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INTRODUCTION
Potato (Solanum tuberosum L.) is one of the important vegetable crops in Bangladesh where it is primarily grown by
resource-poor farmers. Late blight caused by Phytophthora infestans (Mont.) de Bary limits the production of potato
and tomato especially in cool weather worldwide. P. infestans (Mont.) de Bary is an oomycete that is well known for
its explosive development when environmental conditions are suitable and host plants susceptible to infection (Mizubuti
and Fry, 2006). Estimated worldwide economic losses due to the control cost and disease vary from 3 to 5 billion
dollars annually (Judelson and Blanco, 2005; Haldar et al., 2006). In Bangladesh the yield losses have been estimated
approximately by 25%–57% due to late blight disease of potato (Ali and Dey, 1994). Moreover, late blight is considered
one of the five highest ranking priorities for potato research in Asia, Africa, and Latin America (Fuglie, 2007). Potato
late blight is well known as being the costliest potato disease worldwide (Goss et al., 2014). Accounting for well
over 6 billion US dollars worldwide each year and being problematic wherever potatoes are grown, its significance for
potato producers definitely cannot be overlooked (Al-Mughrabi, 2012; Johnson et al., 2015). Late blight is caused by
the plant pathogen P. infestans (Mont.) de Bary and is responsible for such epidemics as the Irish potato famine in
1845 (Ristaino, 2002). Today, late blight remains problematic due to the ubiquitous presence of both mating types and
its ability to produce long-living extreme weather-tolerant oospores through sexual reproduction, by quickly spreading
through international trade routes and from the mutation of many P. infestans isolates toward fungicide-resistant genotypes
(Mizubuti et al., 2007; Peters et al., 2014). The disease triangle for potato late blight can be characterized as a function
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of the pathogen P. infestans, the environment (ideal temperature and humidity conditions), and the potato plant host
(Al-Mughrabi, 2012). When it comes to the environment, disease development and consequential crop losses depend in
part on the aerial transport of pathogenic sporangia that are well adapted for aerial dispersal; sporangia are able to travel
up to distances of 40–60 km (Fall et al., 2014).

Because potato late blight is capable of causing huge economic damages at a frightening speed, potato producers must
rely on nearly weekly synthetic fungicide applications on plant surfaces before incoming sporangia arrive (Hadwiger et al.,
2015). However, the heavy use of these synthetic pesticides has raised serious concerns concerning human health effects
and damages to the environment (Garron et al., 2009). In addition, the use of synthetic fungicides as the gold-standard
treatment against late blight has favored the development of fungicide-resistant P. infestans genotypes (Saville et al.,
2015). The development of disease-resistant potato cultivars has also been explored as a means of preventing potato late
blight (Zakharchenko et al., 2011). However, producing a new cultivar through genetic breeding can take a very long time,
and speeding up this process through genetic engineering can often result in many unpredictable new traits (Zakharchenko
et al., 2011). Although crop production practices are essential to any late blight management strategy, the aggressiveness
of newer P. infestans genotypes has made it impossible to rely on these measures alone especially if tomatoes are also
grown nearby as the disease can spread from one plant to the other (Nowicki et al., 2012).

Late blight management has been heavily based on fungicide application, and fungicide applications have increased
over the last decade due to the introduction of new and more aggressive genotypes of the pathogen (Kato et al., 1997). At
the same time, two counterbalancing factors have also grown: societal pressure for reducing pesticide use on crops and
acreage of organically grown food crops, potato and tomato included (Ghorbani et al., 2004). Therefore innovative and
effective control measures are needed if fungicide use is to be reduced in the case of organic production of potato and
tomato, which is based on some modern- and copper-based fungicides for control of late blight. However, there has been
increasing pressure to find substitutes for these products because of environmental contamination caused by these chemical
residues. Thus there is enormous interest in finding effective nonchemical alternatives to protect potato and tomato fields
against their most threatening foliar disease. The market for nonconventional fungicide products, specifically biological
control agent formulations, is growing at a rapid pace.

Biological control is a routine part of disease management. One of the earliest published reports on the use of
biological control agents against P. infestans is by Jindal et al. (1988) where they applied Penicillium aurantiogriseum
and Stachybotrys atra suspensions to whole potato plants. Their results were positive, late blight intensity being reduced
by 93% and 84%, respectively (Jindal et al., 1988). The use of bacteria as biocontrol agents for the treatment of potato
late blight has since increased in interest during recent years, with many studies reporting positive results (Islam et al.,
2018; Bengtsson et al., 2015). In addition to providing effective alternatives to environmentally taxing synthetic fungicides
without the need for developing potentially less marketable potato varieties, many biofungicides have the potential to
provide additional agricultural benefits such as secreting plant growth–regulating hormones, fixing atmospheric nitrogen,
and improving phosphorus nutrition (Zakharchenko et al., 2011). Unlike synthetic fungicides, many microorganisms
may also have the potential to increase in antagonistic activity over time by successfully colonizing plant surfaces
(Wharton et al., 2012). Of many trials involving different microorganisms, including Trichoderma harzianum, Bacillus
subtilis, Streptomyces sp., Coniothyrium minitans, and a pool of undetermined effective microorganisms (EM 5), the
most effective was the B. subtilis–based product (Stephan et al., 2005). Pseudomonas spp. are aerobic, gram-negative
bacteria and ubiquitous in agricultural soils and are well adapted to growing in the rhizosphere. Pseudomonads possess
many traits that make them well suited as biocontrol and growth-promoting agents. These include the ability to (i) grow
rapidly in vitro and to be mass produced, (ii) rapidly utilize seed and root exudates, (iii) colonize and multiply in the
rhizosphere and spermosphere environments and in the interior of the plant, (iv) produce a wide spectrum of bioactive
metabolites (i.e., antibiotics, siderophores, volatiles, and growth-promoting substances), (v) compete aggressively with
other microorganisms, and (vi) adapt to environmental stresses. In addition, pseudomonads are responsible for the natural
suppressiveness of some soils to soilborne pathogens.

It is well known that a considerable number of bacterial species, mostly those associated with the plant rhizosphere, are
able to exert a beneficial effect upon plant growth. Therefore their use as biofertilizers or as biocontrol agents for managing
plant diseases has been a focus of numerous researchers for a number of years (Suslov, 1982; Davinson, 1988; Lemanceau,
1992; Kloepper, 1994; Glick, 1995). A group of bacteria have been termed plant growth–promoting rhizobacteria (PGPR)
(Kloepper and Schroth, 1978), and among them are strains from genera such as Pseudomonas, Azospirillum, Burkholderia,
Bacillus, Enterobacter, Rhizobium, Erwinia, Serratia, Alcaligenes, Arthrobacter, Acinetobacter, and Flavobacterium.
PGPR affect plant growth in two different ways, indirectly or directly. The direct promotion of plant growth by PGPR
entails either providing the plant with a compound that is synthesized by
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the bacterium, for example, phytohormones, or facilitating the uptake of certain nutrients from the environment (Glick,
1995). The indirect promotion of plant growth occurs when PGPR lessen or prevent the deleterious effects of one or
more phytopathogenic organisms. This can happen by producing antagonistic substances or by inducing resistance to
pathogens (Glick, 1995). A particular PGPR may affect plant growth and development by using any one, or more, of these
mechanisms. PGPR, as biocontrol agents, can act through various mechanisms, regardless of their role in direct growth
promotion, such as by known production of auxin phytohormone (Patten and Glick, 2002), decrease of plant ethylene
levels (Glick et al., 2007), or nitrogen fixing associated with roots (Döbereiner, 1992). PGPR and their interactions
with plants are exploited commercially (Podile and Kishore, 2006) and hold great promise for sustainable agriculture.
Applications of these associations have been investigated in maize, wheat, oat, barley, peas, canola, soy, potatoes,
tomatoes, lentils, radicchio, and cucumber (Gray and Smith, 2005).

