCN gene
c Indicates the absence phenazine derivative in TLC and PCN gene in the isolate.
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and R. solani (Ayyadurai et al., 2007; Compant et al., 2010; Saikia
et al., 2011; Schlemper et al., 2018; Hua et al., 2020). Our finding
also reports a significant correlation between fungal phy-
topathogen growth suppression by the different level of produc-
tion of secondary metabolites and hydrolytic enzymes by the
antagonistic FPs, which implies that antibiosis is the dominant
mode of action for disease control (Patel et al., 2019). Globally,
Pseudomonas possesses many traits which make them efficient
biocontrol and growth-promoting agents (Qessaoui et al., 2019)
FP isolate TLC PCR

VSMKU19b + –
VSMKU20a + +
VSMKU21c – –
VSMKU22c – –
VSMKU23a + +
VSMKU24c – –
VSMKU25c – –
VSMKU26c – –
VSMKU27b + –
VSMKU28a + +
VSMKU29c – –
VSMKU30b + –
VSMKU31b + –
VSMKU32c – –
VSMKU33c – –
VSMKU34a + +
VSMKU35c – –
VSMKU36 – –

in the isolate.



Fig. 8. UVspectrumanalysis of Phenazine like compound from P. aeruginosaVSMKU1. A andBareUV spectrumprofile inwhichA reveals thepurephenazine compound showing
a high absorbance line was observed at kmax at 362 nmwhile B Phenazine like compound produced by P. aeruginosa VSMKU1 exhibited a high absorbance line at 362 nm and
lower absorbance line showing a peak at 347 nm. The peak observed at 362 nm of the crude metabolite from P. aeruginosa VSMKU1 coincides with that of pure phenazine.

Table 3
Zone of inhibition of different concentration of crude extract of metabolite from antagonistic FPs, Carbendazim and authentic phenazine against Rhizoctonia solani.

Groups Zone of inhibition in different concentration (mm)

25 ml 50 ml 75 ml 100 ml

Authentic Phenazine 18.8 ± 0.07 19.5 ± 0.10 23.8 ± 0.07 24.8 ± 0.07
Carbendazim 18.3 ± 0.08 19.6 ± 0.10 23.1 ± 0.09 23.8 ± 0.07
VSMKU1 20.0 ± 0.06 21.8 ± 0.07 24.0 ± 0.06 25.6 ± 0.05
VSMKU3 16.0 ± 0.06 17.0 ± 0.06 18.3 ± 0.08 20.0 ± 0.08
VSMKU4 15.5 ± 0.08 16.6 ± 0.05 20.8 ± 0.07 21.3 ± 0.08
VSMKU5 14.1 ± 0.07 17.0 ± 0.06 17.6 ± 0.05 19.3 ± 0.08
VSMKU6 13.0 ± 0.06 14.6 ± 0.05 16.3 ± 0.08 20.1 ± 0.07
VSMKU7 16.8 ± 0.07 18.3 ± 0.08 20.1 ± 0.07 23.1 ± 0.07
VSMKU8 16.3 ± 0.07 18.5 ± 0.08 21.5 ± 0.07 23.1 ± 0.07
VSMKU17 15.3 ± 0.08 17.3 ± 0.08 19.6 ± 0.10 21.5 ± 0.08
VSMKU18 16.5 ± 0.08 18.3 ± 0.08 20.5 ± 0.08 23.0 ± 0.06
VSMKU19 16.1 ± 0.07 17.8 ± 0.07 19.5 ± 0.08 21.8 ± 0.07
VSMKU20 13.3 ± 0.08 15.5 ± 0.08 18.8 ± 0.06 20.0 ± 0.06
VSMKU23 14.5 ± 0.08 15.5 ± 0.08 17.0 ± 0.06 20.1 ± 0.07
VSMKU27 16.3 ± 0.10 18.0 ± 0.06 19.0 ± 0.06 22.0 ± 0.06
VSMKU28 17.0 ± 0.06 19.0 ± 0.06 20.6 ± 0.08 22.1 ± 0.07
VSMKU30 16.0 ± 0.06 18.0 ± 0.06 19.0 ± 0.06 21.5 ± 0.08
VSMKU31 14.0 ± 0.06 16.0 ± 0.06 18.0 ± 0.06 20.0 ± 0.06
VSMKU34 12.0 ± 0.06 12.5 ± 0.08 15.0 ± 0.06 17.0 ± 0.06
Two way ANOVA
LSD (P = 0.05)
Concentration 0.032 (***)
Isolates/groups, 0.073 (***)
Interaction effect (concentration of filtrate � isolates) **
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Fig. 9. FT-IR spectrum analysis of Phenazine like compound from P. aeruginosa VSMKU1.A - functional groups present in pure phenazine compound while B showing the FTIR
spectrum of Phenazine like compound exhibiting absorption at 3325.39 cm�1 and 2935.76 cm�1 with functional groups, particularly C-H aromatic stretch, NH amine stretch,
and CH alkene stretch. At 1666.55cm�1, 1651.12cm�1, 1643.41cm�1, and 1452.45cm�1 displayed the functional groups a C=C alkene stretch, a C=O carboxylic acid group, an
amide stretch with a strong bond, and an a, b unsaturated ketone with a strong bond. The spectra absorption values at 1332.86cm�1, 1313.57cm�1, 1111.03cm�1 and
1043.52cm�1 indicated the presence of C-N amine stretch groups. The absorption value at 1240.27 cm�1 indicated a C-O carbonyl acid with strong intensity.
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due to their production of wide spectrum bioactive metabolites
(i.e., antibiotics, siderophore, volatiles, and growth-promoting sub-
stances) and more specifically found to very effective antibiotic
compounds, such as phenazine-1-carboxamide (Shanmugaiah
et al., 2010), phenazine-1-carboxylic acid (PCA) and 2, 4-
diacetylphloroglucinol (DAPG) that result in antibiosis (Weller
et al., 2007). In our study, 10 FPs isolates showed positive for
phenazine-1- carboxamide (PCN) encoding gene. Thus the Pseu-
domonas spp., whose control mechanism was confirmed by the
presence of biosynthetic genes encoding the antimicrobial antibi-
otics phenazine-1-carboxamide.

