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Abstract

A bacterial isolate PM1 obtained from the rhizosphere of healthy plants was identified as Pseudomonas aeruginosa by
biochemical characteristics and 16S rRNA gene sequence (GenBank ID OL321133.1). It induced resistance in Nicotiana
tabacum cv. Xanthi-nc and Cyamopsis tetragonoloba, against Tobacco mosaic virus (TMV) and Sunn-hemp rosette virus
(SRV), respectively. Foliar treatment with isolate PM1 curbed TMV accumulation in susceptible N. tabacum cv. White Bur-
ley. PM1 was more effective as a foliar than a root/soil drench treatment, evident through a comparative decrease in ELISA
values, and reduced viral RNA accumulation. Foliar and soil drench treatment with PM1 resulted in a disease index of 48
and 86 per cent, and a control rate of 48.9 and 8.5 per cent, respectively. PM1 exhibited phosphate solubilization, produced
siderophores, auxins, HCN, and ammonia, all important plant growth-promoting traits. Foliar treatment with PM1 enhanced
growth in tobacco, while its volatiles significantly promoted seedling growth in C. tetragonoloba. Of the several metabolites
produced by the isolate, many are known contributors to induction of systemic resistance, antibiosis, and growth promotion
in plants. Soluble metabolites of PM1 were less effective in inducing antiviral resistance in N. tabacum cv. Xanthi-nc in
comparison with its broth culture. PM1 and its metabolites were antagonistic to Gram-positive Bacillus spizizenii and Staphy-
lococcus aureus, and fungi Fusarium oxysporum, Aspergillus niger, and Rhizopus stolonifer. Its volatiles were inhibitory to
F. oxysporum and R. stolonifer. Thus, PM1 exhibited considerable potential for further evaluation in plant virus control and
production of diverse metabolites of use in agriculture and medicine.
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Introduction

Controlling plant viruses through deployment of defence
responses of the host is an attractive means of protecting
crops. Incompatibility between the host and virus, governed
through resistance genes, offers excellent protection, and has
formed the basis of breeding programmes for virus control
and enhancing productivity (Ronde et al. 2014). However,
this strategy often fails due to the co-evolution of the patho-
gen, and subsequent breakdown of R-gene-dependent resist-
ance (Merrick et al. 2021). Other forms of defence responses
however are known that can efficiently control virus infection
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in susceptible hosts by inducing antiviral resistance. Trig-
gered by various agents, these include systemic acquired
resistance (SAR), the onset of which mainly involves infec-
tion by necrotizing pathogens and chemicals such as sali-
cylic acid (Conrath 2006; Oostendorp et al. 2001), induced
systemic resistance (ISR) that develops following applica-
tion of plant growth-promoting rhizobacteria (PGPR) (Piet-
erse et al. 2014), and induced antiviral resistance with plant
proteins such as CAP-34, CIP-29, and BDP-30 (Prasad and
Srivastava 2017). While SAR and ISR depend on signalling
pathways largely mediated by salicylic acid, and ethylene/
jasmonic acid, respectively (Pieterse et al. 1996), resistance
induced by plant proteins has thus far always been associated
with accumulation of virus inhibitory agents in the resistant
plants (Prasad and Srivastava 2017). Hence, pathways of
resistance induction may differ, involving different sets of
fingerprints, but they converge eventually, providing long-
lasting protection against diverse biotic and abiotic stresses.
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Isolates of PGPR induce a broad-spectrum resistance
against pathogens and promote plant health and growth
(Backer et al. 2018). This is achieved through direct,
or indirect mechanisms, including production of auxin,
siderophore, antibiosis, ISR, or competition for nutrients
and niches; and the underlying molecular mechanisms for
growth promotion and ISR have been dissected to a large
extent (Pieterse et al. 1998; van Loon et al. 1998). Several
isolates of Pseudomonas and Bacillus species have proven
valuable in biological control and growth promotion (Bakker
et al. 2007; Kloepper et al. 2004). Studies on PGPR strains
associated with resistance induction against plant viruses are
relatively few in comparison with fungal and bacterial patho-
gens. For instance, resistance could be demonstrated against
Tobacco necrosis virus (TNV) in tobacco (Maurhofer et al.
1994), Cucumber mosaic virus (CMV), Tomato spotted wilt
virus (TSWYV), and Potato virus Y (PVY) in tomato and
cucumber (Beris et al. 2018; Raupach et al. 1996; Zehnder
et al. 2000) with PGPR strains P. fluorescens, Serratia
marcescens and B. amyloliquefaciens. P. aeruginosa strain
7NSK?2 was reported as an efficient biocontrol agent that
protected tomato from Pythium splendens, and bean from
Botrytis cinerea (Buysens et al. 1996; De Meyer and Hofte
1997), but its ability to elicit antiviral resistance in suscep-
tible plants has not been adequately studied. Nevertheless,
the mechanism and determinants of resistance induction
have been explored by using mutants of strain 7NSK2, and
TMV/tobacco model system based on lesion development
(De Meyer et al.1999a; 1999b). In other studies, formula-
tions of PGPR consortia that included P. aeruginosa strain
NML2212, could reduce sunflower necrosis disease inci-
dence caused by Sunflower necrosis virus by 51.4%, with
an increase in plant height and yield (Srinivasan and Mathi-
vanan 2009), while a PGPR mixture comprising isolates of
P. aeruginosa and Stenotrophomonas rhizophilia, and CM V-
KU1, a strain of CMV associated with a benign satellite
RNA, were used to control infection on tomato caused by
CMV-16, a virulent strain of CMV causing severe stunt-
ing and fruit malformation (Dashti et al. 2012). A reduc-
tion in disease severity and reduced virus accumulation
was observed in sets treated with a combination of PGPR
and CMV-KU1, but not in those that were treated with the
PGPR isolates alone (Dashti et al. 2012). There are not many
reports of plant virus control utilizing a single strain of P.
aeruginosa that could effectively lower the virus titre/accu-
mulation in planta.

PGPR strains also release volatile organic compounds
(VOCs) that are known to promote growth in seedlings
and initiate defence responses in plants against pathogens.
In particular, VOCs like 2,3-butanediol and its precursor
acetoin have been reported to afford high levels of protec-
tion and growth promotion in Arabidopsis seedlings (Ryu
et al. 2003; Sharifi and Ryu 2018). Bacterial volatiles exert
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varied effects on plants such as enhancing seed germination
and biomass, increasing yield, and often increasing rhizos-
phere volume, leading to improved availability of nutrients
to plants (Sharifi and Ryu 2018). Some reduce biotic stress
on plants by being toxic to their pathogens. It is generally
believed that the major mechanism of disease suppression
by volatiles is through ISR (Sharifi and Ryu 2016).

