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Abstract

Background: Soil and tuber-borne diseases are serious threat for potato cultivation worldwide which causes severe
economical losses in terms of yield, quantity and quality. Generally, these diseases managed by chemical pesticide,
are a major concern for human health and environment. Therefore, finding an eco-friendly alternative management
strategies are necessary. The native bacterial isolates collected from different crops rhizosphere soil were evaluated
against Rhizoctonia solani, Sclerotinia sclerotiorum, Sclerotium rolfsii and Fusarium spp and were also tested for their
growth enhancement attributes on potato crop and phosphate solubilising efficiency.

Results: Based on the morphological and phenotypic characters, most of the isolates were identified as Pseu-
domonas spp (18 isolates). A total of twenty-two bacterial isolates were screened for bio-control activity in dual
culture assay. Isolate Pf14 showed the highest mycelial inhibitory potential (ranged from 62.2 to 59.3%) against R.
solani, S. sclerotiorum, S. rolfsii and Fusarium spp. In sealed plate assay, Pf14 produced antifungal volatile compounds
that significantly inhibited mycelial growth (ranged from >80 to > 50%). Maximum reduction in fungal biomass
(ranged from > 80%) was observed in King's broth in shake liquid culture in all the pathogens. Cell-free culture filtrate
of the selected isolate inhibited mycelial growth ranged from 68.9 to 42.6% of the tested pathogens with 48-h old
culture filtrate. Additionally, the isolates exhibited higher phosphorus solubilizing efficiency on PVK media. Under field
conditions, talc based formulation of Pf14 showed enhanced agronomical characters and inhibits black scurf severity
up to 67.59%. This treatment also recorded a highest tuber yield (21.90 t/ha) with increase of 15.38% in comparison to
untreated control.

Conclusion: Overall, antagonistic bacterium Pf14 can be recommended as bio fertilizers for eco-friendly manage-
ment of major potato fungal diseases as well as increasing marketable yield and used as an alternative to the pesti-
cides and chemical fertilizers.
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Background
Globally, potato (Solanum tuberosum L.) is the fourth
economically important vegetable crop of food secu-
rity after maize (Zea mays L.), paddy (Oryza sativa L.)
—— - and wheat (Triticum aestivum L.) (Lal et al.2019). In
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vegetable cultivation area has devoted for potato produc-
tion. There are many factors that reduce potato yields,
including soil and tuber-borne diseases which play an
important role; therefore control of these diseases is a
very crucial.

Black scurf and/or stem canker, Fusarium wilt and/or
dry rot, White mould or Sclerotinia stem rot and Scle-
rotium wilt are the major soil and tuber-borne diseases
of potato causing considerable yield losses. Black scurf
caused by Rhizoctonia solani AG-3, characterized by
brown to black sclerotia on the surface of potato tubers
that develop late in the crop growing season. This disease
reduces the tuber quality and marketable yield up to 30%
by making the scurfy appearance on the tubers (Tsror
2010). Fusarium wilt of potato is a complex disease
caused by Fusarium spp. (Ommati and Sharifi 2008). Dry
rot disease of potato found in both hill and plain regions
in India and losses due to this pathogen may reach up to
90% in endemic areas (Sagar et al. 2011). White mould or
stem rot caused by Sclerotinia sclerotiorum (Lib.) de Bary,
is a serious threat in the potato production regions of dif-
ferent countries in the world, including India (Chaudhary
et al. 2020a). Sclerotium wilt, incited by Sclerotium rolf-
sii (telomorph Athelia rolfsii) is an important disease of
potato particularly in tropical, subtropical and the areas
where temperature is sufficient high to permit the growth
and survival of the pathogen (Daami-Remadi et al. 2010).

Rhizoctonia solani, S. sclerotiorum and S. rolfsii formed
resting structure called sclerotia, which may survive
under adverse conditions for many years and relatively
inaccessible in soil. Control of sclerotia forming plant
pathogens is difficult due to their genetically diverse pop-
ulations, wider host range and existence in soil for a long
time under various environmental conditions (Chaud-
hary et al. 2020b). Due to its soil and tuber-borne nature,
Fusarium spp. may lead to serious problem, as wilting
agent, and in stored tubers, as rot agent. These plant
pathogens can be managed by various control measures
such as agricultural practices, use of resistant cultivars,
use of fungicides and biological control. The effectiveness
of current control methods such as soil and tuber seed
treatment with fungicides or crop rotations is somewhat
limited (Clarkson and Whipps 2002).

Incessant use of large volumes of chemical fungicides
facilitates the development of resistance in fungi, which
reduces their efficacy (Apaliya et al. 2017) as well as haz-
ardous to environment and human health. As far as there
is no truly potato resistant cultivar available against these
pathogens, there is an increasing demand for searching
an alternative method for controlling these pathogens.
Now-a-days, interest in microbial bio-agents develop-
ment against plant pathogen has grown. In comparison
to synthetic fungicides, bio-control is an approach for
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inhibiting development or spreading of the disease that is
considered both safe and environment friendly (Dukare
et al. 2019). Additionally, bio-agents can combat plant
pathogens by multiple mode of action and development
of resistance by pathogens is unlikely (Wallace et al.
2018).