The plant growth–promoting mechanisms through the production of IAA, siderophore and phosphate solubilizing
capability, and biocontrol potential have been demonstrated in this study. Phosphorus (P) is one of the major nutrients
to plants and microorganisms second only to nitrogen in requirement. It is involved in several physiological processes;
however, approximately 95%–99% of phosphorus is present in the soil as insoluble phosphates and hence cannot be
utilized by the plants (Vassileva et al., 1998). To increase the availability of phosphorus for plants, nowadays large
numbers of bacteria known as “phosphate-solubilizing bacteria (PSB)” are used for the conversion of soil organic
phosphorus into the soluble inorganic forms (Asea et al., 1988; Singal et al., 1994). Phosphate-solubilizing bacteria (PSB)
significantly help in the release of this insoluble inorganic phosphate and make it available to the plants. PSB are a group of
beneficial bacteria capable of hydrolyzing organic and inorganic phosphorus from insoluble compounds. P-solubilization
ability of the microorganisms is considered to be one of the most important traits associated with plant phosphate nutrition.
It is generally accepted that the mechanism of mineral phosphate solubilization by PSB strains is associated with the
release of low-molecular weight organic acids through which their hydroxyl and carboxyl groups chelate the cations
bound to phosphate, thereby converting it into soluble forms. In addition, some PSB produce phosphatase like phytase
that hydrolyzes organic forms of phosphate compounds efficiently. One or both types of PSB have been introduced
to agricultural community as phosphate “biofertilizer.” IAA is the main auxin in plants, controlling many important
physiological processes including cell enlargement and division, tissue differentiation, and responses to light and gravity
(Taiz and Zeiger, 1998; Woodward and Bartel, 2005; Teale et al., 2006). IAA is produced through L-TRP metabolism by
many of soil microorganisms such as bacteria, fungus, and algae (Sarwar and Kremer, 1995). Rhizosphere microorganisms
associated with various plants synthesize and release auxin as secondary metabolites because of the rich supplies of
substrates exuded from the roots compared with nonrhizospheric soils (Kampert et al., 1975; Lugtenberg et al., 2001;
Shahab et al., 2009; Egamberdieva and Kucharova, 2009). In earlier works, Lindberg et al. (1985) and Frankenberger
and Arshad (1995) suggested that root-colonizing bacteria that produce phytohormones, when bound to the seed coat of
a developing seedling, may act as a mechanism for plant growth stimulation. Bacterial IAA producers interacting with
plants have the potential to interfere with any of these processes by changing in a spatiotemporal way the plant auxin
pool. The impact of exogenous auxin on plant development ranges from positive to negative effects. The consequence for
the plant is usually a function of (1) the amount of IAA produced that is available to the plant and (2) the sensitivity of
the plant tissue to change in IAA concentration. Siderophores are organic compounds with low molecular masses that are
produced by microorganisms and plants growing under low iron conditions. The primary function of these compounds is
to chelate the ferric iron [Fe(III)] from different terrestrial and aquatic habitats and thereby make it available for microbial
and plant cells. Siderophores have received much attention in recent years because of their potential roles and applications
in various areas of environmental research. Their significance in these applications is because siderophores have the ability
to bind a variety of metals in addition to iron and they have a wide range of chemical structures and specific properties.
For instance, siderophores function as biocontrols, biosensors, and bioremediation and chelation agents, in addition to
their important role in weathering soil minerals and enhancing plant growth. Microorganisms produce a wide range of
siderophores. Most of the bacterial siderophores are catecholates (i.e., enterobactin), and some are carboxylates (i.e.,
rhizobactin) and hydroxamates (i.e., ferrioxamine B) (Matzanke, 1991). It has been known for more than three decades that
different Pseudomonas species can improve plant growth by producing siderophores (pyoverdines) and/or by protecting
them from pathogens, and thus this group of bacteria were classified as plant growth–promoting bacteria (Kloepper et al.,
1980; Gamalero and Glick, 2011). In addition to pseudomonads, other bacteria such as Azadirachta indica that produce
ferrioxamines could contribute into plant Fe nutrition and promote the root and shoot growth (Siebner-Freibach et al.,
2003; Verma et al., 2011). For example, siderophores produced by B. subtilis had a significant role in the biocontrol of
Fusarium oxysporum, which causes the Fusarium wilt of pepper (Yu et al., 2011).
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MATERIALS AND METHODS

Isolation of bacterial isolates from potato phyllosphere and rhizosphere
Representative potato plants were collected with their root systems and adhering soil from the farmer’s fields of 15 selected
potato-growing districts of Bangladesh. The leaves and stems (referred to here as “shoots”) as well as root tissues were
separated and treated as follows: 1-g shoots were ground in a disinfected ceramic mortar using 10 mL of sterile water to
prepare the stock, and roots and adhering soil will be shaken in 10 mL sterile water to collect the rhizosphere soil, while
the roots themselves were discarded. The samples were homogenized by shaking and pipetted into a test tube with a cut
tip. These suspensions were serially diluted in sterile water up to 10− 4 and plated on either Luria Bertani or King’s B
medium. All plates were incubated at 28°C for at least 6 days. To cover as much of the cultivable diversity as possible,
single colonies with different morphologies (rhizosphere vs phyllosphere) were picked for isolation. Strains were then
preserved in LB broth with 25% glycerol stock at − 80°C.

Antagonistic assay of bacterial isolates against Phytophthora infestans
The antagonism test was carried out on pea agar medium. Bacterial isolates were streaked on pea agar medium in a triangle.
Then, P. infestans isolate was inoculated using a 5-mm cork borer at the center of the triangle. The plates were incubated
at 18°C for 2 weeks. This test was done in triplicates. Radial growth inhibition of P. infestans was assessed at 14 days post
transfer by measuring the radial growth of P. infestans in the dual culture and control plates. The percent growth inhibition
was calculated using the following formula:

where C = radial mycelial growth of P. infestans in untreated control plate (mm)

T = radial mycelial growth of P. infestans in dual culture plate (mm)

Assessment of plant growth–promoting determinants
Active isolates with antagonistic potential against P. infestans were further evaluated for their plant growth–promoting
determinants, namely, siderophore production, IAA production, and phosphate solubilization.

Production of indole acetic acid
Every isolate was grown in LB media supplemented with (40 μg/mL) L-tryptophan and incubated in shaker at 30°C with
160 rpm for 48 h. Then, bacterial culture was centrifuged at 8000 rpm for 15 min, 1-mL culture filtrate was mixed with
1-mL Salkowski’s reagent (1.5-mL FeCl3·6H2O 0.5 M solution in 80-mL 60% H2SO4), the mixture was incubated at room
temperature for 30 min, and the presence of pink color indicates qualitatively that isolate produced IAA.

Assessment of siderophore production
Siderophore production was assessed as described previously by Alexander and Zuberer (1991). Antagonistic bacterial
suspension (10 μL) was dispensed using pipette onto sterile filter paper (6.00 mm) that was placed on Chrome azurol S
(CAS) agar plate. The plates were then incubated at 30°C for 5 days. Development of yellow-orange halo zone around
the bacterial growth was considered as positive for siderophore production, and the diameter were measured. Experiment
was performed with a completely randomized design with three replications. CAS agar was prepared from four solutions.
Solution 1 (Fe-CAS indicator solution) was prepared by mixing 10 mL of 1 mmol/L FeCl3·6H2O (in 10 mmol/L HCl)
with 50 ml of an aqueous solution of CAS (1.21 g/L). The resulting dark purple mixture was added slowly with constant
stirring to 40 ml of aqueous solution of hexadecyltrimethylammonium bromide (1.821 g/L). The yield of dark blue
solution was autoclaved and then cooled at 50°C. The entire reagent was freshly prepared for each batch CAS agar.
Solution 2 (buffer solution) was prepared by dissolving 30.24 g of piperazine-N,N-bis (2-ethane sufonic acid) (PIPES)
in 750 mL of salt solution containing 0.3 g K2HPO4, 0.5 g NaCl, and 1.0 g NH4Cl. The pH was adjusted to 6.8 with
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50% (w/v) KOH, and water was added to bring the volume 800 mL. The solution was autoclaved after adding 15 g of
agar and then cooled to 50°C. Solution 3 contained 2-g glucose, 2-g mannitol, 493-mg MgSO4·7H2O, 11-mg CaCl2,
1.17-mg MnSO4·2H2O, 1.4-mg H3BO3, 0.04-mg CuSO4·5H2O, 1.2-mg ZnSO4·7H2O, 1.0-mg NaMoO4·2H2O in 70 mL
water; autoclaved; and cooled to 50°C. Solution 4 was 30-ml filter sterilized 10% (w/v) casamino acid. Finally, solution 3
was added to solution 2 along with solution 4, and solution 1 was added last, with sufficient stirring.

Screening for phosphate solubilization capability
Antagonistic bacterial suspension (10 ml) was dispensed using pipette onto sterile filter paper (6.00 mm) that was placed
on National Botanical Research Institute’s phosphate (NBRIP) agar plate [17]. The plates were then incubated at 28°C
for 7 days. Phosphate solubilization was assessed by observing the clear halo zone. The halo zone was calculated by
subtracting bacterial colony diameter from the combine halo zone and bacterial colony diameter. The experiment was
performed with a completely randomized design with three replications. NBRIP preparation contain glucose (10 g/L),
Ca3(PO4)2 (5 g/L), MgCl2·6H2O (5 g/L), MgSO4·7H2O (0.25 g/L), KCl (0.2 g/L), (NH4)2SO4 (0.1 g/L), and bacteriological
agar (15/L g).

Identification of antagonistic bacterial isolates by sequencing of 16S-rDNA gene
To identify the antagonistic bacterial isolates, the primer sets 27F (5′-AGA GTT TGATCM TGG CTC AG-3′) and
1518R (5′-AAG GAG GTG ATC CAN CCR CA-3′) were used for 16S rDNA amplification from the prepared genomic
DNA template (Giovannoni, 1991). The PCR condition was as follows: initial denaturation at 95°C for 5 min, 35 cycle
denaturation at 94°C for 1 min, annealing at 55°C for 1 min, extension at 72°C for 2 min, and finally a 7-min extension at
72°C. The PCR products were then visualized in agarose gel containing ethidium bromide.

Sequencing of purified PCR products
A partial nucleotide sequencing of 16SrDNA was performed from amplified PCR products using primers 27F (5′-AGA
GTT TGATCM TGG CTC AG-3′) and 1518R (5′-AAG GAG GTG ATC CAN CCR CA-3′) in the Macrogen Lab, South
Korea, via Biotech Concern, Bangladesh. The sequencing was done directly from PCR products in both orientations
according to the standard protocols for the ABI 3730xl DNA genetic analyzer (Applied Biosystems, Foster City, CA, USA)
with BigDye Terminator v1.1 and 3.1 Cycle Sequencing Kits. The quality of nucleic acid sequences was evaluated using
Chromas (Version 2.6) software to avoid the use of low-quality bases.

Analyses of nucleotide sequences
The nucleotide sequences were analyzed using online bioinformatics tools. The DNA sequences were compared with other
Pseudomonas spp. and Bacillus spp. available in the NCBI database using basic local alignment search tool (BLAST)
algorithm to identify closely related sequences (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

RESULTS

Identification of antagonistic bacterial isolates to Phytophthora infestans from potato
phyllosphere and rhizosphere
To isolate and identify the antagonistic bacterial isolates to P. infestans, representative potato plants with total root systems
were collected from 15 potato growing districts of Bangladesh. A total of 200 bacterial isolates are obtained from potato
phyllosphere (leaf and shoot of potato plants), and a total of 150 bacterial isolates are obtained from potato rhizosphere
(soils adhered to the potato roots). Out of the 200 phyllospheric bacterial isolates, 35 bacterial isolates were identified
as antagonistic to late blight pathogen, P. infestans. Among the rhizospheric bacterial isolates, 30 bacterial isolates were
identified as antagonistic to P. infestans. The results revealed that all bacterial isolates inhibited the growth of P. infestans
by 94% (Figs. 1–3). Based on the morphological similarity, 30 isolates were selected for molecular-based identification by
sequencing of 16SrDNA gene. The morphology (colony color and shape) of the bacterial isolates was varied. Some of the
bacterial isolates were off-white, some of them were light cream, and some were deep cream in color (Table 1).
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FIG. 1 In vitro antagonistic assay of bacterial isolates against Phytophthora infestans obtained from phylloplane and rhizosphere of potato plants
collected from major potato-growing areas of Bangladesh. BDISO04PanR, a representative isolates no. 4 of Panchagarh from potato rhizosphere, and
BDISO36ThaR, a representative isolates no. 36 of Thakurgaon from potato rhizosphere.