This paper reports a Pseudomonas aeruginosa isolate
(PM1) that demonstrates resistance towards viral infections
possibly through suppression of virus replication, as well as
growth promotion in tobacco, and seedling growth promo-
tion in Cyamopsis tetragonoloba induced by its volatiles.
This paper also describes the inhibitory effects of PM1 on
select bacterial and fungal species. The repertoire of volatile
organic compounds and soluble metabolites produced by the
isolate have also been studied to relate its ability to directly
inhibit microbes, promote growth and induce resistance in
plants.

Materials and methods
Isolation of rhizobacterial strain PM1

Strain PM1 was isolated from the rhizosphere soil accord-
ing to Barillot et al. (2013), with modifications. A healthy
Parthenium plant was uprooted, and the bulk soil loosely
adhering to the roots was removed by gentle shaking. The
roots were immersed in 100 mL of sterile distilled water,
with intermittent shaking for 10 min, and left undisturbed
for an additional 30 min. The soil suspension was filtered
using sterile Whatman number 1 filter paper, and a tenfold
dilution series of the sample was prepared. Each dilution was
spread in triplicate on nutrient agar (NA) plates. On an aver-
age, 3—4 distinct colonies were picked up from each plate.
A loopful from each colony was spread on a fresh NA plate
by streak-plate technique, to ensure formation of individual,
well-isolated colonies. Following incubation of the plates
at 37 °C, the process was repeated, to ensure purity of the
isolate obtained, and a single colony was then transferred
to a NA slant and maintained as a pure culture. A total of
12 independent isolates thus collected, were independently
screened for resistance induction against virus infection. We
named the most promising isolate as PM1. All investigations
were carried out using this isolate. The broth culture of iso-
late PM1 was used at a cell density of 1.5x 103 CFU mL™!
in the experiments designed to evaluate antiviral resistance
induction, estimated using McFarland standards (HiMedia,
India). The opacity of the culture was adjusted with normal
saline to an OD of 0.5 at 600 nm, for the desired cell density.
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Morphological and physiological characteristics
of isolate PM1

A morphological identification of the isolate involved light
microscopy after the Gram-stain procedure. Preliminary
identification of the isolate was performed using KB002
HiAssorted Biochemical Test Kit (HiMedia Labs, India). An
overnight broth culture of the PM1 isolate (50 uL) was used
to inoculate each well. Identity of the isolate was based on
the identification index provided by the manufacturer along
with the test kit. All other tests were performed with an
overnight culture of PM1 on nutrient agar. Catalase enzyme
activity was determined through addition of 4-5 drops of
hydrogen peroxide on the colony surface and development
of effervescence in samples that were positive (Schaad et al.
2001). Cellulase, lipase, amylase, and protease activities
were detected by streaking the isolate onto agar medium
supplemented with 0.2% carboxymethyl (CM) cellulose, 2%
Tween 20 and methyl red, starch, and skimmed milk, respec-
tively. To detect cellulase activity, CM cellulose hydrolysis
was visualized by flooding the plates with 0.1% Congo red
and rinsing with 1 M NaCl (Teather and Wood 1982). Lipase
activity was observed as a colour change from red to pale
around the streak (Samad et al. 1989), while amylase activity
was detected by flooding the starch agar plates with iodine
and observing a zone of hydrolysis (Collins 1995). Protease
activity was observed as a zone of hydrolysis on milk agar
(Chaiharn 2008).

Plant growth-promoting traits of isolate PM1

Production of ammonia, indole acetic acid, HCN,
and siderophore

A loopful of an overnight culture was inoculated in peptone
water (10 mL) and incubated for 48—72 h at 37 °C. Addi-
tion of Nessler’s reagent (0.5 ml) to the tube and develop-
ment of brown to rust colour indicated a positive result for
ammonia production (Cappucino et al. 1992). Production of
auxin was determined according to Bric et al. (1991). The
King’s B broth (50 ml) containing tryptophan (500 ugmL ™)
was inoculated with 100 pL of the overnight broth culture
and incubated at 28 °C for 48 h in a shaker incubator. 1 ml
of the cell-free supernatant was added to 50 pL of 10 mM
orthophosphoric acid and 2 ml of Salkowski’s reagent.
Development of red colour confirmed production of TAA.
Quantification of the IAA was based on the colorimetric
assay developed by Gordon and Weber (1951). For detec-
tion of HCN, PM1 isolate was inoculated on a nutrient agar
medium containing glycine (4.4 gL™!). Picric acid-soaked
Whatman filter paper No.1 was placed inside the petri lid
and plates sealed with parafilm. After incubation of plates
for 4 days at 30 °C, a change in the colour of filter paper from

yellow to orange/brown confirmed the production of HCN
(Bakker and Schippers 1987). Production of siderophore was
detected on Chrome-Azurol S (CAS) agar medium (Schwyn
and Neilands 1987). A disc soaked in the overnight broth
culture of the isolate PM1 was placed on the surface of the
medium and, following a 72 h incubation, siderophore pro-
duction was indicated by the development of orange colour
around the disc.

Phosphate solubilization

The phosphate solubilization test was performed with Piko-
vskaya agar medium containing an insoluble form of calcium
phosphate (Pikovskaya 1948). A sterile disc was soaked in
20 pL of an overnight broth culture of PM1was placed in the
centre of the petri plate, followed by an incubation at 37 °C
for 72 h. Formation of a clear zone around the disc indicated
phosphate solubilization by the bacterial isolate.

Growth promotion of seedlings through volatiles
produced by the PM1 isolate

The effect of volatiles on growth promotion of seedlings
was studied using two sets of petri plates, the smaller
placed within the larger one (Cordovez et al. 2018). C.
tetragonoloba seeds were sterilized in 0.2% HgCl, for 5 min
and placed in the larger plate that contained Murashige and
Skoog (MS) medium in 0.8% agar. The smaller plate with
nutrient agar medium was inoculated with an overnight cul-
ture of PM1 isolate (treated set) or sterile broth (control set)
and left uncovered within the larger petri plate. The larger
plate was covered with the lid, sealed with Parafilm, and
placed in an incubator at 37 °C for 72 h in the dark. After
the initial incubation, the petri plates were moved to a glass
house and observed for seedling growth.