A large number of antagonistic agents have been iden-
tified that effectively inhibit the soil and seed-borne
pathogens under both in vitro and in vivo conditions,
including Pseudomonas spp., Bacillus spp., Trichoderma
spp., and Streptomyces spp. (Caulier et al. 2018). Pseu-
domonas spp. are widely distributed in nature, and con-
sidered as important bio-control agents and plant growth
promoting rhizobacteria (PGPR). A number of PGPRs
have been exploited for their antagonistic and plant
growth enhancement potentials against various plant
pathogens like oomycetes (Pythium spp. and Phytopthora
spp.) (De Vrieze et al. 2018), fungi (Fusarium spp., Gaeu-
mannomyces graminis, Rhizoctonia solani, etc.) (Lal et al.
2013), and some extent to bacteria (e.g. Pectobacterium
carotovorum) (Ghods-Alavi et al. 2012) and nematodes
(e.g. Meloidogyne spp.) (Zhai et al. 2018). Knowledge of
the mechanisms of antagonism in a bio-agent is the key
factor to achieve an efficient reduction of the pathogen
population. Various strains follow a single mechanism
and other use a combination of them. They inhibit patho-
gen growth through competition of nutrients and niches,
siderophores secretion, as well as synthesis of antibiotics,
bacteriocins and hydrolytic enzymes. They also enhance
plant resistance against pathogen infection through
direct interaction with the host plants, especially in the
case of induced systemic resistance (ISR) (Bakker et al.
2007).

The main objectives of this study were to identify and
characterize the native fluorescent Pseudomonas spp.,
isolated from rhizospheric soils, as a bio-control agent
against major soil and tuber-borne diseases of potato and
their growth enhancement effect along with phosphate
solubilization potential.

Methods

Fungal pathogens and culture conditions

Four soil and tuber borne pathogens of potato and one
(Sheath blight) from rice were used in this study. Rhizoc-
tonia solani, Sclerotinia sclerotiorum, Sclerotium rolfsii
and Fusarium spp. were isolated from infected diseased
samples collected from experimental potato fields,
ICAR-Central Potato Research Institute-Regional Sta-
tion, Meerut, Uttar Pradesh, India. R. solani AG1-IA was
collected from sheath blight infected rice plant. S. rolf-
sii, Fusarium spp. and R. solani AG1-1A were cultivated
on potato dextrose agar (PDA, HiMedia) in the dark at
2741 °C. R. solani AG3 and S. sclerotiorum were grown
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on PDA 24+1 °C and 22+1 °C, respectively. All patho-
gen cultures were stored in PDA slants at 4 °C for further
use.

Soil samples collection and bacteria isolation

Rhizospheric soil samples were collected from rice,
maize and potato fields in 3 major potato producing
states of India, namely Uttar Pradesh, Punjab and Bihar,
where rice-maize-potato/rice-potato cropping sequences
were followed. A total of 22 rhizospheric soil samples
were collected from different locations and stored at 4 °C
for further processing. Soil bacteria were isolated using
serial dilution technique. Briefly, 1 g of soil sample was
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evaluate the potential antagonistic activity against fun-
gal pathogens, 2 streaks of 20 mm of the tested bacterial
culture were made at each side of the pathogen myce-
lium agar disc. As control, non-inoculated NB media was
streaked at each side of the pathogen mycelium agar disc.
Inoculated Petri dishes were sealed with parafilm and
incubated at 27 +2 °C in the dark until the fungal mycelia
reached the edge in the control dishes. Mycelial growth
inhibition towards the bacterial inoculums was indica-
tive of antagonistic activity. The test was repeated twice
with 3 replications. The mycelial radial growth of each
pathogen was measured and mycelial growth inhibition
(%) was calculated (Ji et al. 2013). The following formula
was used:

Mycelial growth inhibition (%)

= Mycelial growth in control — Mycelial growth in treatment/Mycelial growth in control x 100

suspended in 9 ml of sterile distilled water and vortexed
on a vortex mixture for 5 min at room temperature. The
soil mixture was diluted at 1:10 ratio with sterile dis-
tilled water up to 10~. Aliquots of 500 pl from 10~* to
1077 were distributed in Nutrient Agar and Pseudomonas
spp. specific media plates and spread with a sterile plas-
tic rod spreader. The culture plates were incubated at
30£1 °C for 48 h in the dark. After incubation, the cul-
ture plates were observed under UV-trans- illuminator.
The morphologically distinct and fluorescent colonies
were sub-cultured onto the nutrient agar medium in sep-
arate plates to isolate single colonies. The purified bacte-
rial isolates were conserved in LB-glycerol (70:30 v/v) at
— 80 °C for further use.

Morphological characterization of bacterial isolates
Cultural and morphological characters, such as colony
colour, shapes, Gram reaction (Hucker and Conn 1923),
spore formation, motility, and catalase activity (Whit-
tenbury 1964) of all bacterial isolates were performed
by following standard protocols. Bacterial motility was
observed by hanging drop method described by Bertrand
et al. (2001). Spore forming bacteria was determined by
method described by Harrigan and MacCance (1976).