Identification of bacterial isolates by sequencing of 16SrDNA
The bacterial isolates were identified primarily using primers specific to 16SrDNA genes of bacteria. The results of PCR
as shown in the gel photograph confirmed the presence of amplicon size around 1500 bp, which revealed that all isolates
obtained from potato phyllosphere and rhizosphere were bacteria (Fig. 4). Out of these 30 sequenced bacterial isolates,
11 were identified as different spp. of Pseudomonas (Table 1), and 9 bacterial isolates were identified as Bacillus spp.
(Table 2). However, remaining nine antagonistic bacterial isolates were identified as Stenotrophomonas maltophilia. It is
important to note that S. maltophilia were not considered in the present study.

Assessment of plant growth–promoting determinants of Pseudomonas and Bacillus spp.
Assessment of indole acetic acid production
Out of 20 bacterial isolates (Pseudomonas and Bacillus spp.), 9 were found to produce IAA as indicated by the
production of pink color in the presence of Salkowski’s reagent. The results showed that out of 11 Pseudomonas spp., 6
(BDISO02PanR, Pseudomonas fluorescens; BDISO13BogR, Pseudomonas sp. and Pseudomonas fulva; BDISO20JoyR,
Pseudomonas geniculata; BDISO38ThaP, P. fluorescens; BDISO42ThaR, Pseudomonas putida; and BDISO64RanP, P.
putida) were capable of producing IAA (Fig. 5 and Table 3). On the other hand, out of nine Bacillus spp., three Bacillus
spp. (BDISO36ThaR, B. subtilis; BDISO44JoyR, B. subtilis; and BDISO61JamR, B. subtilis) were observed to produce
IAA (Fig. 5 and Table 4).

Assessment of siderophore production
Out of the 20 bacterial isolates (Bacillus spp. and Pseudomonas spp.), nine were found to produce siderophore as
indicated by the production of orange yellow color on CAS agar. The results showed that out of 15 Pseudomonas spp., 11
(BDISO02PanR, P. fluorescens, BDISO04PanR, P. putida; BDISO06DinR, P. putida; BDISO13BogR, Pseudomonas sp.
and P. fulva; BDISO20JoyR, P. geniculata; BDISO38ThaP, P. fluorescens; BDISO42ThaR, P. putida; BDISO56BogP,
P. fluorescens; BDISO59JamP, Pseudomonas sp.; BDISO64RanP, P. putida; and BDISO65RanP, Pseudomonas sp.)
were capable of producing siderophore (Fig. 6 and Table 3). On the other hand, out of nine Bacillus spp., four Bacillus
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FIG. 2 In vitro growth inhibition (mm) of P. infestans by different antagonistic bacterial isolates obtained from phylloplane and rhizosphere of potato
plants collected from major potato-growing areas of Bangladesh. (A) Radial mycelial growth (mm) and (B) percent growth inhibition of P. infestans
over control. Different letters on the bars indicate that the values were statistically dissimilar. BDISO02PanR, isolate no. 2 of Panchagarh from potato
rhizosphere; BDISO04PanR, isolates no. 4 of Panchagarh from potato rhizosphere; BDISO06DinR, isolates no. 6 of Dinajpur from potato rhizosphere;
BDISO13BogR, isolates no. 13 of Bogura from potato rhizosphere; BDISO20JoyR, isolates no. 20 of Joypurhat from potato rhizosphere; BDISO38ThaP,
isolates no. 38 of Thakurgaon from potato phyllosphere; BDISO42ThaP, isolates no. 42 of Thakurgaon from potato phyllosphere; BDISO56BogP,
isolates no. 56 of Bogura from potato phyllosphere; BDISO59JamP, isolates no. 59 of Jamalpur from potato phyllosphere; BDISO64RanP, isolates no.
64 of Rangpur from potato phyllosphere; and BDISO65RanP, isolates no. 65 of Rangpur from potato phyllosphere.

spp. (BDISO33PanR, Bacillus sp.; BDISO44JoyR, B. subtilis; BDISO54BogR, B. subtilis; and BDISO58BogR, B. flexus)
were observed to produce siderophore (Fig. 6 and Table 4).

Assessment of phosphate solubilization
Nine bacterial isolates showed the capability of phosphate solubilization as indicated by the production of clear halo
zones on LB medium containing tricalcium phosphate out of the 20 bacterial isolates (Bacillus spp. and Pseudomonas
spp.). The results showed that out of 11 Pseudomonas spp., 6 (BDISO02PanR, P. fluorescens; BDISO13BogR, P. fulva;
BDISO20JoyR, P. geniculata; BDISO38ThaP, P. fluorescens; BDISO42ThaR, P. putida; and BDISO64RanP, P. putida)
were capable of producing siderophore (Fig. 7 and Table 3). On the other hand, out of nine Bacillus spp., five Bacillus
spp. (BDISO36ThaR, B. subtilis; BDISO39ThaR, B. subtilis; BDISO44JoyR, B. subtilis; BDISO49JoyR, B. subtilis; and
BDISO61ThaR, B. subtilis) were observed to produce siderophore (Fig. 7 and Table 4).

Effect of different plant growth–promoting Pseudomonas and Bacillus spp. in increasing plant growth
Effect of different plant growth–promoting bacterial antagonists in increasing root length, shoot length, and vigor
index were found significant (Table 5). The maximum root length was recorded in plants grown from tuber treated
with BDISO36ThaR, B. subtilis (Isolate no.36 of Thakurgaon from potato rhizosphere), followed by BDISO2PanR,
P. fluorescens (Isolate no.2 of Panchagarh from potato rhizosphere), and BDISO42ThaR, P. putida (Isolate no.42
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FIG. 3 Growth inhibition (mm) of P. infestans by different antagonistic bacterial isolates obtained from phylloplane and rhizosphere of potato
plants collected from major potato-growing areas of Bangladesh. (A) Radial mycelial growth (mm) and (B) percent growth inhibition of P. infestans
over control. Different letters on the bars indicate that the values were statistically dissimilar. BDISO33PanR, isolate no.33 of Panchagarh from
potato rhizosphere; BDISO36ThaR, isolate no. 36 of Thakurgaon from potato rhizosphere; BDISO39ThaR, isolate no. 39 of Thakurgaon from
potato rhizosphere; BDISO44JoyR, isolate no.44 of Joypurhat from potato rhizosphere; BDISO45JoyR, isolate no.45 of Joypurhat from rhizosphere;
BDISO49JoyR, isolate no. 49 of Joypurhat from potato rhizosphere; BDISO54BogR, isolate no. 54 of Bogura from potato rhizosphere; BDISO58BogR,
isolate no. 58 of Bogura from potato rhizosphere; and BDISO61JamR, isolate no. 61 of Jamalpur from potato rhizosphere.

of Thakurgaon from potato rhizosphere). On the other hand the minimum root length (cm) was recorded in plants grown
from untreated tubers followed by BDISO20JoyR, P. geniculata (Isolate no.20 of Joypurhat from potato rhizosphere).
However, the medium root length were recorded in plants grown from tubers treated with BDISO39ThaR, B. subtilis
(Isolate no.39 of Thakurgaon from potato rhizosphere), followed by BDISO36ThaR, B. subtilis (Isolate no.36 of
Thakurgaon from potato rhizosphere); BDISO02PanR, P. fluorescens (Isolate no.2 of Panchagarh from potato
rhizosphere); BDISO42ThaR, P. putida (Isolate no.42 of Thakurgaon from potato rhizosphere); BDISO49JoyR, B. subtilis
(Isolate no.49 of Joypurhat from potato rhizosphere); BDISO64RanP, P. putida (Isolate no.64 of Rangpur from potato
phyllosphere); BDISO38ThaP, P. fluorescens (Isolate no.38 of Thakurgaon from potato phyllosphere); BDISO13BogR,
Pseudomonas sp. and P. fulva (Isolate no.13 of Bogura from potato rhizosphere); and BDISO20JoyR, P. geniculata
(Isolate no.20 of Joypurhat from potato rhizosphere) (Fig. 8A).

The maximum shoot length was recorded in plants grown from tuber treated with BDISO20JoyR, P. geniculata (Isolate
no.20 of Joypurhat from potato rhizosphere) followed by BDISO02PanR, P. fluorescens (Isolate no.2 of Panchagarh from
potato rhizosphere), and BDISO42ThaR, P. putida (Isolate no.42 of Thakurgaon from potato rhizosphere). On the other
hand the minimum shoot length (cm) was recorded in plants grown from untreated tubers followed by BDISO39ThaR,
B. subtilis (Isolate no.39 of Thakurgaon from potato rhizosphere). However, the medium shoot length were recorded in
plants grown from tubers treated with BDISO20JoyR, P. geniculata (Isolate no.20 of Joypurhat from potato rhizosphere),
followed by BDISO02PanR, P. fluorescens (Isolate no.2 of Panchagarh from potato rhizosphere); BDISO42ThaR, P.
putida (Isolate no.42 of Thakurgaon from potato rhizosphere); BDISO36ThaR,
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TABLE 1 List of antagonistic Pseudomonas spp. identified in this study and their closest relatives in NCBI according to
sequencing of 16S rDNA gene.