Amplification of 16S rRNA gene, PCR product
purification, sequencing, and BLAST analysis

Genomic DNA was isolated from PM1 using DNA Mini
Prep kit (Chromous Biotech, India) and the universal primer
pair of 27f and 1492r (F-5'AGAGTTTGATCCTGGCTC
AG3'/R-5TACCTTGTTACGACTT3') was used for ampli-
fication of the 16S rRNA gene through PCR. The PCR was
performed in 50 pL containing 2X Dream Taq PCR Mas-
ter Mix (25 pL, Thermo Fisher Scientific, USA) along with
primers (8 puL, 10 uM each), DNA template (4 uL, 25 ng),
and RNase-free water (13 pL). The reaction was set up in a
T100 Thermal cycler (Bio-Rad, USA) that was programmed
as follows: Initial denaturation (95 °C, 5 min), 30 cycles of
amplification involving denaturation (94 °C, 45 s), anneal-
ing (52 °C, 45 s), and extension (72 °C, 45 s), followed by
final extension (72 °C, 10 min). The resultant amplicon of
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1494 bp was separated on a 1% agarose gel in Tris—borate-
EDTA buffer, 0.5 M, pH-8.0, stained with ethidium bro-
mide, and visualized on a UV trans-illuminator. The PCR
product was purified from gel using GeneJET PCR purifi-
cation kit (Thermo Fisher Scientific, USA), and submitted
to Chromous Biotech, India, for sequencing by the Sanger
di-deoxy chain termination method using ABI 3500 Genetic
Analyzer (Thermo Fisher Scientific, USA). The partial 16S
rRNA sequence was subjected to nucleotide BLAST analy-
sis (NCBI) and the molecular identity of the PM1 isolate
established. The sequence was duly submitted to GenBank.
The submitted sequence was also verified using the SILVA
rRNA database (https://www.arb-silva.de), which contains
curated sequences of bacterial isolates with previously
removed chimeric sequences, if any. Using ten nucleotide
sequences from NCBI GenBank database, the phylogenetic
tree was constructed using software MEGA X, and the phy-
logeny inferred using the Neighbour-Joining method. The
distances were calculated using Maximum Composite Like-
lihood method.

Profiling of PM1 metabolite content by GC-MS

A loopful of isolate PM1 in 5 mL nutrient broth was incu-
bated in a shaker incubator at 37 °C for 72 h. Broth culture
was centrifuged at 10,000 rpm for 10 min and the superna-
tant was filter sterilized. The cell-free supernatant was sub-
mitted to Chromous Biotech (India), for GC-MS analysis.
Briefly, 1 ml of the supernatant was mixed with Chloroform
and water (1:3:1), mixed well, and centrifuged at 4000 rpm
for 10 min. The upper aqueous phase was collected. The
process of solvent extraction was repeated thrice, after which
the aqueous phase was dried (Eppendorf SpeedVac, Ger-
many). BF3-methanol solution was added, and the mixture
was incubated at 60 °C for 20 min, followed by addition
of ice-cold water and chloroform, and subjected to another
round of centrifugation at 4000 rpm for 5 min. The superna-
tant was dried on SpeedVac, dissolved in 100 pL chloroform,
and injected into Shimadzu GCMS-QP2010 Plus analyser
(Japan), to determine secondary metabolites and volatiles.

Assay for antibacterial activity of PM1 and its
metabolites

Antibacterial activity was tested by disc diffusion method
(Asghar et al. 2020). The overnight broth culture of PM1,
and the secondary metabolites obtained from its 72 h culture
filtrate were used in a disc diffusion assay to determine their
antibacterial activity against the Gram-positive Bacillus
spizizenii (ATCC 6633) and Staphylococcus aureus (ATCC
33862), and the Gram-negative Escherichia coli (ATCC
11775) and Pseudomonas mosselii (ATCC 49838). The ref-
erence strains were procured through HiMedia (India). The
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cell-free supernatant (culture filtrate) from a 72 h culture,
was mixed with ethyl acetate (1:1) and incubated overnight
at RT. The secondary metabolites (SM) were extracted in
ethyl acetate, and after the evaporation of the organic sol-
vent, metabolites were obtained in a powdered form and
dissolved in DMSO. Sterile discs impregnated with 20 pL of
PMI1 broth culture, or its metabolites, were placed on a lawn
culture of the reference strains growing in a petri dish, along
with the control discs saturated with either sterile broth or
DMSO. The plates were incubated for 24 h and the zone of
inhibition around the discs, representing antibacterial activ-
ity, was noted.

Evaluation of antifungal activity of PM1 and its
soluble and volatile metabolites

Isolate PM1 was checked for potential antifungal activity
against Aspergillus niger (MTCC 281), Rhizopus stolonifer
(MTCC 162), and Fusarium oxysporum (MTCC 284). The
fungal cultures were obtained from Microbial Type Culture
Collection, IMTECH (India), and maintained in the labora-
tory on PDA medium. The overnight culture of PM1 was
streaked on one side, while a plug of fungal hyphae was
placed on the other side of the PDA plate. The plates were
incubated at 25 °C for 24-72 h to observe the inhibition in
fungal growth. PM1 and its metabolites were evaluated for
antifungal activity against the selected fungi by a disc diffu-
sion method. Diameter of the mycelial growth was checked
periodically and the per cent inhibition in growth over the
controls was calculated. Inhibition of fungal growth by vola-
tiles produced by the bacterial isolate PM1 was determined
by using a partitioned petri plate, with a space between the
lid and the partition for movement of the volatiles. PDA
contained in one half was inoculated with a fungal plug,
while nutrient agar in the other half was streaked with PM1.
Controls comprised of plates inoculated with respective
fungi alone.

Maintenance of viral inoculum and test hosts

Tobacco mosaic virus (TMV) and Sunn-hemp rosette virus
(SRV) were maintained on their systemic hosts, Nicotiana
tabacum cv. White Burley, and Crotalaria juncea, respec-
tively. The infected leaves were harvested and homoge-
nized in 10 mM phosphate buffer, pH 7.0 (1:1, w/v), passed
through two layers of muslin cloth, and subsequently centri-
fuged at 5000 X g for 15 min. The supernatant served as the
inoculum. The inoculum dilution was suitably adjusted to
yield 200-300 lesions on N. tabacum cv. Xanthi-nc and Cya-
mopsis tetragonoloba that exhibit a hypersensitive response
to infection by TMV and SRYV, respectively, and were hence
used in the bioassays to determine induction of resistance
to virus infection. Assay hosts were grown in an insect-free
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glass house and used at a six- or a three-leaf stage, respec-
tively. N. tabacum cv. White Burley, a cultivar of tobacco
susceptible to TMV infection, was employed to study the
effect of PM1 isolate on symptom development, and viral
replication.

Bioassay for induction of resistance to virus
infection by the rhizobacterial isolate PM1 and its
secondary metabolites

An overnight broth culture (1.5 X 103 CFU mL™!) was
mixed with CM cellulose (0.5% w/v) and spread onto the
basal leaf of the test hosts, N. tabacum cv. Xanthi-nc and
C. tetragonoloba, with the help of a sterile cotton swab.
Secondary metabolites (SM) produced by isolate PM1 were
similarly applied. Plants that received a foliar treatment with
sterile broth or DMSO solution constituted the control set.
After 24 h of treatment, the plants were challenge-inoculated
on treated (site) and upper non-treated (remote site) leaves
with TMV and SRYV, respectively. A decrease in the number
of local lesions compared to the control constituted induced
resistance and the per cent reduction in lesion number was
calculated as follows: C-T/C x 100, where C =average lesion
number in control set, and T =average lesion number in
treated set.