In vitro screening for antagonistic activity

Direct in vitro antagonism activities of bacterial iso-
lates were assessed through dual culture technique on
PDA medium in Petri dishes. For this purpose, bacterial
inoculums were prepared in 25 ml Nutrient Broth (NB)
medium inoculated by a single colony and incubated at
30 °C and 120 rpm for 24 h. A 5-mm agar disc covered
with actively growing mycelium of each fungal pathogen
was placed at the centre of Petri dishes separately. To

Evaluation of the effect of volatile organic compounds
(VOCs)

To evaluate the antifungal effect of volatile organic com-
pounds (VOCs) produced by bacterial isolates on fungal
pathogens, mouth-to-mouth sealed plate assay previ-
ously described by Raza et al. (2016) was used. Bacterial
suspensions (100 ul) of 1x 10’ cfu/ml was spread on
plates containing Nutrient Agar (NA) medium and incu-
bated at 30 °C for 24 h in the dark. After incubation, the
lid of each plate was replaced by a PDA plate containing
an agar disc (5 mm diameter) covered with mycelium
of pathogen. The pathogen containing PDA plate was
placed at upper side and bacteria inoculated plate placed
at lower side. Plates containing sterile distilled water
without bacterial suspension served as control. All plates
were sealed with a double layer of Parafilm. The sealed
sets of plates were incubated at 27 +2 °C, and the obser-
vations were recorded at 24 h intervals for 3 days. The
test was repeated twice with 3 replications. The mycelial
growth inhibition (%) of each pathogen was calculated
according to the Trivedi et al. (2008).

Quantitative evaluation of antagonism of the selected
isolate in different media

For quantitative evaluation of antagonistic activity of the
screened bacterial isolate namely Pf14, 5 different broth
media like, potato dextrose, nutrient, King’s B, tryptone
soya, and tryptone yeast extract broth were used. One
ml (A4, =0.2) culture broth of the selected isolate, and a
5-mm agar disc covered with actively growing mycelium
of each fungal pathogen were co-cultured in 50 ml dif-
ferent broth mediums in separate 250 ml conical flasks.
The inoculated flasks were incubated at 27+2 °C and
120 rpm for 2 days on a rotary incubator shaker. Broth
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flasks inoculated with only fungal pathogens served as
control. The test was repeated twice with 3 replications.
After incubation, biomass was filtered through pre-
weighed Whatman No. 1 filter paper and dried at 70 °C
for 24 h. The differences in dry weights between the fun-
gal pathogens and the bacterium or the control culture
(without bacteria inoculation) were recorded. Percentage
(%) reduction in fungal pathogens biomass in co-culture
compared to control was calculated according to Trivedi
et al. (2008).

Evaluation of the effect of cell-free culture filtrates

from selected isolate

The selected isolate i.e. Pf14 was inoculated in 50 ml NB
medium and grown at 30+2 °C on a rotator incubator
shaker at 120 rpm. Broth culture after 24 and 48 h of
incubation was centrifuged at 10,000 rpm for 10 min. at
4 °C and supernatant was taken. Cell-free culture filtrate
(CFCF) was obtained by passing the supernatant through
0.22 pum pore size syringe filter. A 5-mm mycelium disc
of each pathogen was placed in the centre of each plate.
Two wells (5 mm) were made 3 cm away from the myce-
lium disc and aliquoted with 100 pl of CFCE. Plates in
which wells were aliquoted with non-inoculated NB
served as control. The plates were incubated at 27 £2 °C
for 5 days in the dark. The test was repeated twice with
3 replications. Percent (%) mycelial growth inhibition was
calculated as described above.

Evaluation of the phosphate solubilisation activity
Bacterial isolates were evaluated for their phosphate sol-
ubilisation ability on Pikovskaya’s (PVK) agar media sup-
plemented with insoluble tri-calcium phosphate (TCP)
at final concentration of 0.5%. Each bacterial isolate was
spot inoculated at the centre of PVK agar plates under
aseptic condition. The plates were incubated at 28 2 °C
for 7 days in the dark. After incubation, colony diameter
and halo zone were measured for each isolate. A clear
halo zone around the growing bacterial colony indicated
phosphate solubilisation. Phosphate solubilisation index
(SI) and solubilisation efficiency were calculated using
the formula described by Edi-Premono et al. (1996):

Page 4 of 14

(year 2020-2021) in Randomized Block Design (RBD)
with 3 replicates. Fully infested seed tubers of cv. Kufri
Bahar were used for planting. Spore suspension and talc
based formulation of Pf10 and Pf14 were used to evaluate
their efficacy against the black scurf of potato. The infested
tubers were submerged in spore suspension (10° cfu/ml)
and talc based formulation (0.5%), separately, for 1.5 h.
The shade dried treated seed tubers were planted in sec-
ond week of November in a standard plot size of 9.0 m?
size. Five rows of three meters length and 60x20 cm
row x plant spacing were maintained. The crop was grown
by the application of 180:80:100 kg N: P205:K20 per hec-
tare and remaining other activities were followed as per
standard recommended agronomic package and practices
of the region.

Growth enhancement activities

The agronomical characteristics such as germination
(%) was recorded after 30 days of planting, whereas plant
height (cm), no. of stems/ plant, no. of leaves/plant and
root length (cm)were recorded after 60 days of planting,
following standard procedures. Marketable tuber yield was
recorded at the time of harvesting.