Isolates Closest relatives Accession no. Alignment Homology

BDISO02PanR Pseudomonas fluorescens strain CGAFPBPF-034 KY495220.1 1148/1178 97

BDISO04PanR Pseudomonas putida strain KT-ql-116 FJ611926.1 619/707 88

BDISO06DinR Pseudomonas putida strain E1 HF572844.1 565/709 80

BDISO13BogR Pseudomonas sp. GT2 KX231843.1 1188/1242 96

BDISO20JoyR Pseudomonas geniculata strain 5 (BR61Fs) JX661715.2 100/126 79

BDISO38ThaP Pseudomonas fluorescens strain PF102 MF838634.1 643/658 98

BDISO42ThaR Pseudomonas putida strain yangyueP1 KU977141.1 896/1037 86

BDISO56BogP Pseudomonas fluorescens strain TRB KM527837.1 615/636 97

BDISO59JamP Pseudomonas sp. strain SAS26 MG807430.1 295/352 84

BDISO64RanP Pseudomonas putida strain Ag04 EU554430.1 643/725 89

BDISO65RanP Pseudomonas sp. J3.2C8 KF317743.1 1184/1235 96

FIG. 4 PCR amplification of 16SrDNA from different antagonistic bacterial isolates obtained from phylloplane and rhizosphere of potato plants
collected from major potato-growing areas of Bangladesh. M, DNA ladder; W, water control; (1) BDISO02PanR, isolate no. 2 of Panchagarh from
potato rhizosphere; (2) BDISO04PanR, isolates no. 4 of Panchagarh from potato rhizosphere; (3) BDISO06DinR, isolates no. 6 of Dinajpur from
potato rhizosphere; (4) BDISO13BogR, isolates no. 13 of Bogura from potato rhizosphere; (5) BDISO20JoyR, isolates no. 20 of Joypurhat from potato
rhizosphere; (6) BDISO38ThaP, isolates no. 38 of Thakurgaon from potato phyllosphere; (7) BDISO42ThaP, isolates no. 42 of Thakurgaon from potato
phyllosphere; (8) BDISO56BogP, isolates no. 56 of Bogura from potato phyllosphere; (9) BDISO59JamP, isolates no. 59 of Jamalpur from potato
phyllosphere; (10) BDISO64RanP, isolates no. 64 of Rangpur from potato phyllosphere; (11) BDISO65RanP, isolates no. 65 of Rangpur from potato
phyllosphere; (12) BDISO33PanR, isolate no. 33 of Panchagarh from potato rhizosphere; (13) BDISO36ThaR, isolate no.36 of Thakurgaon from potato
rhizosphere; (14) BDISO39ThaR, isolate no. 39 of Thakurgaon from potato rhizosphere; (15) BDISO44JoyR, isolate no. 44 of Joypurhat from potato
rhizosphere; (16) BDISO45JoyR, isolate no. 45 of Joypurhat from rhizosphere; (17) BDISO49JoyR, isolate no. 49 of Joypurhat from potato rhizosphere;
(18) BDISO54BogR, isolate no. 54 of Bogura from potato rhizosphere; (19) BDISO58BogR, isolate no. 58 of Bogura from potato rhizosphere; and
20-BDISO61JamR, isolate no. 61 of Jamalpur from potato rhizosphere.

B. subtilis (Isolate no.36 of Thakurgaon from potato rhizosphere); BDISO38ThaP, P. fluorescens (Isolate no.38 of
Thakurgaon from potato phyllosphere); BDISO49JoyR, B. subtilis (Isolate no.49 of Joypurhat from potato rhizosphere);
BDISO64RanP, P. putida (Isolate no.64 of Rangpur from potato phyllosphere); BDISO13BogR, Pseudomonas sp. and P.
fulva (Isolate no.13 of Bogura from potato rhizosphere); and BDISO39ThaR, B. subtilis (Isolate no.39 of Thakurgaon from
potato rhizosphere) (Fig. 8B).

The maximum vigor index was recorded in plants grown from tuber treated with BDISO39ThaR, B. subtilis (Isolate
no.39 of Thakurgaon from potato rhizosphere), followed by BDISO36ThaR, B. subtilis (Isolate no.36 of Thakurgaon from
potato rhizosphere), and BDISO02PanR, P. fluorescens (Isolate no.2 of Panchagarh from potato rhizosphere). On the
other hand the minimum vigor index was recorded in plants grown from untreated tubers followed by BDISO13BogR,
Pseudomonas sp. and P. fulva (Isolate no.13 of Bogura from potato rhizosphere). However, the medium vigor index
were recorded in plants grown from tubers treated with BDISO39ThaR, B. subtilis (Isolate no.39 of Thakurgaon from
potato rhizosphere); BDISO36ThaR, B. subtilis (Isolate no.36 of Thakurgaon from potato
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TABLE 2 List of antagonistic Bacillus spp. identified in this study and their closest relatives in NCBI according to
sequencing of 16S rRNA gene.

Isolates Closest relatives Accession no. Alignment Homology

BDISO33PanR Bacillus sp. NNAR6 JX434167.1 434/467 93

BDISO36ThaR Bacillus subtilis strain B9-14 KT382233.1 862/889 97

BDISO39ThaR Bacillus subtilis strain BS 05 KX783558.1 1108/1133 98

BDISO44JoyR Bacillus subtilis strain BJ-DEBCR-30 MF487828.1 228/272 84

BDISO45JoyR Bacillus subtilis strain SA9 KY285265.1 1212/1248 97

BDISO49JoyR Bacillus subtilis strain K24 KU922443.1 875/885 99

BDISO54BogR Bacillus subtilis strain MA-48 KX426648.1 358/431 83

BDISO58BogR Bacillus flexus strain JMC-UBL HM451429.1 978/1126 86

BDISO61JamR Bacillus subtilis strain MGB1045 MH260939.1 791/810 98

FIG. 5 IAA production activity indicated by red color development of antagonistic bacterial culture supernatant mixed with Salkowski reagent.
BDISO02PanR, Pseudomonas fluorescens; BDISO13BogR, Pseudomonas sp. and Pseudomonas fulva; BDISO20JoyR, Pseudomonas geniculata;
BDISO38ThaP, Pseudomonas fluorescens; BDISO42ThaR, Pseudomonas putida; BDISO64RanP, Pseudomonas putida; BDISO36ThaR, B. subtilis;
BDISO44JoyR, B. subtilis; and BDISO61JamR, B. subtilis.

rhizosphere); BDISO02PanR, P. fluorescens (Isolate no.2 of Panchagarh from potato rhizosphere); BDISO42ThaR,
P. putida (Isolate no.42 of Thakurgaon from potato rhizosphere); BDISO38ThaP, P. fluorescens (Isolate no.38 of
Thakurgaon from potato phyllosphere); BDISO49JoyR, B. subtilis (Isolate no.49 of Joypurhat from potato rhizosphere);
BDISO64RanP, P. putida (Isolate no.64 of Rangpur from potato phyllosphere); BDISO20JoyR, P. geniculata (Isolate
no.20 of Joypurhat from potato rhizosphere); and BDISO13BogR, Pseudomonas sp., and P. fulva (Isolate no.13 of Bogura
from potato rhizosphere) (Fig. 8C).

DISCUSSION
Sustainable agriculture is vitally important in modern agriculture because it offers the potential to meet our future
agricultural needs, something that conventional agriculture will not be able to do. Both phylloplane and rhizosphere
microorganisms with beneficial activity on plant growth and health represent an attractive alternative to conventional
agricultural practice. PGPR have gained importance in agriculture as these are environment friendly and are desired
for sustainable agricultural practices. A great variety of organisms have been used as PGPR, namely, Azospirillum,
Azotobacter, Bacillus, Pseudomonas, Serratia, and Streptomyces (Baudoin et al., 2010; Biari et al., 2008; Ahmad
et al., 2008). PGPR are associated with plant roots and augment plant productivity and immunity; however, recent
work by several groups shows that PGPR also elicit tolerance to salt and drought. PGPR might also increase nutrient
uptake from soils, thus reducing the need for fertilizers and preventing the accumulation of nitrates and phosphates in
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TABLE 3 IAA, siderophore, and phosphate solubilization capability of different Pseudomonas spp.

Isolate ID Name of the bacteria Plant growth–promoting phenotypes

IAA Siderophore Phosphate solubilization

BDISO02PanR Pseudomonas fluorescens strain CGAFPBPF-034 + + +

BDISO04PanR Pseudomonas putida strain KT-ql-116 − + −

BDISO06DinR Pseudomonas putida strain E1 − + −

BDISO13BogR Pseudomonas sp. GT2
Pseudomonas fulva strain BHU_LFM1

+ + +

BDISO20JoyR Pseudomonas geniculata strain 5 (BR61Fs) + + +

BDISO38ThaP Pseudomonas fluorescens strain PF102 + + +

BDISO42ThaR Pseudomonas putida strain yangyueP1 + + +

BDISO56BogP Pseudomonas fluorescens strain TRB − + −

BDISO59JamP Pseudomonas sp. strain SAS26 − +

BDISO64RanP Pseudomonas putida strain Ag04 + + +

BDISO65RanP Pseudomonas sp. J3.2C8 − +

TABLE 4 IAA, siderophore, and phosphate solubilization capability of different Bacillus spp.

Isolate ID Name of the bacteria Plant growth–promoting phenotypes

IAA Siderophore Phosphate solubilization

BDISO33PanR Bacillus sp. NNAR6 − + −

BDISO36ThaR Bacillus subtilis strain B9-14 + − +

BDISO39ThaR Bacillus subtilis strain BS 05 − − +

BDISO44JoyR Bacillus subtilis strain BJ-DEBCR-30 + + +

BDISO45JoyR Bacillus subtilis strain SA9 − − −

BDISO49JoyR Bacillus subtilis strain K24 − − +

BDISO54BogR Bacillus subtilis strain MA-48 − + −

BDISO58BogR Bacillus flexus strain JMC-UBL − + −

BDISO61JamR Bacillus subtilis strain MGB1045 + +

agricultural soils. Scientists involve multidisciplinary approached to understand adaptation of PGPR, effects on plant
physiology and growth, induced systemic resistance, biocontrol of plant pathogens, biofertilization, potential green
alternative for plant productivity, viability of coinoculation, plant microorganism interactions, and mechanisms of root
colonization.