Evaluation of induction of resistance to virus
infection and plant growth promotion in Nicotiana
tabacum cv. White Burley

The overnight broth culture of bacterial isolate PM1
(1.5x 10® CFU/mL) was used either as a root/soil drench
(10 mL per plant), or as a foliar application on all leaves of
tobacco plants (5-6 leaf stage). Three treatments were given,
on alternate days, in sets of plants that were either used to
measure growth promotion or to study induction of resist-
ance against TMV. Each set comprised 10 test plants. The
plants that received foliar treatment with sterile broth alone
constituted the control set.

Induction of resistance to virus infections and evaluation
of disease severity index

The top three leaves of individual plants were dusted with
carborundum powder (600 mesh) and mechanically inoc-
ulated with TMYV, after 24 h of the third treatment. The
disease index, infection and control rates were compared
between sets that received foliar and soil drench treatments.
Plants were observed over four weeks for disease onset and
severity of mosaic symptoms. The symptoms were rated on
a scale of 1-5, where 0 =no symptoms; 1 =mild mosaic;
2 =severe mosaic covering 50% leaf area; 3 = severe mosaic
covering entire leaf surface; 4 = severe mosaic accompanied

with leaf distortion; 5 =severe mosaic accompanied with
leaf distortion and stunting.

Detection of TMV by dot blot

Dot blot was performed according to Hibi and Saito (1985).
Leaf tissue was analysed for presence of TMV at 14 dpi,
when the typical mosaic was clearly visible in the DW-
treated control set. Leaf extract from plants in each set was
spotted onto nitrocellulose membrane and probed using
anti-TMV antibody (1:1000). The serological reaction was
detected using alkaline phosphatase (ALP) conjugated goat
anti-rabbit antibodies (1:2000). Nitro-blue tetrazolium
(NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
were used as substrates for ALP. All reagents were sourced
from Sigma-Aldrich (USA).

Determination of viral load by indirect ELISA

DAC-ELISA was performed as described by Clark and
Adams (1977) for detecting viral load in the control and
treated sets of plants. The top two leaves from three ran-
domly selected plants in each set were harvested at 28 dpi,
and homogenized in 0.1 M phosphate buffer, pH 7.2. Total
protein was quantified according to Bradford (1976). The
protein content was equalized in all sets of leaf extracts and
a 100-fold dilution prepared in coating buffer. The primary
and ALP-conjugated secondary antibodies were diluted in
PBS-T and used at 1:1000 and 1:2000 (v/v), respectively.
The reaction was developed by addition of the substrate
p-nitro phenyl phosphate and stopped by adding 3 M NaOH.
ELISA plate reader (Bio-Rad Laboratories, USA) was used
to read the absorbance at 405 nm.

RT-PCR of viral RNA

Primer BLAST on an isolate (GenBank MT108232.1) was
used to design TMV coat protein-specific primers VP-02-F1
(5'-CAAGCTCGAACTGTCGCTCA-3") and VP-02-R1 (5'-
ACCGTTGCGTCGTCTACTCT-3"), that fetched an ampli-
con of 242 bp. Total RNA was extracted from 100 mg leaf
tissue obtained from three representative plants in each set
at 28 dpi and subjected to RT-PCR using a one-step RT-
PCR kit (Qiagen, Germany). Reaction mix was prepared
as per manufacturer’s instructions, and PCR performed in
T100 Thermal cycler (Bio-Rad, USA) as follows: Reverse
transcription (50 °C, 30 min); initial PCR activation (95 °C,
15 min); denaturation (94 °C, 45 s), annealing (58 °C, 45 s)
and extension (72 °C, 1 min) X 30 cycles; final extension
(72 °C, 10 min). 18S rRNA gene-specific primer pair (F-5'-
CCTGCGGCTTAATTGACTC-3', R-5'-GTTAGCAGGCTG
AGGTCTCG -3') were used to fetch an amplicon of 174 bp
and included as an internal reference.
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Evaluation of growth promotion in tobacco

Plants were evaluated for growth promotion at the end of
four weeks by measuring the leaf area using a Systronics
Leaf Area Meter 211 (India), and determining the plant
height. At the end of eight weeks, the number of fruits and
flowers was noted to compare the effect of treatment with
isolate PM1.

Statistical analysis

All experiments were performed in triplicate, and three
biological replicates were used per treatment for assessing
induction of resistance in hypersensitive hosts, while ten bio-
logical replicates were used in determining seedling growth
promotion, resistance induction, and growth promotion in
tobacco cultivar White Burley. Data were analysed using
one-way analysis of variance (ANOVA One-way) test, a-nd
independent ¢ test with Least Significant Difference (LSD)
at P < 0.05, using SPSS software (IBM SPSS statistics ver-
sion 20).

Results

Biochemical and molecular characterization
of isolate PM1

PM1 isolate grew as a greenish and viscid colony on nutrient
agar medium. Microscopic examination revealed Gram-nega-
tive short but slender rods. A few biochemical characteristics
of the isolate were studied using the HiMedia kit, KB002, and
the results are included in Table 1, and indicated by a super-
script ‘b’. Out of the twelve tests, reaction of the isolate to two
tests differed from the listed attributes of P. aeruginosa. Isolate
PM1 produced H,S, though not conclusively in the kit-based
test, although H,S production was observed on a separate SIM
agar medium. Hence, this strain did possess the ability to pro-
duce H,S. PM1 utilized citrate, glucose, and arabinose as sub-
strates, while it was unable to use lysine, ornithine, adonitol, and
sorbitol. It reduced nitrate, but lacked urease, and phenylalanine
deamination ability. Amongst the growth promotion traits stud-
ied, isolate PM1 solubilized phosphate, produced siderophore,
ammonia, auxin, and HCN. It exhibited enzymic activities that
included catalase, lipase, and protease, but not amylase and cel-
lulase (Table 1, Fig. 1).

Amplification of the 16S rRNA gene with universal
primer set yielded a product of 1494 bp, and a 1375 bp
sequence was obtained from the product purified out of the
gel. The sequence was submitted to NCBI GenBank and
assigned GenBank ID OL321133.1. A sequence identity
of 99.78% was observed with several strains of P. aerugi-
nosa when subjected to NCBI nucleotide BLAST analysis.
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Table 1 Biochemical and plant growth-promoting characteristics of
the Pseudomonas aeruginosa isolate PM1

Features Inference®

Biochemical characteristics¥B%?