The phylogenetic tree constructed from the BOXAIR-PCR analy-
sis has produced better option for determining the genetic varia-
tion among the fluorescent pseudomonads isolated from different
niches (Picard and Bosco, 2003; Li et al., 2017). The antagonistic
FPs recovered from this study were subdivided into the group I
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consisting of 6 clusters with 28 FPs and group II subdivide into 3
clusters with 8 FPs. All the strains showed wide variation of finger
printing pattern due to the presence of a high degree of genetic
variation and distribution of different clusters. The genetic vari-
ability between various FPs isolates may be due to mutation and
other genetic modifications, such as recombination (Ochman
et al., 2000). In addition, mutation rates in bacteria are commonly
known to rise under stress due to SOS response and reduced capac-
ity to manage metabolism generated DNA damaging free radicals
(Friedberg et al., 2005). Furthermore, the high degree of variance
among phosphate solubilizing bacteria isolated from banana rhizo-
sphere employing BOX- PCR based genotypic analyses (Naik et al.,
2008).

The phenazine like compound extracted from the strain
VSMKU1 showed remarkable antifungal activity against R. solani
compared to other strains and control. Currently well-known ana-



Fig. 10. HPLC chromatogram of the Phenazine like compound from P. aeruginosa VSMKU1. A- HPLC chromatogram of authentic phenazine, B- Phenazine like compound from
P. aeruginosa VSMKU1 respectively, and the first peak was observed at a high absorbance line at 254 nm at a retention time of 29.5 minutes that coincides with the peak of
pure phenazine at 254 nm at a retention time of 29.4 minutes.

Table 4
Evaluation of sheath blight of rice by antagonistic FPs through detached leaf assay.

Strain No Distilled water Culture Culture Filtrate Crude Metabolite Carbendazim

VSMKU1 97.82 ± 0.04 19.27 ± 0.05 17.20 ± 0.08 16.93 ± 0.13 16.20 ± 0.06
VSMKU2 97.82 ± 0.04 22.05 ± 0.16 24.20 ± 0.10 19.88 ± 0.11 16.20 ± 0.06
VSMKU3 97.82 ± 0.04 32.27 ± 0.05 34.13 ± 0.18 30.95 ± 0.16 16.20 ± 0.06
VSMKU4 97.82 ± 0.04 52.18 ± 0.19 54.08 ± 0.19 49.88 ± 0.11 16.20 ± 0.06
VSMKU5 97.82 ± 0.04 83.00 ± 0.15 65.10 ± 0.20 59.95 ± 0.16 16.20 ± 0.06
VSMKU6 97.82 ± 0.04 57.00 ± 0.18 58.95 ± 0.16 54.10 ± 0.10 16.20 ± 0.06
VSMKU7 97.82 ± 0.04 62.12 ± 0.18 64.05 ± 0.16 60.03 ± 0.19 16.20 ± 0.06
VSMKU8 97.82 ± 0.04 58.98 ± 0.65 62.15 ± 0.50 61.00 ± 0.23 16.20 ± 0.06
VSMKU17 97.82 ± 0.04 63.08 ± 0.21 65.30 ± 0.46 59.97 ± 0.15 16.20 ± 0.06
VSMKU18 97.82 ± 0.04 57.00 ± 0.18 58.50 ± 0.54 54.02 ± 0.20 16.20 ± 0.06
VSMKU19 97.82 ± 0.04 57.00 ± 0.18 58.50 ± 0.54 54.02 ± 0.20 16.20 ± 0.06
VSMKU20 97.82 ± 0.04 32.95 ± 0.16 34.98 ± 0.17 31.08 ± 0.14 16.20 ± 0.06
VSMKU23 97.82 ± 0.04 32.95 ± 0.16 34.95 ± 0.16 31.05 ± 0.16 16.20 ± 0.06
VSMKU27 97.82 ± 0.04 63.97 ± 0.15 67.05 ± 0.16 62.02 ± 0.21 16.20 ± 0.06
VSMKU28 97.82 ± 0.04 32.95 ± 0.16 35.95 ± 0.16 30.05 ± 0.16 16.20 ± 0.06
VSMKU30 97.82 ± 0.04 64.97 ± 0.15 67.22 ± 0.36 63.02 ± 0.21 16.20 ± 0.06
VSMKU31 97.82 ± 0.04 65.97 ± 0.15 69.05 ± 0.16 64.02 ± 0.21 16.20 ± 0.06
VSMKU34 97.82 ± 0.04 33.00 ± 0.18 86.02 ± 0.13 30.03 ± 0.15 16.20 ± 0.06
Two way ANOVA
LSD (P = 0.05)
Culture filtrate, 0.16 (***)
isolates, 0.31 (***)
Interaction effect (culture filtrate � isolates) ***