Assessment of disease

Disease incidence of stem canker was recorded at 35
DAP (Days after Planting) and black scurf incidence was
recorded at harvesting using randomly selected 75 tubers
from each plot. The tubers were washed with running tap
water to remove soil and visualize clear symptoms of black
scurf. These tubers were categorized as a 0—4 scale as their
coverage of tuber infection using the following scale:

0: No sclerotia

1: 1-25% of tuber surface covered
2: 26-50% of tuber surface covered
3: 51-75% of tuber surface covered
4: >75% of tuber surface covered

Statistical analysis
In each experiment 3 replications was maintained for

Phosphate Solubilisation Index (SI) = (Colony diameter 4+ Halo zone diameter) /Colony diameter

Phosphate Solubilisation Efficiency (SE) = (Colony diameter — Halo zone diameter)/Colony diameter x 100

Evaluation of antagonistic and growth enhancement
potentials of Pf10 and Pf 14 under field conditions

Plant materials and experimental design

The experiments were laid down at Experimental Field
Station, ICAR-Central Potato Research Institute, Regional
station, Meerut, Uttar Pradesh, India during Rabi season

in vitro and field studies, 4 replications were maintained.
Data were statistically analyzed by one-way ANOVA and
two-tailed ¢ tests using software SPSS (IBM Analytics,
Armonk, NY, USA). Data were presented as mean =+ stand-
ard deviations (mean=4SD) where appropriate. Percent
data were analyzed after angular transformation and
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intergroup differences were considered to statistically sig-
nificant at P <0.05.

Results

Cultural and morphological characterizations of bacterial
isolates

A total of 22 bacterial isolates were recovered from
rhizospheric soil of rice, maize and potato plants col-
lected from different location of three states of India
(Table 1). On specialized medium, the bacterial colonies
appeared as whitish with viscous, mucous, convex in
shape, opaque, and uniformly rounded edges. Based on
their morphological characteristics, 17 were short rods
and Gram —ve, while 5 isolates were long rods. Five iso-
lates, namely, Pf4, Pf7, Pf12, Pf21, and Pf22, were spore
forming, while rest of the isolates were non-spore form-
ing bacteria. Most of the isolates showed fluorescent
green colour, except Pf8, Pf18 and Pfl4, Pf16 showed
fluorescent blue and greenish yellow colour, respectively,
under UV-trans-illuminator. Two isolates from Punjab
(Pf4 and Pf7), one isolate from Uttar Pradesh (Pf12) and 2
isolates from Bihar (Pf21 and Pf22) not showed any fluo-
rescent. All bacterial isolates produced catalase enzyme,
which used by all aerobic microorganisms. All the isolates
were motile, except isolates Pf7, Pf12, Pf20 and Pf21. The
morphological, biochemical and physiological characters
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of most of the isolates were typical properties of Pseu-
domonas spp (Stanier et al. 1966). The isolates were iden-
tified as Pseudomonas spp. on basis of biochemical and
morphological characters.

Screening for antagonistic activity

All bacterial isolates were screened for antagonistic
activity against major soil and tuber-borne fungal path-
ogens infecting potato in dual culture on PDA plates.
Among 22 isolates, 2 isolates i.e. Pf10 and Pf14 showed
different degree of mycelial growth inhibition of all the
tested fungal pathogens (Fig. 1a, b). Isolate Pfl4 (iso-
lated from maize rhizosphere soil of Uttar Pradesh)
displayed a strong growth inhibitory activity ranged
from 62.2 to 59.3% against different fungal pathogens
(Table 2) and selected for further study.

Antagonistic activity due to antifungal volatile compounds
(VOCs)

The mouth-to-mouth sealed plate assay allows no phys-
ical contact between fungal pathogens and bacterial
colonies. Therefore, observed mycelial growth inhibi-
tion could be a result of VOCs production. Isolate Pf14
produced VOCs, as evident from the mycelial growth
inhibition of all the fungal pathogens in sealed plates.

Table 1 Morphological characteristics of bacterial isolates collected from various rhizosphere soils of different geographical locations

Bacterial isolate  Geographical location  Crop Fluorescence colour  Shape Gram Catalase Motility  Sporulation
staining  production
Pf1 Punjab Rice Fluorescent green Shortrod  — + + -
Pf2 Punjab Rice Fluorescent green Shortrod  — + + —
Pf3 Punjab Rice Fluorescent green Shortrod  — + + —
Pf4 Punjab Maize NI Llongrod  + + + +
Pf5 Punjab Maize Fluorescent green Shortrod  — + + —
Pf6 Punjab Maize Fluorescent green Shortrod  — + + -
Pf7 Punjab Potato NI longrod  + + - +
Pf8 Punjab Potato  Fluorescent blue Shortrod  — + + —
Pfo Punjab Potato  Fluorescent green Shortrod  — + + -
Pf10 Punjab Potato  Fluorescent green Shortrod  — + + —
Pf11 Uttar Pradesh Rice Fluorescent green Shortrod  — + + -
Pf12 Uttar Pradesh Rice NI longrod  + + - +
Pf13 Uttar Pradesh Rice Fluorescent green Shortrod  — + + —
Pf14 Uttar Pradesh Maize  Greenish yellow Shortrod  — + + -
Pf15 Uttar Pradesh Maize Fluorescent green Shortrod  — + + -
Pf16 Uttar Pradesh Maize  Greenish yellow Shortrod  — + + -
Pf17 Uttar Pradesh Potato  Fluorescent green Shortrod  — + + -
Pf18 Uttar Pradesh Potato  Fluorescent blue Shortrod  — + + -
Pf19 Uttar Pradesh Potato  Fluorescent green Shortrod  — + + -
Pf20 Uttar Pradesh Potato  Fluorescent green Shortrod  — + — -
Pf21 Bihar Potato NI longrod  + + - +
Pf22 Bihar Potato NI longrod  + + + +
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Fusarium spp. on PDA