Citrate utilization® +
Lysine utilization® -
Ornithine utilization® -
Urease production® -
Phenylalanine Deamination® -
Nitrate reduction® +
H,S production™® -
Glucose utilization® +
Adonitol utilization® -
Lactose utilization® -
Arabinose utilization® +
Sorbitol utilization®

Enzyme activities
Catalase
Lipase

+ + +

Protease

Amylase
Cellulase

Growth promotion traits
Ammonia production
Phosphate solubilization
IAA production®
HCN production
Siderophore production

+ + 4+ + + +

Biofilm formation

? + (positive), — (negative)

12 biochemical tests determined using the HiMedia KB002 Bio-
chemical test kit for Gram-negative bacteria

“The H,S on SIM Agar was positive (Fig. 1g)
41.71 (Phosphate solubilization index=A/B) where A =total diam-
eter (colony +halo zone) and B =diameter of colony

€6.62 pg/ml (with tryptophan) and 1.19 pg/ml (without tryptophan)

Figure 2 represents the phylogenetic position of the isolate
PM1 based on 16S rRNA gene sequences of a few bacterial
strains.

Effect of volatiles on growth of seedlings
of Cyamopsis tetrogonoloba

Volatiles produced by the bacterial isolate PM1 introduced
significant differences in the affected set of seedlings as
compared to the control set (Fig. 3a and b). The treated seed-
lings produced longer shoots and roots. The primary roots
appeared stouter, with well-developed secondary roots. An
increase of nearly 50% was observed in the root length and
the number of secondary roots in the seedlings (Fig. 3c, d,
and e).
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Fig. 1 Biochemical character-
istics and PGPR traits of isolate
PM1. Pure culture of PM1(a),
KG002 HiMedia kit-based
biochemical tests as indicated
in Table 1 (b), Phosphate
solubilisation (c), production
of siderophore (d), auxin (e),
ammonia (f), H,S (g), HCN (h),
cellulase (i), Lipase (j), casein-
ase (protease) (k), amylase (1),
and catalase (m). Con = control

Co

100000000000

e —————

"

— e e

MlI— — — —
N000000
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Fig.2 Phylogeny of Pseu-
domonas aeruginosa isolate
PM1. Using ten nucleotide

Pseudomonas aeruginosa strain HQS (0OK323966.1)

sequences from NCBI GenBank
database, Phylogenetic tree
was constructed using software

— @ PMI

Pseudomonas aeruginosa strain YLB2 (OK325680.1)

MEGA X, and the phylogeny
inferred using the Neighbour-

Pseudomonas aeruginosa strain CoE-SusPol3 (OK355350.1)

Joining method. The distances
were calculated using Maxi-
mum Composite Likelihood

method

Pseudomonas alcaligenes strain ATCC 12815 (AJ006110.1)

Pseudomonas flavescens type strain ICMP 13539T (AJ308320.1)

Pseudomonas fluorescens strain JAM 12022 (NR 043420.1)

Pseudomonas putida strain IAM 1236 (NR 043424.1)

E.coli EHEC Strain (Z83205.1)

Fig.3 Growth promotion of Cyamopsis tetragonoloba seedlings by
volatiles produced by the Pseudomonas aeruginosa isolate PMI.
The rhizobacterial isolate PM1 was physically separated from the
seedlings by inoculating PM1 on nutrient agar medium contained
in a small petridish (PM1), or leaving it uninoculated (control), and
placing it within a larger petridish containing Murashige and Skoog
medium with 0.8% agar, along with the seedlings (a). The effect of
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the volatiles on the growth of seedlings was observed after 7 days of
exposure (b). Figures ¢, d and e represent the effects on shoot and
root length, and the number of secondary roots, respectively. Error
bars indicate + SEM, and the P values calculated statistically at 0.003,
0.00 and 0.004 for shoot length, root length and number of secondary
roots, respectively, using Leven’s Independent T test
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Analysis of secondary metabolite content by GC-MS

A total of 96 compounds were identified in the chloroform
extract of PM1 isolate through gas chromatography—mass
spectroscopy (GC-MS) analysis. A variety of alkanes,
ketones, alkenes, esters, fatty acids, alcohols, amines, and
aromatic compounds were identified. The relative abun-
dance of different metabolites was calculated on a per cent
basis. While some metabolites were produced in signifi-
cantly higher amounts, such as 13-Docosenamide (18.25%),
2,4-Di-t-butylphenol (6.08%), Quinolone (4.13%), n-Pen-
tatriacontane (3.98%), Eicosane (3.8%) and 1-triacontanol
(2.67%); others formed a minor component. Compounds

with a similarity index greater than 90% in reference data-
base search are considered in Table 2 and Fig. 4.

Antagonism of PM1 and its secondary metabolites
against bacterial species

PM1 isolate and its secondary metabolite (SM) were
tested for antibacterial activity against the Gram-positive
B. spizizenii (ATCC 6633) and S. aureus (ATCC 33862),
and against the Gram-negative E. coli (ATCC 11775) and
P. mosselii (ATCC 49838). PM1 and its SM inhibited the
Gram-positive species only, evident as a zone of inhibition.
The PM1 broth culture had a greater inhibitory effect as
compared to its metabolites (Fig. 5).

Table 2 Secondary metabolites RT Component % Composition*

produced by Pseudomonas

aeruginosa isolate PM1 06.94 Dodecene 0.17
09.20 4-propyl-Benzaldehyde 0.60
09.70 Tridecane 0.01
12.10 Tetradecanol 0.51
12.30 Tetradecane 0.42
13.87 Hexadecane 0.03
15.20 2,4-Di-t-butylphenol 6.08
16.33 Octacosane 0.01
17.03 1-Nonadecene 1.77
17.20 Heptadecane 1.54
20.04 Methyl myristate 0.34
20.65 Octadecane 0.14
21.61 Eicosane 3.80
21.99 1-Docosanol 0.08
23.15 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester 0.75
23.65 n-Nonadecane 0.08
24.20 Quinolone 4.13
24.45 Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl) 0.83
25.61 n-Pentatriacontane 3.98
26.14 Margaric acid methyl ester) 0.15
26.55 Palmitic acid, trimethylsilyl ester 0.74
28.00 Stearic acid, methyl ester 3.48
29.26 Pentatriacontane 3.41
30.09 Stearic acid, trimethylsilyl ester 0.25
30.96 n-Hexatriacontane 0.04
35.12 1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) ester 0.22
35.50 Oleic acid amide 0.17
35.89 1-Triacontanol 2.67
40.49 13-Docosenamide 18.25
50.77 Oleic acid, tetradecyl ester 0.05

A total of 96 metabolites were identified through GC-MS. Only metabolites with an SI greater than 90%
are listed here. *The per cent composition is calculated from the total peak area occupied by total metabo-
lites produced by PM1, irrespective of their similarity index (SI) values
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Metabolites

Fig.4 GC-MS analysis of secondary metabolites produced by the isolate PM1. The retention time for each metabolite is indicated above each

peak. The inset shows the chromatogram obtained after GC—MS analysis on Shimadzu GCMS-QP2010 Plus system

broth culture was more effective in inhibiting A. niger and
F. oxysporum, compared to its SM fraction (Table 3).