The species of Pseudomonas are predominant in the rhizosphere regions of different crops. Pseudomonas strains are
effective PGPR as they exhibit a wide range of properties, namely, production of phytohormones like indoleacetic acid
(IAA), gibberellic acid, and cytokinins; phosphate solubilization and other nutrients (Vyas and Gulati, 2009); siderophore
production; antibiotics such as 2,4-diacetylphloroglucinol (2,4-DAPG), phenazines, pyrrolnitrin, and pyoluteorin;
surface-active antibiotics; biocides such as hydrogen cyanide (HCN) (Raaijmakers et al., 2002); and cell wall lytic enzymes
(Haas and Defago, 2005). Studies have demonstrated that the PGPR can stimulate plant growth through the production of
auxins, indole acetic acid (IAA) (Spaepen et al., 2008), gibberellins (Bottini et al., 2004), and cytokinins (Timmusk et al.,
1999), or through regulating the high levels of endogenous ethylene in the plant (Glick et al., 1998
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FIG. 6 Antagonistic bacterial isolate showed positive siderophore production activity as indicated by orange halo zone around bacterial colony on
CAS agar. BDISO02PanR, Pseudomonas fluorescens; BDISO04PanR, Pseudomonas putida; BDISO06DinR, Pseudomonas putida; BDISO13BogR,
Pseudomonas fulva; BDISO20JoyR, Pseudomonas geniculata; BDISO38ThaP, Pseudomonas fluorescens; BDISO42ThaR, Pseudomonas putida;
BDISO56BogP, Pseudomonas fluorescens; BDISO59JamP, Pseudomonas sp.; BDISO64RanP, Pseudomonas putida; BDISO65RanP, Pseudomonas sp.;
BDISO33PanR, Bacillus sp.; BDISO44JoyR, B. subtilis; BDISO54BogR, B. subtilis; and BDISO58BogR, Bacillus flexus.

). There are several organisms by which one or the other method is PGPRs. These organisms have been used as inoculants
for the specific plant species, and improved growth has been reported. Similarly, among the members of the rod-shaped,
endospore-forming gram-positive Bacillus group are the most commonly commercialized (Borriss, 2011). This group
includes bacteria previously classified in the genus Bacillus but now separated into different genera such as Bacillus,
Paenibacillus, and Lysinibacillus (Xu and Côte, 2003). These bacteria are favored for commercialization as PGPR in part
for their ability to produce heat and desiccation-tolerant endospores. These structures are critical in maintaining high cell
viability and prolonging shelf life in formulations kept in storage (Xu and Côte, 2003). Some Bacillus PGPR strains also
have been reported to perform well under different environmental conditions (McSpadden-Gardener, 2004; Kumar et al.,
2011).

An experiment was conducted to isolate and identify the antagonistic bacterial isolates to P. infestans from potato
phyllosphere and rhizosphere collected from 15 potato-growing districts of Bangladesh. A total of 200 bacterial isolates
were obtained from potato phyllosphere (leaf and shoot of potato plants), and a total of 150 bacterial isolates from
potato rhizosphere (soils adhered to the potato roots) were obtained. In the present study, out of the 350 total bacterial
isolates, 220 bacterial isolates inhibited 10%–25%, 70 bacterial isolates inhibited 25%–50%, and 60 bacterial isolates
inhibited 94% growth of P. infestans. Thirty-five phyllospheric bacterial isolates and 30 rhizospheric bacterial isolates
were identified as highly antagonistic to P. infestans. The results of in vitro growth inhibition assay showed that
65 bacterial isolates collected from nine districts, namely, Panchagarh, Thakurgaon, Dinajpur, Nilphamari, Rangpur,
Bogura, Joypurhat, Naogaon, Jamalpur, and Sherpur, exhibited the maximum growth inhibition of P. infestans. All of
the antagonistic bacterial isolates inhibited the growth of P. infestans by 94% as compared with control. Based on
the morphological similarity, 30 isolates were selected for molecular-based identification by sequencing of 16SrDNA
gene. The morphology (colony color and shape) of the bacterial isolates was varied. Some of the bacterial isolates were
off-white, some of them were light cream, and some were deep cream in color. Out of these 30 sequenced bacterial
isolates, 11 were identified as different spp. of Pseudomonas, and 9 bacterial isolates were identified as Bacillus spp.
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FIG. 7 Antagonistic bacterial isolate showed positive phosphate-solubilizing activity by producing clear halo zone around the bacterial colony
on NBRIP agar. BDISO02PanR, Pseudomonas fluorescens; BDISO13BogR, Pseudomonas fulva; BDISO20JoyR, Pseudomonas geniculata;
BDISO38ThaP, Pseudomonas fluorescens; BDISO42ThaR, Pseudomonas putida; BDISO64RanP, Pseudomonas putida; BDISO36ThaR, Bacillus
subtilis; BDISO39ThaR, Bacillus subtilis; BDISO44JoyR, Bacillus subtilis; BDISO49JoyR, Bacillus subtilis; and BDISO61ThaR, Bacillus subtilis.

TABLE 5 Effect of different plant growth–promoting Pseudomonas and Bacillus spp. in increasing plant growth.

Treatment Root length (mm) Shoot length (mm) Vigor index

Control 18.62 d 21.25 e 4016.67

BDISO02PanR 24.27 abc 25.250 a 4833.33

BDISO13BogR 23.00 c 22.45 d 4293.33

BDISO20JoyR 21.87 c 25.07 a 4560.00

BDISO36ThaR 26.12 ab 23.90 bc 4953.33

BDISO38ThaP 26.12 ab 23.80 bc 4806.67

BDISO42ThaR 23.87 bc 24.32 ab 4810.00

BDISO49JoyR 23.92 bc 23.07 cd 4600.00

BDISO39ThaR 27.00 a 22.25 de 5000.00

BDISO64RanP 21.85 c 22.87 cd 4563.33

Level of significance *** ***

CV (%) 8.06 3.065

BDISO02PanR, Pseudomonas fluorescens; BDISO13BogR, Pseudomonas fulva; BDISO20JoyR, Pseudomonas geniculata; BDISO36ThaR, Bacillus subtilis;
BDISO38ThaP, Pseudomonas fluorescens; BDISO42ThaR, Pseudomonas putida; BDISO49JoyR, Bacillus subtilis; BDISO39ThaR, Bacillus subtilis;
BDISO64RanP, Pseudomonas putida.
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FIG. 8 Percent increase of root length (A), shoot length (B), and vigor index (C) over control. BDISO02PanR, Pseudomonas fluorescens;
BDISO13BogR, Pseudomonas fulva; BDISO20JoyR, Pseudomonas geniculata; BDISO36ThaR, Bacillus subtilis; BDISO38ThaP, Pseudomonas
fluorescens; BDISO42ThaR, Pseudomonas putida; BDISO49JoyR, Bacillus subtilis; BDISO39ThaR, Bacillus subtilis; BDISO64RanP, Pseudomonas
putida.

Recently, antagonistic bacteria were used for biological control of many plant pathogens infecting plant roots (Wei et
al., 1991; Van Peer et al., 1991; Maurhofer et al., 1994). Numerous studies have demonstrated the ability of several
antagonistic bacteria to suppress diseases caused by fungal plant pathogens (Kurze, 2001; Emmert and Handelsman, 1999;
Whipps, 1997). Within the last few decades, a large array of bacteria including species from the genera of Pseudomonas,
Azospirillum, Azotobacter, Klebsiella, Enterobacter, Alcaligenes, Arthrobacter, Burkholderia, Bacillus, and Serratia have
been reported to enhance plant growth. As biocontrol agents, isolates of P. fluorescens and Bacillus have been the most
studied and exploited (Kloepper et al., 1989; Glick, 1995; Okon and Labandera-Gonzalez, 1994; Fuhrmann and Wollum
II., 1989).

Nucleotide sequence analyses of 16SrDNA genes of 11 bacterial isolates showed 78%–98% sequence identity with
Pseudomonas strains found in India, China, Iran, Nigeria, Italy, and Chile. These results confirmed the bacterial isolates,
namely, BDISO02PanR as P. fluorescens, BDISO04PanR as P. putida, BDISO06DinR as P. putida, BDISO13BogR
as Pseudomonas sp., BDISO20JoyR as P. geniculata, BDISO38ThaP as P. fluorescens, BDISO42ThaR as P. putida,
BDISO56BogP as P. fluorescens, BDISO59JamP as Pseudomonas sp., BDISO64RanP as P. putida, and BDISO65RanP
as Pseudomonas sp., were identified. Molecular identification of antagonistic bacteria such as B. subtilis, Bacillus
amyloliquefaciens, Bacillus vallismortis, Streptomyces sp., Pseudomonas chlororaphis, and Acinetobacter baumannii,
with potential antifungal activity against some pathogenic fungi, including Aspergillus niger, Aspergillus flavus, Fusarium
moniliforme, and Penicillium marneffei, based on 16S rRNA sequence analysis was reported (Ranjbariyan et al., 2011).
Molecular techniques are implied to carry out the distinct classification and identification of bacteria by isolating the
genomic DNA; polymerase chain reaction generates copies of DNA sequence and then 16S ribosomal DNA (rDNA)-based
identification of bacteria. 16S rDNA gene sequencing provides unambiguous data even for rare isolates, which are
reproducible in and between laboratories. The increase in accurate new 16S rDNA sequences and the development
of alternative genes for molecular identification of certain taxa should further improve the usefulness of molecular
identification of bacteria. The use of 16S rRNA gene sequences to study bacterial phylogeny and taxonomy has been
by far the most common housekeeping genetic marker used for a number of reasons. These reasons include (i) its
presence in almost all bacteria, often existing as a multigene family, or operons; (ii) the function of the 16S rRNA
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gene over time that has not changed, suggesting that random sequence changes are a more accurate measure of time
(evolution); and (iii) the 16S rRNA gene (~ 1500 bp) that is large enough for informatics purposes (Patel and Chen, 2001).
However, 16S rRNA gene sequencing provides genus identification in most cases (> 90%) but less so with regard to
species (65%–83%), with from 1% to 14% of the isolates remaining unidentified after testing (Michael, 2007).