Fig. 1 a In vitro confrontation of major potato fungal pathogens with Pseudomonas spp. Pf14 strain (up) and control (down) of (A) S. sclerotiorum,
(B) R. solani AG1-IA, (C) R. solani AG3, (D) S. rolfsii and (E) Fusarium spp. on potato dextrose agar (PDA). b In vitro confrontation of major potato fungal
pathogens with Pseudomonas spp. Pf10 strain (up) and control (down) of (A) S. sclerotiorum, (B) R. solani AG1-IA, (C) R. solani AG3, (D) S. rolfsii and (E)

(A)

B)

Isolate Pf14 significantly inhibited the radial mycelial
growth ranged from>80% to>50% of different fun-
gal pathogens as compared to control (Table 2, Fig. 2).
Additionally, aerial mycelial growth was also distorted
due to the action of VOCs from bacterial isolates.

Antagonistic activity of cell-free culture filtrate
The culture filtrate of isolate Pfl4 showed sig-
nificant antagonistic activity against all the tested

fungal pathogens. Maximum mycelial growth inhibition
(67.1%; R. solani AG3, 42.6%; R. solani AG1-1A, 55.6%;
S. sclerotiorum, 62.6%; S. rolfsii and 68.9%; Fusarium
spp.) was recorded by CFCF (Cell-Free Culture Filtrate)
from 48 h-old culture, followed by (46.7%; R. solani
AG3, 34.4%; R. solani AG1-IA, 34.1%; S. sclerotiorum,
42.9%; S. rolfsii and 44.1%; Fusarium spp.) with CFCF
from 24 h-old culture (Fig. 3a, b).
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Table 2 Antagonistic activities of different bacterial isolates in dual culture and

pathogens
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effect of volatile compounds on various potato

Strain  Percent (%) growth inhibition

R. solani (AG1-IA) R. solani (AG3)

Sclerotinia sclerotiorum

Fusarium spp. Sclerotium rolfssi

Dual culture Volatile Dual culture Volatile

Dual culture Volatile

Dual culture Volatile Dual culture Volatile

Pf1 204 (26.9) 11.1(19.5) 48.2(43.9) 27.8(31.8) 289(325)
Pf2 40.8 (39.7) 17.8 (249) 489 (44.4) 326(348) 433412
Pf3 389 (38.6) 17.8(24.9) 322 (34.6) 42.2 (40.5) 6(18.1)
Pf4 27.8(31.8) 11.1(19.2) 385(384) 80.0 (63.4) 422(405)
Pf5 27.8(31.8) 426 (40.8) 329(35 1) 84.7 (66.5) 20.0(26.6)
Pf6 11.1(19.5) .7 (4.9) 4(12.2) 333(353) 204(269)
Pf7 46.3 (42.9) 2(86) 57.8(49.5) 83.3(659) 51.5(459)
Pf8 38.9(38.6) 7 (24.1) 444 (41.8) 278(31.8) 189(258)
Pf9 27.8(31.8) 3(143) 496 (44.8) 50.8 (45.4) 10.0(184)
Pf10 48.5 (43.9) 656(54W) 61.1(514) 85.6(67.7) 519(46.1)
Pf11 38.9(38.6) 133(214) 333(353) 39.3(388) 185(255)
Pf12 27.8(31.8) 6(136) 385(382) 39.3(388) 21.1(274)
Pf13 444 (41.8) 4(3.5) 47.8(437) 833(659) 31.1(33.9)
Pf14 59.3 (50.4) 767(61 1) 61.1(514) 84.8 (67.1) 54.7(47.3)
Pf15 444 (41.8) 485(44.2) 27.8(31.8) 404 (394) 167 (24.0)
Pf16 37.1(375) 15.6(23.2) 544 (47.5) 844 (66.8) 489 (444)
Pf17 38.9(38.6) 233(289) 32.2(34.6) 50.7 (45.4) 274(31 3)
Pf18 22.2(28.0) 389(38.6) 6(13.6) 759 (60.6) 2(25.2)
Pf19 374 (37.5) 04(3 5) 444(4W 8) 45.6 (42.5) 9(17.3)
Pf20 31.5(34.1) 1(6.1) 489 (444) 804 (63.7) 20.0(26.6)
Pf21 444 (41.8) 267 (31.1) .8 (4.9) 822 (65.1) 46.7(43.1)
Pf22 333(352) 2(86) 433412 39.3(38.8) 6(26.3)