Antifungal activity of PM1, bacterial volatiles,

and metabolites

Induction of resistance against viruses in the assay
hosts by PM1 and its secondary metabolites

PM1 isolate exhibited antagonistic effects against Aspergil-

lus niger IMTCC 281), Rhizopus stolonifer MTCC 162),
and Fusarium oxysporum (MTCC 284) (Fig. 6a). However,
volatiles produced by the isolate were effective against F.

A single basal leaf of the assay host was treated with an
overnight culture of PM1 isolate, prior to inoculation with

oxysporum and R. stolonifer but showed no apparent inhibi-

TMYV or SRV on both treated (site) and untreated (remote

tory effect on A. niger (Fig. 6b). The antagonistic effect of
PM1 and its metabolites, in terms of per cent inhibition in

site) leaves, 24 h post-treatment. Induction of antiviral resist-

ance by isolate PM1, represented by a reduction in lesion

hyphal growth, was most obvious against F. oxysporum,

number on both site and remote site leaves of N. tabacum cv.

inhibiting its growth radius by 88% and 75%, respectively.
While both secondary metabolite (SM) and PM1 in broth

Xanthi-nc and C. tetragonoloba, is shown in Fig. 7a and b.

Lesions due to TMYV infection on N. tabacum cv. Xanthi-nc

culture were equally effective in inhibiting R. stolonifer,

pringer
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Fig.5 Antibacterial activity of Pseudomonas aeruginosa isolate
PM1. The strain PM1 and its secondary metabolites (SM) were tested
for antimicrobial effects against A Bacillus spizizenii (ATCC 6633),
B Staphylococcus aureus (ATCC 33862), C Escherichia coli (ATCC
11775), and D Pseudomonas mosselii (ATCC 49838), through a disc
diffusion assay. Discs soaked in isolate PM1 (1), sterile broth (2),

secondary metabolites of isolate PM1 (SM) (3), DMSO solution (4).
Both sterile broth and DMSO solution represent negative controls.
Please note the lack of inhibitory effect on Gram-negative species
tested. In the graph, the zones of inhibition with similar letters are
statistically similar

Aspergillus niger

Fig. 6 Antifungal activity of Pseudomonas aeruginosa isolate PM1
and its volatiles. Antifungal effects of PM1(a) and its volatiles (b)
were determined against Aspergillus niger (MTCC 281), Rhizopus
stolonifer (MTCC 162) and Fusarium oxysporum (MTCC 284). The
fungal inoculum was placed in one half of the petridish (a), or was

and SRV infection on C. fetragonoloba, were reduced by
97 and 96 per cent on site, and by 96 and 89 per cent on
remote site leaves, respectively (Fig. 7c). Leaves similarly
treated with SM produced by isolate PM1, in comparison
with the broth culture, induced a moderate antiviral resist-
ance against TMV and SRV, reducing lesions between 50
and 70% (Fig. 7c).

Rhizopus stolonifer

Fusarium oxysporum

partitioned in divided plates (b), while the other half was inoculated
with isolate PM1(indicated by an arrow). The petri-plate on the left in
each set represents the control. Note the absence of inhibitory effect
of volatiles on A. niger

Resistance induction against TMV in Nicotiana
tabacum cv. White Burley and disease severity

A preliminary dot blot analysis of leaf tissue was conducted
for each set of tobacco plants at 28 dpi to determine the
total number of plants that carried TMV. The dot blot results
showed that all plants were infected with TMV, but there

@ Springer
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Table 3 Inhibition of fungal mycelial growth by Pseudomonas aeruginosa isolate PM1 and its metabolites

Treatment Aspergillus niger Rhizopus stolonifer Fusarium oxysporum
*Mycelial growth (mm) Per cent *Mycelial growth (mm) Per cent “Mycelial growth (mm) Per cent
inhibition inhibition inhibi-
tion
Control 39.00a+0.57 - 40.33a+0.88 - 28.67a+0.66 -
PM1 08.00b+0.57 79.49 10.67b+0.66 73.59 03.33b+0.33 88.33
“'SM 11.33¢+0.66 70.92 12.33b+0.33 69.42 07.00c +0.57 75.55

“The radius of the mycelial growth measured from the centre of the inoculated hyphal plug to the periphery that faced a disc either soaked in the
PMlinoculum or its secondary metabolites. The disc saturated with sterile broth served as a control

**Secondary metabolites of isolate PM1. Differences in Lowercase letters represent significant variations amongst the data at p <0.05

Fig. 7 Induction of systemic resistance by Pseudomonas aeruginosa
isolate PM1. Nicotiana tabacum cv. Xanthi-nc (a) and Cyamopsis
tetragonoloba (b) plants received foliar treatments on a single lower
leaf (site) with either sterile nutrient broth (control) or a suspension
of PMI isolate (1.5x10% CFU mL™") in nutrient broth (treated),
and were challenge inoculated with TMV and SRV, respectively, on

soil/root

Disease Control

pm1 * @

Foliar Healthy

Fig.8 Suppression of virus infection by Pseudomonas aeruginosa
isolate PM1 in N. tabacum cv. White Burley against TMV. Sets of
tobacco plants were treated with sterile broth (disease control), or
received treatment with PM1 (1.5x 108 CFU mL™") as a foliar appli-
cation or soil/root drench. Treatments were repeated thrice, on alter-
nate days, and plants in each set were challenge inoculated on the top
three leaves with TMV, 24 h after receiving the final treatment. The
leaf extract from three randomly selected plants, at 14 dpi, were spot-
ted on nitrocellulose membrane, and TMV detected by dot ELISA. A
set of plants that received no treatment constituted a healthy control.
Note the lighter colour development in the foliar treated set
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O Cyamopsis tetragonaloba

120
100
80
60
40
20
0

Number

A Ry A, RY
44]\ S /‘7~ ) 44]\ /?S /[4\ ,? Xy

Treatment

both basal (site) and upper untreated (remote site) leaves (a and b).
Figure 2c represents the comparative induction of systemic antiviral
resistance by isolate PM1 and its secondary metabolites (SM), rep-
resented as a percent reduction in lesion number on both site (S) and
remote site (RS) leaves on the two hosts following challenge inocula-
tion with the viruses

appeared to be a lesser accumulation of TMV in the foliar
treated set as compared to sets that received root/soil treat-
ments, and the control sets (Fig. 8). At 28 dpi, the set of
tobacco plants that received a foliar application developed
mild mosaic symptoms, that were difficult to observe in
2-3 plants of the set, and the disease severity rating stood
between 0 and 4, whereas the set that received PM1 as a soil/
root drench developed clearly visible mosaic in the majority
of plants, comparable in intensity to the control set, with no
delay in the symptom development in these plants vis-a-vis
the control set (Fig. 9a). Plants in both sets exhibited a dis-
ease severity between 4 and 5.