Possible mechanisms antagonistic bacteria mediated disease suppression include direct antagonism of the pathogen
by antagonistic bacteria (Amadioha, 2000; Fridlender et al., 1993) and the induction of systemic resistance in host
plants, which in turn results in a reduction of disease development (Ramamoorthy et al., 2002; Saravanakumar, 2007).
Antagonistic bacteria comprise a heterogeneous group of bacteria that can be found in the rhizosphere, at root surfaces, and
in association with roots. Among their overall beneficial effects are the ability to deplete their immediate environment of
available nutrients such as iron and to elute various metabolites possessing plant growth–antagonistic activity (Mahaffee
and Kloepper, 1994). As well, pretreatment of seeds and roots with antagonistic bacteria can induce the plant host defense
reactions against fungal pathogens (Van Peer and Schippers, 1992). The potentialities of different Pseudomonas spp. as
biocontrol agents were demonstrated by a number of researchers in home and abroad. Islam et al. (2018) reported that
cyanide producing Pseudomonas spp. inhibited the growth of P. infestans in vitro. Hunziker et al. (2015) also demonstrated
that cyanogenic Pseudomonas strains completely inhibited P. infestans growth, while noncyanogenic strains also produced
antioomycete compounds. P. putida was shown to suppress the development of P. infestans zoospores during in vitro
tests (Cao and Forrer, 2001). The mechanisms underlying the antimicrobial activity of different Pseudomonas spp. were
reported. Pierson and Pierson (1996) demonstrated that phenazine antibiotics produced by Pseudomonas aureofaciens
are primarily responsible for the bacteria’s competitive fitness in the rhizosphere, giving rise to its ability to act as a
biocontrol agent. Plant growth–promoting bacteria, Bacillus pumilus and P. fluorescens, to elicit systemic protection
against late blight in greenhouse tomatoes at a level equivalent to systemic acquired resistance induced by P. infestans
itself or induced local resistance by a chemical inducer (Yan et al., 2002). Tran et al. (2007) showed that the compound
massetolide A produced by P. fluorescens was effective in preventing tomato late blight infection and that the expansion
of existing late blight lesions was also significantly reduced. The study determined that induced systemic resistance was
responsible for their results. Kruijt et al. (2009) reported that P. putida strain suppressed Phytophthora capsici (cucumber
damping off) by unknown means, as the suggested contribution of biosurfactants was not further investigated. Hultberg
et al. (2010) reported Pseudomonas koreensis strain’s biosurfactant was able to directly harm zoospores of P. infestans;
the bacterium (but not the biosurfactant alone) also significantly reduced disease symptoms on detached potato leaves.
Zakharchenko et al. (2011) demonstrated increased protection against phytopathogens including P. infestans when plants
were colonized with a strain of P. aureofaciens. Tomar and Agarwal (2013) showed that biosurfactants extracted from five
strains of Pseudomonas aeruginosa were effective at inhibiting P. infestans growth by up to 85.33% when tested in vitro.
Van Der Voort et al. (2015) characterized Pseudomonas sp. SH-C52 from the rhizosphere of sugar beets. Its antifungal
properties—at least in part—were attributed to the production of the chlorinated 9-amino-acid lipopeptide thienamycin.
They reported that seven structural variants of the newly isolated lipopeptide thanapeptin were then also found to possess
varying degrees of antifungal activity against P. infestans. Bengtsson et al. (2015) observed a significant decrease in late
blight severity and an induced secretion of proteins such as pathogenesis-related protein 1 within the leaf apoplast after
treatment with the biosurfactant-producing strain P. koreensis 2.74.

The root length, shoot length, and vigor index were positively increased by the treatments with different spp. of
Pseudomonas and Bacillus as identified in the present study. The bacterial spp. performed better in increasing plant
growth when plants were grown from tuber treated with BDISO20JoyR, P. geniculata (Isolate no.20 of Joypurhat from
potato rhizosphere), followed by BDISO02PanR, P. fluorescens (Isolate no.2 of Panchagarh from potato rhizosphere),
BDISO42ThaR, P. putida (Isolate no.42 of Thakurgaon from potato rhizosphere); BDISO39ThaR, B. subtilis (Isolate
no.39 of Thakurgaon from potato rhizosphere); BDISO36ThaR, B. subtilis (Isolate no.36 of Thakurgaon from potato
rhizosphere); BDISO38ThaP, P. fluorescens (Isolate no.38 of Thakurgaon from potato phyllosphere); BDISO49JoyR, B.
subtilis (Isolate no.49 of Joypurhat from potato rhizosphere); BDISO64RanP, P. putida (Isolate no.64 of Rangpur from
potato phyllosphere); BDISO13BogR, Pseudomonas sp., and P. fulva (Isolate no.13 of Bogura from potato rhizosphere);
BDISO39ThaR, B. subtilis (Isolate no.39 of Thakurgaon from potato rhizosphere); and BDISO49JoyR, B. subtilis
(Isolate no.49 of Joypurhat from potato rhizosphere). The vigor index was also positively increased in plants grown
from tuber treated with BDISO39ThaR, B. subtilis (Isolate no.39 of Thakurgaon from potato rhizosphere), followed
by BDISO36ThaR, B. subtilis (Isolate no.36 of Thakurgaon from potato rhizosphere); BDISO02PanR, P. fluorescens
(Isolate no.2 of Panchagarh from potato rhizosphere); BDISO39ThaR, B. subtilis (Isolate no.39 of Thakurgaon from potato
rhizosphere); BDISO36ThaR, B. subtilis (Isolate no.36 of Thakurgaon from potato rhizosphere); BDISO02PanR,
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P. fluorescens (Isolate no.2 of Panchagarh from potato rhizosphere); BDISO42ThaR, P. putida (Isolate no.42 of
Thakurgaon from potato rhizosphere); BDISO38ThaP, P. fluorescens (Isolate no.38 of Thakurgaon from potato
phyllosphere); BDISO64RanP, P. putida (Isolate no.64 of Rangpur from potato phyllosphere); BDISO20JoyR, P.
geniculata (Isolate no.20 of Joypurhat from potato rhizosphere); and BDISO13BogR, Pseudomonas sp. and P. fulva
(Isolate no.13 of Bogura from potato rhizosphere).

The possible mechanisms of growth promotion of potato plants grown from the tubers treated with different spp.
of Pseudomonas and Bacillus spp. are possibly via the production capability of different plant growth–promoting
determinants, namely, siderophore, IAA, and phosphate solubilization by these bacterial spp. In this study, 11
Pseudomonas spp. and four Bacillus spp. were able to produce siderophore, which exhibited by orange halo zone around
bacteria colony on CAS agar. There was significant difference on siderophore production among antagonist bacteria. It
was known that microorganism that can produce siderophore provided Fe nutrition to enhance plant growth when iron
element bioavailability was low (Crowley, 2006). It was also known for more than three decades that different bacterial
species were capable to improve plant growth, contributed into plant Fe nutrition and promoted roots and shoots growth
by producing siderophores (Verma et al., 2011). Siderophore is particularly important when evaluating the potential of a
strain for biocontrol (Manninen and Mattila-Sandholm, 1994). Siderophores have been suggested to be an environmentally
friendly alternative to hazardous pesticides (Schenk et al., 2012). The biological control mechanism depended on the role
of siderophore as competitors for Fe to reduce Fe availability for the phytopathogen (Beneduzi et al., 2012). Siderophores
produced by numerous bacteria had a significant role in the biocontrol and negatively affected the growth of several
pathogens (Yu et al., 2011; Beneduzi et al., 2012). Siderophores also have role in induced systemic resistance (ISR) in
plants (De Meyer et al., 1999). Plant growth is reported to be enhanced by the use of different PGPR bacterial strains. In
our study, nine antagonistic bacteria were able to produce IAA. There was significant difference on IAA production among
antagonistic bacteria. IAA is one of the most important phytohormone for plant growth and function as important signal
molecule in the regulation of plant development. IAA also has been speculated to improve the fitness of plant-microbe
interactions (Patten and Glick, 2002). From previous studies, it showed that many plant-associated bacteria have the ability
to produce IAA that take part in the most important role in plant growth promotion by stimulating plant root development
and improving absorption of water and nutrients from soil (Wu et al., 2005; Aslantas et al., 2007). The IAA-producing
bacteria encouraged adventitious root formation and produced the greatest roots and shoot weight (Cakmakci et al., 2007b).
Therefore it was possible that PGPB strains that produced IAA affected plant hormones levels (Cakmakci et al., 2007a).
IAA has been shown to have an important role not only in plant development but also in activation of the plant defense
system (Hardoim et al., 2008). Moreover, several recent reports indicate that IAA can also be a signaling molecule in
bacterial communication (Spaepen et al., 2007). It has been reported that strains of IAA production had more active
metabolism resulting in tolerance to stress environments (Khan and Doty, 2009). PGPR bacterial strains help plant in
uptaking phosphorus nutrition by their phosphate solubilizing ability. In the present study, 11 antagonistic bacteria (6
Pseudomonas spp. and 5 Bacillus spp.) were able to solubilize insoluble phosphate in the soil for plant nutrition. There
was significant difference on phosphate-solubilizing activity among antagonist bacteria. In rhizosphere, bacteria secreted
organic acids, which results in phosphate solubilization from insoluble complexes, making it available for plant uptake
(Richardson et al., 2009). Therefore it has been reported that phosphate-solubilizing bacteria (PSB) induced plant growth
promotion (Oteino et al., 2015). Plant root–associated PSB have been considered as one of the possible alternatives for
inorganic phosphate fertilizers for promoting plant growth and yield (Thakuria et al., 2004). Increased plant growth and
phosphate uptake have been reported in many crop species as a result of PSB inoculants (Fankem et al., 2015; Gusain et
al., 2015). Research suggested that the inoculation of crops with phosphate-solubilizing microbes (PSM) had the potential
to reduce application rates of phosphate fertilizers by 50% without significantly reducing crop yield (Yazdani et al., 2009).