20.0 (26.6) 40.0(39.2) 7 (11.1)  259(306) 40.0 (39.2)
0(0.0) 396(39.1) 11.1(19.5) 389(38.6) 45.6 (42.5)
767(6W 1) 32.2(34.6) J(6.1)  185(25.5) 8(12.7)
0(0.0) 333(353) 31.1(339) 204 (26.8) 72.2(58.2)
767(6T 1) 1(39.9) 41 8(401) 27.8(31.8) 63.3(52.7)
0(184) 322 (34.6) J(6.1)  278(31.8) 32.2(34.6)
789 (62.6) 40.0(39.2) 1(195) 35.2(364) 289 (32.5)
65.6(54.1) 393(388) 222(28.1) 16.7(24.0) 504 (45.2)
329(35.1) 333(353) 4 (3.5) 6(13.6) 556 (48.2)
86.7 (68.6) 50.0 (45.0) 574(493) 444(41.8) 76.3 (60.9)
79.6 (632) 33.7(35.5) 50.0(45.0) 42.6(40.7) 66.7 (54.7)
70.0 (56.8) 433 (41.2) 5(19.8) 389(38.6) 1(19.5)
8(279) 322 (340) 100( 84) 27.8(31.8) 40.0 (39.2)
88.2(69.9) 62.2(52.1) 529 (46.7) 55.6(48.2) 80.0 (63.4)
1(6.1)  400(39.2) 285(323) 167(247) 722 (582)
796 (632) 444(41.8) 1(274) 296(329) 39.3(38.8)
766 (61.1) 36.7(37.3) 100(184) 374 (37.5) 26.7 (31.1)
44(122) 42.2 (40.5) 104(188) 31.5(34.) 622 (52.1)
1.1(45.6) 40.0(39.2) 1(6.1)  333(353) 48.9 (44.4)
3.7 (66.2) 40.0(39.2) 1.5 (6. 9) 27.8(31.8) 433(41.2)
9(386) 359 (36.8) 174 (24.7)  31.5(34.0) 9(17.3)
96(18.1) 30.0(33.2) 174 (24. ) 27.8(31.8) 108(192)

Quantitative evaluation of antagonism of the selected
isolate in different media

To evaluate the antagonistic activity of the prominent
isolate Pf14 in different media a broth-based dual co-
culture assay was used. Isolate Pf14 showed a signifi-
cant reduction in biomass of all the tested fungi in dual
culture using 6 different broth media. Maximum bio-
mass reduction was observed in King’s B broth (KBB),
followed by nutrient broth (NA) and potato dextrose
broth (PDB). Reduction in biomass varied from > 80.0%
(KBB) to>45.0% (TYEB) for all the fungal pathogens
compared to the respective fungus non-inoculated con-
trol (Fig. 4).

Phosphate solubilisation activity

Phosphate solubilisation potential of bacterial iso-
lates was anticipated by recording the clear halo zone
around the bacterial colonies on PVK agar medium.
Phosphate solubilisation index (PSI) and solubilisa-
tion efficiency (SE) of all isolates were calculated. PSI
and SE for all the bacterial isolates varied from 5.65

to 1.88 and 82.29% to 46.67%, respectively. Maximum
PSI was recorded with isolate Pf14 (5.65), followed by
Pf10 (4.50) and Pfl11 (4.50). Similarly, highest SE was
observed by Pf14 (82.29%), followed by Pf10 (77.78%)
and Pf11 (77.78%) (Table 3; Fig. 5).

Evaluation of antagonistic and growth enhancement
potentials of Pf10 and Pf 14 under field conditions

Growth enhancement activities

Emergence percentage ranged (84.63-97.17%), includ-
ing untreated control. The highest emergence percent
(97.17%) was recorded by spore suspension of Pf10,
followed by Pf14 cell suspension (96.33%). These treat-
ments were significantly differing from each other. The
lowest emergence percentage (84.63%) was recorded
in untreated control (Table 4). The highest number
of stem per plant (6.5) was recorded in spore suspen-
sions of both Pf10 and Pfl4 against untreated con-
trol (4.1) (Fig. 6). The highest number of leaves per
plant (81.3) was observed in Pf14 talc based formula-
tion, followed by Pf14 talc spore suspension (79.6) as
against untreated control (38.9). The highest plant
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Fig. 3 a Mycelial growth inhibition of different potato fungal pathogens by cell-free culture filtrates from isolate Pf14 in dual culture on PDA. b
Graphical representation of mycelial growth inhibition of potato fungal pathogens by cell-free culture filtrates (CFCF) from isolate Pf14 in dual
culture on PDA. The error bars represent standard deviation of the mean value. The p value for 24 h is 0.00016 and for 48 h is 0.00001

height (63.4 cm) was measured in Pf14 talc based for- (19.8 cm) as against untreated control (13.5 cm). Simi-
mulation, followed by Pf14 spore suspension (60.3 cm) larly maximum root volume (36.0 cc) was measured in
against untreated control (40.8 cm). The maximum P14 talc formulation, followed by P14 spore suspen-
root length (21.4 cm) was measured in Pfl4 talc sion (34.0 cc) (Fig. 7).

based formulation, followed by Pf10 spore suspension
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Table 3 Phosphate solubilisation efficacies of different bacterial

isolates
Strain  d* (cm) D*(cm)  SR*  SE* Six
(D-d) (D-d)/Dx 100 (D/d)

Pf1 090£0.10 290+£0.10 200 68.97 3.22
Pf2 1.03+006 2334+006 130 55.71 226
Pf3 0574006 2504+0.10 193 77.33 441
Pf4 0534+£006 2134£0.15 1.60 75.00 4,00
Pf5 067+0.06 197£006 130 66.10 295
Pf6 067£012 230£0.10 163 71.01 345
Pf7 0604+0.10 2504£0.10 1.90 76.00 417
Pf8 0674012 2204+0.10 153 69.70 3.30
Pfo 0504+£0.10 2004£0.10 144 7217 3.59
Pf10 0534006 2404010 187 77.78 450
Pf11 067£006 300£0.10 233 77.78 4.50
Pf12 0534006 1.004+0.10 047 46.67 1.88
Pf13 0534006 2104+0.10 157 74.60 3.94
Pf14 0574006 3204+0.10 263 82.29 5.65
Pf15 0574006 2304+0.10 1.73 75.36 4.06
Pf16 0.534£006 230£010 1.77 76.81 431
Pf17 050+006 1974006 143 72.88 3.69
Pf18 0834+006 2404010 157 65.28 2.88
Pf19 067+£006 240+0.10 1.73 7222 3.60
Pf20 0.8040.12 1904+0.10 1.17 61.40 2.59
Pf21 0834£006 280£0.10 197 70.24 3.36
Pf22 0.534+0.06 150+0.10 097 64.44 2.81

d*: colony diameter; D*: Total diameter (colony + halo zone); SR*: Solubilization
rate; SE*:Solubilization Efficiency; SI*: Solubilization Index