Data represents average of 3 replicates in percentage; SD, Standard deviation; LSD, least significant difference carried out by DMRT through two way ANOVA.
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Fig. 11. Leaf detached assay by FPs. It shows the different percentage of sheath blight disease incidence by the treatment of Phenazine like compound produced from 18
antagonistic FPs as follows, 1: Distilled water, 2: Carbendazim, 3: VSMKU1, 4: VSMKU2, 5: VSMKU3, 6: VSMKU4, 7: VSMKU5, 8: VSMKU6, 9: VSMKU7, 10: VSMKU8, 11:
VSMKU17, 12: VSMKU18, 13: VSMKU19, 14: VSMKU20, 15: VSMKU23, 16: VSMKU27, 17: VSMKU28, 18: VSMKU30, 19: VSMKU31, 20: VSMKU34.
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lytical and spectral standard methods are being employed for the
characterization of the phenazine like compound with authentic
phenazine through UV, IR and HPLC techniques. Our results on
characterizing phenazine and its authenticity concurrence with
the previously published results of other phenazine producing
antagonistic bacteria such as P. aeruginosa MML2212 and Strepto-
myces aurantiogriseus VSMGT1014 were identified through TLC,
UV, IR and HPLC and compared with that of commercial phenazine
has been achieved (Shanmugaiah et al., 2010; Harikrishnan et al.,
2016; Miguelez-Sierra et al., 2019.).

We also evaluated the reduction of lesion height percentage
among the antagonistic FPs using the culture, cell-free culture fil-
trate and crude metabolite ranged from 12.27 to 83.00, 14.20 to
86.02 and 9.93 to 64.02% compared to carbendazim (16.20%) and
control (97.82%). Among all the FPs examined culture, crude
metabolites, cell-free culture filtrate of VSMKU1 exhibited remark-
able control of sheath blight lesion height when compared to con-
trol or reduction was at par with crude phenazine used in the
study. Similar results we also obtained, when rice seedlings treated
with cell free culture filtrate and crude metabolite of S. auran-
tiogriseus VSMGT1014, which significantly controlled the sheath
blight incidence compare to carbendazim (Harikrishnan et al.,
2014). Moreover, result concurrent with a similar report
(Prabavathy et al., 2006; Li et al., 2011; Mathivanan and
Shanmugaiah, 2011) where, the culture filtrates of S. globisporous
Jk-1, Streptomyces sp PM5 and P. aeruginosa MML2212 was used
to control rice blast and sheath blight of rice caused by Magna-
porthe oryzae and R. solani through the production antibiotic sub-
stances at specific concentrations showed low levels of sheath
blight disease compared to commercial fungicides.
5. Conclusion

Owing to the harmful effects of chemical and environmental
considerations, the use of modern chemical fungicides has there-
fore been prohibited from handling sheath blight of rice from a
farmer’s field by biological means. There is no ‘‘silver bullet” con-
trol method for Sheath blight disease of rice. In the current inves-
tigation, the VSMKU1 strain has been identified as higher
phenazine producing and evaluated as most efficacious strain
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when applied as crude metabolite in controlling R. solani. There-
fore, this strain P. aeruginosa VSMKU1 can be used to control rice
sheath blight disease as a possible bio inoculant. This study also
explored that P. aeruginosa strain VSMKU1 successfully inhibit
the mycelium growth of R. solani due to the presence of broad-
spectrum fungal antibiosis and innate potential of producing IAA,
HCN, siderophore, phosphate solubilization and lytic enzyme pro-
duction which stands as a viable environmental solution to control
phytopathogens. Moreover, the presence of phenazine-1-
carboxamide encoding gene in VSMKU1 is an additional fact for
its antagonistic property. Hence, further research is needed to elu-
cidate the efficient development for purification, characterization
and production of a single metabolite from phenazine like com-
pound as a bio control agent for the control of different plant dis-
ease through in vitro and in vivo conditions.
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