The dot blot results were re-confirmed through ELISA.
The mean absorbance reading at 405 nm in the foliar treated
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Fig.9 Induction of resistance to virus infection by Pseudomonas
aeruginosa isolate PM1 on N. tabacum cv. White burley against
TMV. Sets of tobacco plants were treated with sterile broth (al), or
received treatment with PM1 (1.5x 108 CFU mL™") as a foliar appli-
cation (a2), or root/soil drench (a3). Treatments were repeated thrice,
on alternate days. Plants in each set were challenge inoculated on the
leaves with TMV, 24 h after receiving the final treatment (al-a3).

Table 4 Pseudomonas aeruginosa isolate PMI1 induced antiviral
resistance against TMV in Nicotiana tabacum cv. White Burley

Plant Foliar treatment Soil drench Control
“Infection rate (%) 90.00 100.00 100.00
Disease index (%) 48.00 86.00 94.00
‘Control rate (%) 48.90 08.50 -

#Infection rate (%)=Number of infected plants/Total number of
plants x 100

"Disease index (%)=X% (Disease levelxnumber of plants at each
level)/5 x Total number of plants X 100. Disease level scale: The dis-
ease severity was rated on a scale of 0-5, where 0=no symptoms,
1 =mild mosaic, 2=50% leaf area with severe mosaic, 3=100% leaf
area with severe mosaic, 4 =severe mosaic and leaf deformation, and
5=severe mosaic, leaf deformation, and stunted growth

“Control rate (%)=Disease index of control—Disease index of
treated/Disease index of control X 100

Representative plants from an experimental replicate were tested for
TMV load at 28 dpi by ELISA. Different lowercase letters a—c placed
over error bars indicate significantly different values (P<0.05) as
determined by multiple comparison LSD (b). Presence of TMV RNA
was detected through RT-PCR (c1- control, c2 and c4-PM1 treated-
foliar, c¢3- PM1 treated-soil/root drench, ¢5 and c6- internal control,
18S rRNA (174 bp)

set was nearly half of the root/soil treated set. Furthermore,
the control and root/soil treated samples gave statistically
similar values of 2.10 and 2.09, respectively (Fig. 9b), indi-
cating comparable viral load. Viral RNA was detectable in
all three sets in a semi-quantitative RT-PCR. The viral RNA
appeared as a very faint band of 242 bp in the foliar treated
set compared to the DW-treated (control) sets, while a prom-
inent amplicon of 242 bp was seen in the soil/root treated
set, comparable in intensity to the control set. The 18S rRNA
reference gene was amplified to a similar extent in all three
sets of plants, which otherwise exhibited differences in the
TMYV RNA accumulation pattern (Fig. 9¢).

The control and the soil drench set of plants showed an
infection rate of 100%, while an infection rate of 90% was
observed in the foliar treated set. A disease index and a con-
trol rate of 48 and 48.9%, respectively, were noted with the

@ Springer



494 Page 140f 18

Archives of Microbiology (2022) 204:494

Control Soil/Root Foliar Control Soil/Root Foliar
2 .
Leaf area (cm?) Height (cm) W Flower (number) O Fruit (number)
80 b 50 8
b b b

°0 :g ; ® a 3 a b
40 g 20 4 a
20 f 10 2 m

0 0 0

Control Soil/Root Foliar Control Soil/Root  Foliar Control Soil/Root Foliar
c d e

Fig. 10 Effect of Pseudomonas aeruginosa isolate PM1 treatment on
growth of N. tabacum cv. White Burley. Three sets of plants, with ten
plants in each set were treated with sterile nutrient broth (control), or
PM1 isolate (1.5x10® CFU mL™"). One set was given a foliar treat-
ment, while the other set received a root/soil drench treatment with
10 mL of broth culture (a). The relative differences in leaf area (c)

foliar treated set, and 86 and 8.5% were observed in the root/
soil treatment set (Table 4).

Growth promotion in tobacco cv. White Burley
by isolate PM1

Treated plants exhibited an enhanced leaf area and plant
height compared to the plants treated with sterile broth
alone. The effect of foliar and root/soil drench treatment was
similar (Fig. 10a, ¢, and d). However, when evaluated for
increase in the production of flowers and fruits, the plants
that received foliar treatment fared better than the ones that
were given a root/soil drench (Fig. 10b and e).

Discussion

Plant growth-promoting rhizobacteria (PGPR) are relevant
for their associated biocontrol potential. Our isolate, Pseu-
domonas aeruginosa strain PM1, not only induced antiviral
resistance against TMV and SRV in N. tabacum cv. Xan-
thi-nc and C. tetragonoloba, respectively, but also reduced
systemic virus accumulation in tobacco cv. White Burley.
It lowered the disease severity rating of the virus as well.

@ Springer

and plant height (d) were determined after 4 weeks of treatment,
whereas the number of flowers and fruits were noted after 8 weeks of
treatment (b and e). Different Lowercase letters a—b placed over error
bars indicate significantly different values (P <0.05) as determined by
multiple comparison LSD

PGPR strains are usually applied as a root treatment or as
soil drench for effective growth promotion and biocontrol
responses (Beneduzi et al. 2012). In our studies, however,
the foliar treatment of tobacco cv. White Burley with PM1
strain was effective in disease suppression while the virus
accumulation in the plants that received PM1 in the form
of a root drench did not differ significantly from the con-
trol set. Leaf colonizing capacity of the strain PM1 may
have been better than its ability to colonize roots and hence
the observed effects. Effective control through foliar appli-
cations has been reported in some earlier studies as well
(Preininger et al. 2018). CMV infection on pepper could be
reduced through foliar treatment with Bacillus amyloliquefa-
ciens strain 5B6 (Lee and Ryu 2016), and a drench, foliar, or
soil application of strain MB 1600 reduced TSWYV infection
on tomato by 80% (Beris et al. 2018).

Direct inhibition of viruses by bacterial strains or their
metabolites has not yet been reported hence defence prim-
ing and induction of resistance against viruses must be the
most probable mode of action for virus inhibition by strain
PM1. Defence priming involves accumulation of dormant
kinases, particularly MPK3, a mitogen-activated protein
kinase, that functions in signal transduction (Beckers et al.
2009). A challenge inoculation with a pathogen activates
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these latent enzymes, initiating the cascade, leading to faster
and stronger activation of defence-related genes (Beckers
et al. 2009). The major determinants of PGPR-mediated
ISR include microbial lipopolysaccharides, flagellin, pyo-
cyanin, pyochelin, pseudobactin, 2,4-diacetylphloroglucinol,
and volatiles like 2,3-butanediol, N-alkylated benzylamine,
salicylic acid (SA), etc. (Bakker et al. 2007; Hofte and Bak-
ker 2007). In a few PGPR strains, production of SA may be
essential for ISR, as in case of P. aeruginosa strain TNSK2,
SA-deficient mutant had lost ability to induce resistance to
the leaf pathogen Botrytis cinerea in bean and TMV (De
Meyer and Hofte 1997).