Effect on disease incidence

The stem canker incidence ranged (20-60%), includ-
ing untreated control. The lowest stem canker incidence
(20.00%) was observed in Pfl4 talc based formulation,
followed by Pf14 cell suspension (30.00%) and Pf10 talc
based formulation (Table 4). These treatments were
statistically significant. The lowest black scurf disease
incidence (38.00%) and disease severity (15.50%) were
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recorded in Pf14 talc based formulation, followed by Pf10
talc based formulation (62.67%, DI 29.83% DS). The high-
est percentage of disease control was recorded in Pfl14
talc based formulation, followed by Pf14 spore suspen-
sion. The highest tuber yield (21.90 t/ha) was recorded in
Pf14 talc based formulation, followed by Pf10 talc based
formulation (20.85 t/ha) as against control (18.98 t/ha).
Although these treatment were statistically at par each
other and significantly differ from control treatment.
The yield increased with 4.32 and 15.38% was recorded
in spore suspension of Pf10 and Pf14 talc based formula-
tion, respectively treated infested seed tuber in compari-
son to untreated control.

Discussion

The control and management of potato diseases, espe-
cially soil and seed-borne, is often based on a tremen-
dous use of synthetic fungicides, causing negative impact
on human health and environment. The search for an
eco-friendly disease management strategy has led to
study non-pathogenic microorganisms having antagonis-
tic potentials (Caulier et al. 2018). Till date, several antag-
onistic agents have been identified from soils, of which
Pseudomonas spp. are important as they are vigorously
colonizes the various crops and show a broad spectrum
of antagonistic activities against soil and seed-borne
pathogens (Wang et al. 2018). For example, P aerugi-
nosa BA5 showed a better antagonistic potential against
Fusarium oxysporum f. sp. cucumerinum with phosphate
solubilisation capability (Islam et al. 2018). P. fluorescens,
with its plant-growth promotion and root colonization
potentials, reduced the disease symptoms produced by R.
solani on potato (Bautista et al. 2007).

The investigation of antagonistic characteristics of
bio-agents is often important for understanding bio-
control mechanisms to get better control efficacy of the
antagonists. In this study, 22 native bacterial strains from
rhizospheric soil of rice, maize and potato crops were
isolated and screened the potential bacterial strains for
their in vitro antagonistic and phosphate solubilization
capabilities against major soil and tuber-borne patho-
gens of potato. Identified potential bacterial isolates were
developed in talc and spore suspension formulations and
evaluated for growth enhancement parameters and bio-
efficacy against R. solani causing black scurf of potato
under field condition. According to morphological and
phenotypic properties, most of the isolates were identi-
fied as Pseudomonas spp. In dual culture assay, one iso-
lates namely, Pf14 was the most promising antagonist and
inhibit the mycelium growth ranged from 62.2 to 59.3%
of the tested pathogens. This result indicated that Pf14
had potential to inhibit the mycelial growth of soil and
tuber borne pathogens of potato. Dual culture assay is
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Fig. 5 In vitro assay for phosphate solubilization by different strains of Pseudomonas spp

Table 4 Antagonistic and growth enhancement potentials of Pf10 and Pf14 against Rhizoctonia diseases of potato under field

conditions

Treatments Emergence (%) Stem canker Black scurf Disease controlled (%) Yield (t/ha) Yield
over

Stem canker  Black scurf control
DI (%) DI(%) DS(%) DI(%) DI (%) DS (%)

Pf10 Cell suspension 97.17 50.00 79.33 3867 16.67 11.19 19.16 19.80 432

Pf10 Talc formulation 95.75 30.00 62.67 29.83 50.00 14.67 2513 20.85 9.85

Pf14 Cell suspension 96.33 30.00 76.23 35.81 50.00 29.85 3763 20.79 9.54

Pf14 Talc formulation ~ 95.17 20.00 38.00 15.50 66.67 57.46 67.59 21.90 15.38

Control 84.63 60.00 89.33 47.83 - - - 18.98 -

CD (0.05) 0.68 4.28 10.08 394 - - - 1.77 -

SE(m) 0.21 1.30 3.04 1.19 - - - 0.53 -
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Fig. 6 Effect of bacterial formulations on no. of stems and no. of
leaves of potato plants. The error bars represent SD of the mean
value. The p value for no. of stem is 0.00002 and for no. of leaves is
0.00001

one of the key tests used for in vitro preliminary screen-
ing of antagonistic agents (Islam et al. 2018). Antagonis-
tic effects of a bacterial strain are often confirmed by the
formation of inhibition zones between the bacterial colo-
nies and the fungal colonies (Ji et al. 2014) or by calcu-
lating the radial mycelial growth inhibition (%) towards
the bacterial colonies against control (Lee et al. 2017).
Previous studies suggested that, Pseudomonas species
deploy antagonistic activities against plant pathogens by
synthesizing siderophores, secreting lytic enzymes, com-
peting for nutrients and niches, and inducing systemic
resistance (Kang et al. 2015). The bacterial pigment pyo-
cyanin produced by Pseudomonas aeruginosa, reduced
the growth of the fungus Magnaporthe grisea and the
bacterium Xanthomonas oryzae in vitro study (DeBritto
et al.2020).