CONCLUSION
Present research work deal with the isolation, screening, and characterization of plant growth–promoting rhizobacteria
obtained from the rhizosphere of potato plants. Out of the 30 bacterial isolates, all isolates of Pseudomonas spp. and
Bacillus spp. can inhibit the growth of P. infestans up to 94% as compared with control. Among these bacterial isolates,
some of the selected Pseudomonas spp. and some of the potential Bacillus spp. were found to be efficient in producing
IAA and siderophore and in solubilizing insoluble phosphate in vitro. These infer that the presence of these strains in
the rhizosphere can provide soluble phosphorus to the plants, thereby acting as biofertilizers due to which the nutritional
need of the plant can be fulfilled. Moreover, all the selected isolates also produced IAA in significant amount, which
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help in increasing the shoot length, root length, and vigor index. Moreover, siderophore production by these bacterial
isolates can protect plant from other diseases and stress and in turn can indirectly enhance the plant growth. Therefore these
can be used as a biological control agent, which helps in enhancing the plant growth by keeping plant healthy and disease
free. Further the finding of the present study highlighted that rhizobacteria possessing multiple plant growth–promoting
traits can be easily isolated from rhizospheric soil and may be exploited for agricultural use. Thus, besides many other
applications of Pseudomonas and Bacillus sp. in biotechnology, these may find importance in agriculture as well.

REFERENCES
Ahmad, F., Ahmad, I., Khan, M.S., 2008. Screening of free living rhizospheric bacteria for their multiple plant growth promoting activities. Microbiol.

Res. 163, 173–181.
Alexander, D.B., Zuberer, D.A., 1991. Use of chrome azurol S reagents to evaluate siderophore production by rhizosphere bacteria. Biol. Fertil. Soils 12,

39–45.
Ali, M.S., Dey, T.K., 1994. Pathological research. On tuber crops in Bangladesh. In: Proc. Workshop on Transfer Technology of CDP Crops Under

Research Extension. Linkage Programme, Held on October 22-27, 1994. pp. 159–165.
Al-Mughrabi, M.K.I., 2012. Understanding and Managing Potato Late Blight. Canadian Horticultural Council, Available from:. http://www.hortcouncil.

ca/uploads/file/English/Publications/Understanding%20and%20 Managing%20Potato%20Late%20Blight.pdf.
Amadioha, A.C., 2000. Controlling rice blast in vitro and in vivo with extracts of Azadirachta indica. Crop Prot. 19, 287–290.
Asea, P.E.A., Kucey, R.M.N., Stewart, J.W.B., 1988. Inorganic phosphate solubilisation by two Penicillium species in solution culture and soil. Soil Biol.

Biochem. 20, 459–464.
Aslantas, R., Cakmakci, R., Sahin, F., 2007. Effect of plant-growth promoting rhizobacteria on young apple trees growth and fruit yield under orchard

conditions. Sci. Hortic. 111, 371–377.
Baudoin, E., Lerner, A., Sajjad, M.M., El Zemrany, H., Prigent-Combaret, C., Jurkevich, E., Spaepen, S., Vanderleyden, J., Nazaret, S., Okon, Y.,

Moenne-Loccoz, Y., 2010. Effects of Azospirillumbrasilense with genetically-modified auxin biosynthesis gene ipdC on the diversity of the
indigenous microbiota of the wheat rhizosphere. Res. Microbiol.(in press).

Beneduzi, A., Ambrosini, A., Passaglia, L.M., 2012. Plant growth-promoting rhizobacteria (PGPR): their potential as antagonist and biocontrol agents.
Genet. Mol. Biol. 35, 1044–1051.

Bengtsson, T., Holefors, A., Liljeroth, E., Hultberg, M., Andreasson, E., 2015. Biosurfactants have the potential to induce defence against Phytophthora
infestans in potato. Potato Res. 58, 83–90.

Biari, A., Gholami, A., Rahmani, H.A., 2008. Growth promotion and enhanced nutrient uptake of maize (Zea mays L.) by application of plant growth
promoting rhizobacteria in arid region of Iran. J. Biol. Sci. 8, 1015–1020.

Borriss, R., 2011. Use of plant-associated Bacillus strains as biofertilizers and biocontrol agents in agriculture. In: Bacteria in Agrobiology: Plant Growth
Responses. Springer, Berlin, Heidelberg, pp. 41–76.

Bottini, R., Cassanand, F., Picolli, P., 2004. Gibberellin production by bacteria and its involvement in plant growth promotion. Appl. Microbiol.
Biotechnol. 65, 497–503.

Cakmakci, R., Erat, M., Erdogan, U., Donmez, M.F., 2007. The influence of PGPR on growth parameters, antioxidant and pentose phosphate oxidative
cycle enzymes in wheat and spinach plant. J. Plant Nutr. Soil Sci. 170, 288–295.

Cakmakci, R., Donmezand, M.F., Erdogan, U., 2007. The effect of plant growth promoting rhizobacteria on barley seedling growth, nutrient uptake,
some soil properties, and bacterial counts. Turk. J. Agric. For. 31, 189–199.

Cao, K.Q., Forrer, H.R., 2001. Current status and prosperity on biological control of potato late blight (Phytophthora infestans). J. Agric. Univ. Hebei 24,
51–58.

Crowley, D.A., 2006. Microbial siderophores in the plant rhizosphere. In: Borton, C.L., Abadia, J. (Eds.), Iron Nutrition in Plants and Rhizospheric
Microorganism. Springer, Netherlands, pp. 169–189.

Davinson, J., 1988. Plant beneficial bacteria. Bio/Technology 6, 282–286.
De Meyer, G., Capieau, K., Audenaert, K., Buchala, A., Métraux, J.P., Höfte, M., 1999. Nanogram amounts of salicylic acid produced by the

rhizobacterium Pseudomonas aeruginosa 7NSK2 activate the systemic acquired resistance pathway in bean. Mol. Plant-Microbe Interact. 12 (5),
450–458.

Döbereiner, J., 1992. Recent changes in concepts of plant bacteria interactions: endophytic N2 fixing bacteria. Cienc. Cult. 44, 310–313.
Egamberdieva, D., Kucharova, Z., 2009. Selection for root colonizing bacteria stimulating wheat growth in saline soils. Biol. Fertil. Soils 45, 563–571.
Emmert, E.A.B., Handelsman, J., 1999. Biocontrol of plant disease: a (gram-) positive perspective. FEMS Microbiol. Lett. 171, 1–9.
Fall, M.L., Van der Heyden, H., Brodeur, L., Leclerc, Y., Moreau, G., Carisse, O., 2014. Spatiotemporal variation in airborne sporangia of Phytophthora

infestans: characterization and initiatives towards improving potato late blight risk estimation. Plant Pathol. 64, 178–190.
Fankem, H., Tchakounte, G.U.T., Ngonkot, I., Mofokova, H.I., Pondjou, D.T., Jimu, C., 2015. Common bean (Phaseolus vulgaris L.) and soya bean

(Glycine max) growth andnodulation as influenced by rock phosphate solubilising bacteria under pot grown conditions. Int. J. Agric. Policy Res. 5,
242–250.

Frankenberger, J.W.T., Arshad, M., 1995. Microbial synthesis of auxins. In: Frankenberger, W.T., Arshad, M. (Eds.), Phytohormones in Soils. Marcel
Dekker Inc., New York, pp. 35–71.

Fridlender, M., Inbar, J., Chet, I., 1993. Biological control of soilborne plant pathogens by a β-1,3 glucanase-producing Pseudomonas cepacia. Soil Biol.
Biochem. 25, 1211–1221.

Fuglie, K.O., 2007. Priorities for potato research in developing countries: results of a survey. Am. J. Potato Res. 84, 353–365.



UN
CO

RR
EC

TE
D

PR
OOF

18 New and Future Developments in Microbial Biotechnology and Bioengineering

Fuhrmann, J.J., Wollum II., A.G., 1989. Nodulation competition among Bradyrhizobium japonicum strains as influenced by rhizosphere bacteria and
iron availability. Biol. Fertil. Soils 7, 108–112.

Gamalero, E., Glick, B.R., 2011. Mechanisms used by plant growth-promoting bacteria. In: Bacteria in Agrobiology: Plant Nutrient Management.
Springer, Berlin, Heidelberg, pp. 17–46.

Garron, C.A., Davis, K.C., Ernst, W.R., 2009. Near-field air concentrations of pesticides in potato agriculture in Prince Edward Island. Pest Manag. Sci.
65, 688–696.

Ghorbani, R., Wilcockson, S.J., Giotis, C., Leifert, C., 2004. Potato late blight management in organic agriculture. Outlooks Pest Manag. 15, 176–280.
Giovannoni, S.J., 1991. The polymerase chain reaction. In: Stackebrandt, E., Goodfellow, M. (Eds.), Nucleic Acid Techniques in Bacterial Systematics.

John Wiley & Sons, New York, pp. 177–201.
Glick, B.R., 1995. The enhancement of plant growth by free living bacteria. Can. J. Microbiol. 41, 109–114.
Glick, B.R., Penrose, D.M., Li, J., 1998. A model for the lowering of plant ethylene concentrations by plant growth-promoting bacteria. J. Theor. Biol.

190, 63–68.
Glick, B.R., Cheng, Z., Czarny, J., Duan, J., 2007. Promotion of plant growth by ACC deaminase containing-containing soil bacteria. Eur. J. Plant Pathol.