Most PGPR strains are producers of bioactive volatile
organic compounds (VOCs), which along with other metab-
olites may perform several functions such as participating
in competition, antagonizing bacterial and fungal growth,
promoting growth in diverse microbial species, changing the
environment and interactions with other microbes, and trig-
gering ISR and growth promotion in plants (Beneduzi et al.
2012; Netzker et al. 2020; Ryu et al. 2003; Sharifi and Ryu
2018). Thus, microbes and their metabolites may prime the
host plants for enhanced defence capacity that manifests in
the expression of defence-related genes (Mauch-Mani et al.
2017).

Our ELISA results support reduced virus titre in the
inoculated plants that received foliar treatment. The resist-
ance induction governed by defence-related proteins may
have interfered with virus replication or its movement, or
both, as the viral RNA accumulated to low levels in plants
that received foliar treatment with PM1. Although the plants
that received treatment in the form of a soil drench showed
a disease index and control rate of 86% and 8.5%, respec-
tively, the serological assay and the semi-quantitative PCR
results indicated a level of virus accumulation like that of
the control set (Fig. 9). Furthermore, the symptomatic plants
in the soil drench set carried a virus titre comparable to the
control set, this in spite of having twice the number of plants
compared to the control set with a disease severity index
of 4. As is often the case, the symptom severity may not
always correlate with virus concentration (Raupach et al.
1996). Hence a disease rating of either 4 or 5 translated into
a similar level of virus titre.

Bacterial siderophores contribute to antibiosis and ISR.
A pseudobactin siderophore from P. fluorescens strain
WCS;,,, was found responsible for ISR elicitation in rice
against the leaf blast fungus. The defence response involved
arapid accumulation of phenolic compounds and formation
of hydrogen peroxide (De Vleesschauwer et al. 2008). It is
also known that P. aeruginosa produces two major sidero-
phores, pyochelin and pyocyanin, with reports suggesting
the involvement of both in ISR (Bakker et al. 2007). The
isolated strain PMis also a producer of siderophore, as yet
chemically undefined, with a possibility of its participation

in ISR. But the probability of a major involvement in our
case is low, as resistance induction was greater with foliar
rather than root treatment. Since the cell-free supernatant
was comparatively less efficacious than the broth culture,
other bacterial components may have been involved in the
induction of resistance.

PGPR strains can modify the root structures of the plants
by producing phytohormones such as auxin and other sig-
nals, that lead to enhanced branching and development of
root hair (Vacheron et al. 2013). Volatiles, including auxin,
produced by PM1 isolate were also able to promote growth
in C. tetragonoloba seedlings, by significantly promoting
lateral root formation. Lateral root proliferation that was
noted in plants treated with B. subtilis GB03, reportedly
occurred via the auxin-dependent pathway (Zhang et al.
2007). PM1 also produces indole, which is known to modu-
late auxin production. Bacterial strains of Bacillus cereus
and Klebsiella variicola isolated from the rhizosphere of
tomato plants, produced IAA, gibberellic acid (GA), and
kinetin, and an increase in shoot length and dry weight in
tomato and mung bean upon application of these strains
was noted (Sunera et al. 2020). GA is an important growth
regulator and is involved in plant developmental processes.
Inactivation of a transcription factor of the GRAS family,
SIGRAS 5, led to deactivation of GA biosynthetic genes and
was associated with altered plant architecture (Naeem et al.
2020). Whether the observed growth promotion effects of
isolate PM1 included mediation by GA production, was not
determined.

Metabolites and airborne signals produced by several
PGPR strains inhibit both fungal and bacterial species. Hav-
ing determined the antiviral and growth promotion poten-
tial of PM1 isolate, we thought it worthwhile to check its
antifungal and antibacterial potential as well, utilizing a
few select organisms. PM1 volatiles could inhibit in vitro,
the facultative parasite Fusarium oxysporum that is noto-
rious for wilt diseases in various crops. With its greatest
efficacy against Fusarium, amongst the organisms tested,
development of wilt disease control protocol with the isolate
PM1 could be developed. Formulations of PGPR have been
employed for biological control. More recently, nanoparti-
cles constructed with Penicillium oxalicum and cadmium
acetate (CAONPs) demonstrated effective bacterial control
in vitro (Asghar et al. 2020). Chitosan-coated iron oxide
nanoparticles could inhibit post-harvest pathogens like
Rhizopus oryzae causing fruit rot on strawberry (Saqib et al.
2019).

Nearly 96 metabolites were detected through GC-MS
analysis of the cell-free extract. GC-MS metabolite profil-
ing comes with its own set of problems. A single compound
showed elution at different retention times, hence, could
represent isomers or highly related compounds which could
not be clearly distinguished (Fernie et al. 2011). Hence,
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only those metabolites with a similarity index greater than
90% were considered in this study. In addition to produc-
tion of inorganic volatiles such as ammonia and HCN, iso-
late PM1 produced a range of VOCs (Table 3), contributing
to antimicrobial activity, growth promotion, and ISR. For
instance, 13-docosenamide, a fluorescein quencher that was
produced maximally (18%), could be involved in interac-
tions with other rhizosphere microbes (Tamilmanni et al.
2018). The aromatic benzaldehydes are known to be asso-
ciated with enhanced plant growth and antifungal activity
(De Vrieze et al. 2015). Pyrazine derivatives are associated
with potent antimicrobial, antioxidant and anti-quorum sens-
ing and cytotoxic activities (Mulner et al. 2020). Undecane,
hexacosane, nonadecane, tetradecane, dodecane and 1-hex-
anol and pentadecane are volatiles that have previously been
reported to promote growth (Cantore et al. 2015; Panichikkal
et al. 2021), while hexadecane, 1-hexanol and pentadecane
are involved in induction of systemic resistance (Park et al.
2013). Tridecane induces PR1 and VSP2 genes that trigger
induced systemic resistance (Lee et al. 2012), while triaco-
ntanol works as a plant growth regulator. Bacterial volatiles
can also regulate the jasmonic acid signalling pathway. They
hence affect myriad functions in plants and influence the
rhizosphere, however, considerable research is needed to
establish the mechanism of volatile perception, the nature of
the receptors that could be involved, and signalling pathways
in plants that are downstream of initial perception (Pineda
et al. 2013; Sharifi and Ryu 2016; Sharifi et al. 2018).

Opportunistic pathogens like P. aeruginosa and Kleb-
siella pneumoniae are widespread in the rhizosphere and are
frequently isolated as potent PGPR strains, associated with a
remarkable potential for producing antimicrobial metabolites
and inducing resistance against bacteria and fungi. Given the
PGPR potential and industrial importance of P. aeruginosa
isolates, engineering non-pathogenic strains, through dele-
tion of genes responsible for virulence, has also been suc-
cessfully attempted (Valentine et al. 2020), and is needed to
fully exploit this group of bacteria in biocontrol. The PM1
isolate of P. aeruginosa is one such candidate for further
evaluation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00203-022-03105-3.
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