Antifungal volatile compounds (VOCs) like hydro-
gen cyanide (HCN) and ammonia (NH;) are produced
by many PGPRs and reported to play an important role
in antagonism (Islam et al. 2018). In the present study,
Pseudomonas spp. produced VOCs, as evident from the
mycelial growth inhibition of all tested fungi in sealed
plates. Recently, Islam et al. (2018) demonstrated the role
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of VOCs produced by Pseudomonas spp. in antagonistic
activities. In some studies, the inhibitory effect of VOCs
received less importance than the inhibitory effect of dif-
fusible metabolites (Tripathi and Johri 2002). In contrast,
present study demonstrated that the VOCs produced by
Pseudomonas spp. had a predominant inhibitory role of
the antagonism against R. solani, S. sclerotiorum, S. rolfsii
and Fusarium spp. It may be reason that VOCs have dif-
ferent antagonistic compounds.

Broth—based in vitro dual culturing may be a better
method to evaluate the antagonistic potential of the bio-
agents, as the liquid broth media provide a favourable
environment to allow the antagonisms from all possible
interacting sites (Trivedi et al. 2008). Isolate Pf14 signifi-
cantly reduced the biomass of all the tested fungi in dif-
ferent broth medium, however, fungal biomass reduction
varied among growth media. Because, these media have
different composition with regards to their nutritional
status. According to Trivedi et al. (2008) variations in
fungal biomass reduction in different growth media were
indicative of the effect of nutritional factors. Antagonistic
activity of isolate Pf14 was also determined in terms of
‘time course’ of inhibition in fungal growth using culture
filtrates (CFCFs) of different time intervals. Maximum
mycelial growth inhibition was observed by CFCF from
48-h (i.e. stationary phase) incubated broth culture. It has
been reported that antagonism is generally mediated by
the production of secondary metabolites, most of them
are produced in the stationary growth phase (Vining,
1990).

Phosphorus is an important mineral nutrients
required for the growth and yield of agriculturally
important crops. It is essential for root development of
potato crop. Phosphate solubilising bacteria solubilise
the complex phosphate compounds present in soil into
the simpler readily absorbable form (Tomer et al. 2017).
In this study, isolate Pf14 showed highest phosphate
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Fig. 7 Effect of Bacterial formulations on plant height, root length and root volume potato plants. The error bars represent SD of the mean value.
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solubilisation efficiency on PVK media. El-Komy
(2005) concluded that P, fluorescens and B. megaterium
strains were able to solubilise phosphate effectively
and recorded a higher solubilization efficiency on PVK
plates. Similarly, phosphate solubilising Pseudomonas
species were also reported from subtropical regions of
Western Indian Himalaya in India (Tomer et al. 2017).
Recently, phosphate solubilisation in P. aeruginosa BA5
has been reported by Islam et al. (2018).

Pseudomonas species are well-known to inhibit
the phytopathogen population via different modes of
action, but their in-vitro activities are not easily trans-
ferable to in-vivo assays, especially under field condi-
tions (Glare et al. 2012). Under in-vivo conditions, the
major limitations affecting the efficacy of a bio-agent
includes biotic (host species, other bioagents, patho-
gen), abiotic (temperature, wetness, relative humidity)
factors (Sundin et al. 2009) and modes of application.
The low performance of a bio-agent is usually due to
difficulties in colonization and survival in the environ-
ment in which it applies, because fitness of bio-agents
is limited under field conditions. In this study, infested
seed tubers treated with talc based formulation of
Pf14 showed better growth enhancement potentials
and decrease black scurf severity up to 67.59% under
field conditions. This treatment also recorded highest
tuber yield (21.90 t/ha) with an increase of 15.38% in
comparison to untreated control. Few reports showed
the effectiveness of fluorescent Pseudomonas spp.
against major potato diseases under field applications
(Mrabet et al. 2015). In a pilot field trial Caulier et al
(2018) found Bacillus spp. and Pseudomonas spp. effec-
tive against late blight of potato and decrease disease
severity throughout the crop season. Recently, in a field
experiment, Lal et al. (2021) found 2. fluorescens eftec-
tive against late blight which showed better disease
control efficacy compared to un-sprayed control.

Conclusions

In the present investigation, an attempt was made to iso-
late and screen the native Pseudomonas spp. with bet-
ter antagonistic and phosphate solubilising potentials
in vitro against soil and tuber-borne diseases of potato.
The isolate Pf14 showed a strong inhibitory action against
R. solani, S. sclerotiorum, S. rolfsii and Fusarium spp. and
was able to produce various antagonistic metabolites,
including antifungal volatile compounds (VOCs), as
well as it showed a good phosphorus solubilising poten-
tial. Under field conditions, talc based formulation of
Pf14 showed better growth enhancement potentials and
decreased black scurf severity. The findings suggested
that the selected bacterial isolate Pf14 had the ability to
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be used as bioagent and biofertilizer in the integrated dis-
ease management programme of major potato diseases.
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