119, 329–339.
Goss, E.M., Tabimab, J.F., Cooke, D.E.L., Restrepo, S., Fry, W.E., Forbes, G.A., Fieland, V.J., Cardenas, M., Grünwald, N.J., 2014. The irish potato

famine pathogen Phytophthora infestans originated in central Mexico rather than the Andes. Proc. Natl. Acad. Sci. U. S. A. 111, 1–6.
Gray, E.J., Smith, D.L., 2005. Intracellular and extracellular PGPR: commonalities and distinctions in the plant-bacterium signaling processes. Soil Biol.

Biochem. 37, 395–412.
Gusain, Y.S., Kamal, R., Mehta, C.M., Singh, U.S., Sharma, A.K., 2015. Phosphate solubiliizng and indole-3-acetic acid producing bacteria from the soil

of Garhwal Himalaya aimed to improve the growth of rice. J. Environ. Biol. 336, 301–307.
Haas, D., Defago, G., 2005. Biological control of soil-borne pathogens by fluorescent pseudomonads. Nat. Rev. Microbiol. 3, 307–319.
Hadwiger, L.A., McDonel, H., Glawe, D., 2015. Wild yeast strains as prospective candidates to induce resistance against potato late blight (Phytophthora

infestans). Am. J. Potato Res. 92, 379–386.
Haldar, K., Kamoun, S., Hiller, N., Bhattacharje, L.S., van Ooij, C., 2006. Common infection strategies of pathogenic eukaryotes. Nat. Rev. Microbiol.

4, 922–931.
Hardoim, P.R., Overbeek, L.S.V., Elsas, J.D.V., 2008. Properties of bacterial endophytes and their proposed role in plant growth. Trends Microbiol. 16,

463–471.
Maurhofer, M., Hase, C., Meuwly, P., Metraux, J.P., Defago, G., 1994. Induction of systemic resistance of tobacco to tobacco necrosis virus by the

root-colonizing Pseudomonas fluorescens strain CHA0: influence of the gacA gene and of pyoverdine production. Phytopathology (USA)
Hultberg, M., et al., 2010. Late blight on potato is suppressed by the biosurfactant-producing strain Pseudomonas koreensis 2.74 and its biosurfactant.

BioControl 55, 543–550.
Hunziker, L., Bönisch, D., Groenhagen, U., Bailly, A., Schulz, S., Weisskopf, L., 2015. Pseudomonas strains naturally associated with potato plants

produce volatiles with high potential for inhibition of Phytophthora infestans. Appl. Environ. Microbiol. 81, 821–830.
Islam, M.R., Nizam, M.U., Tipu, M.M.H., 2018. Molecular based identification and formulation of cyanogenic Pseudomonas spp. controlling

Phytophthora infestans. In: Proceeding of the International Symposium on Innovative Crop Protection for Sustainable Agriculture, March 7–8.
United Graduate School of Agricultural Sciences, Gifu University, Japan, pp. 51–56.

Jindal, K.K., Singh, H., Meeta, M., 1988. Biological control of Phytophthora infestans on potato. Indian J. Plant Pathol. 6, 59–62.
Johnson, A.C.S., Frost, K.E., Rouse, D.I., Gevens, A.J., 2015. Effect of temperature on growth and sporulation of US-22, US-23, and US-24 clonal

lineages of Phytophthora infestans and implications for late blight epidemiology. Phytopathology 105, 449–459.
Judelson, H.S., Blanco, F.A., 2005. The spores of Phytophthora: weapons of the plant destroyer. Nat. Rev. Microbiol. 3, 47–58.
Kampert, M., Strzelczy, K.E., Pokojska, A., 1975. Production of auxins by bacteria isolated from pine roots (Pinus syivestris L.). Acta Microbiol. Pol. B

7, 135–143.
Kato, M., Mizubuti, E.S.G., Goodwin, S.B., Fry, W.E., 1997. Sensitivity to protectant fungicides and pathogenic fitness of clonal lineages of

Phytophthora infestans in the United States. Phytopathology 87, 973–978.
Khan, Z., Doty, S.L., 2009. Characterization of bacterial endophytes of sweet potato plants. Plant Soil 322, 197–207.
Kloepper, J.W., 1994. Plant growth promoting bacteria (other systems). In: Okon, J. (Ed.), Azospirillum/Plant Association. CRC Press, Boca Raton, FL,

pp. 137–154.
Kloepper, J.W., Schroth, M.N., 1978. Plant growth promoting rhizobacteria on radishes. In: Proceedings of the 4th International Conference on Plant

Pathogenic Bacteria, vol. II. Tours: Gilbert-Clary. pp. 879–882.
Kloepper, J.W., Lifshitz, R., Zablotowicz, R.M., 1989. Free-living bacterial inocula for enhancing crop productivity. Trends Biotechnol. 7, 39–43.
Kruijt, M., Tran, H., Raaijmakers, J.M., 2009. Functional, genetic and chemical characterization of biosurfactants produced by plant growth‐promoting

Pseudomonas putida 267. J. Appl. Microbiol. 107 (2), 546–556.
Kumar, A., Prakash, A., Johri, B.N., 2011. Bacillus as PGPR in crop ecosystem. In: Bacteria in Agrobiology: Crop Ecosystems. Springer, Berlin,

Heidelberg, pp. 37–59.
Kurze, S., 2001. Biological control of fungal strawberry diseases by Serratia plymuthica HRO-C48. Plant Dis. 85, 529–534.
Lemanceau, P., 1992. Effects benefiques de rhizobacteries sur les plantes: exemple des Pseudomonas spp. fluorescent. Agronomie 12, 413–437.
Lindberg, T., Granhall, U., Tomenius, H., 1985. Infectivity and acetylene reduction of diazotrophic rhizosphere bacteria in wheat (Triticum aestivum)

seedlings under gnotobiotic conditions. Biol. Fertil. Soils 1, 123–129.
Lugtenberg, B.J.J., Dekkers, L., Bloemberg, G.V., 2001. Molecular determinants of rhizosphere colonization by Pseudomanas. Annu. Rev. Phytopathol.

39, 461–490.



UN
CO

RR
EC

TE
D

PR
OOF

Plant growth–promoting rhizobacteria Chapter | 10 19

Mahaffee, W.F., Kloepper, J.W., 1994. Applications of plant growth-promoting rhizobacteria in sustainable agriculture. In: Pankhurst, C.E., Doube,
B.M., Gupta, V.V.S.R., Grace, P.R. (Eds.), Soil Biota: Management in Sustainable Farming Systems. CSIRO, Melbourne, pp. 23–31.

Manninen, M., Mattila-Sandholm, T., 1994. Methods for the detection of Pseudomonas siderophores. J. Microbiol. Methods 19, 223–234.
Matzanke, B.F., 1991. Structures, coordination chemistry and functions of microbial iron chelates. In: Winkelmann, W.G. (Ed.), CRC Handbook of

Microbial Iron Chelates. CRC Press, Boca Raton, FL, pp. 15–20.
McSpadden-Gardener, B.B., 2004. Ecology of Bacillus and Paenibacillus spp. in agricultural systems. Phytopathology 94, 1252–1258.
Mizubuti, E.S.G., Fry, W.E., 2006. Potato late blight. In: Cooke, B.M., Jones, D.G., Kaye, B. (Eds.), The Epidemiology of Plant Diseases, second ed.

Springer-Verlag, Dordrecht, pp. 445–471.
Mizubuti, E.S.G., Júnior, V.L., Forbes, G.A., 2007. Management of late blight with alternative products. Pest Technol. 1, 106–116.
Nowicki, M., Foolad, M.R., Nowakowska, M., Kozik, E.U., 2012. Potato and tomato late blight caused by Phytophthora infestans: an overview of

pathology and resistance breeding. Plant Dis. 96, 4–17.
Okon, Y., Labandera-Gonzalez, C.A., 1994. Improving plant productivity with rhizosphere bacteria. In: Commonwealth Scientific and Industrial

Research Organization; Adelaide, Australia. Agronomic Applications of Azospirillum. pp. 274–278.
Oteino, N., Lally, R.D., Kiwanuka, S., Lloy, A., Ryan, D., 2015. Plant growth promotion induced by phosphate solubilising endophytic Pseudomonas

isolates. Front. Microbiol. 6, 745.
Patel, M.V., Chen, F.J., 2001. U.S. Patent No. 6,248,363. U.S. Patent and Trademark Office, Washington, DC.
Patten, C.L., Glick, B.R., 2002. Role of Pseudomonas putida indole acetic acid in development of host plant root system. Appl. Environ. Microbiol. 68,

3795–3801.
Peters, R.D., Al-Mughrabi, K.I., Kalischuk, M.L., Dobinson, K.F., Conn, K.L., Alkher, H., Islam, M.R., Daayf, F., Lynn, J., Bizimungu, B., De Koeyer,

D., Lévesque, C.A., Kawchuk, L.M., 2014. Characterization of Phytophthora infestans population diversity in Canada reveals increased migration
and genotype recombination. Can. J. Plant Pathol. 36, 73–82.

Pierson, L.S.I., Pierson, E.A., 1996. Phenazine antibiotic production in Pseudomonas aureofaciens: role in rhizosphere ecology and pathogen suppression.
Fed. Eur. Microbiol. Soc. Microbiol. Lett. 136, 101–108.

Podile, A.R., Kishore, G.K., 2006. Plant growth-promoting rhizobacteria. In: Gnanamanickam, S.S. (Ed.), Plant-Associated Bacteria. Springer,
Netherlands, pp. 195–230.

Raaijmakers, J.M., Vlami, M., de Souza, J.T., 2002. Antibiotic production by bacterial biocontrol agents. Antonie Van Leeuwenhoek 81, 537–547.
Ramamoorthy, V., Raguchander, T., Samiyappan, R., 2002. Induction of defense-related proteins in tomato roots treated with Pseudomonas fluorescens

Pf1 and Fusarium oxysporum f. sp. lycopersici. Plant Soil 239 (1), 55–68.
Ranjbariyan, A., Shams-Ghahfarokhi, M., Kalantari, S., Razzaghi-Abyaneh, M., 2011. Molecular identification of antagonistic bacteria from Tehran soils

and evaluation of their inhibitory activities toward pathogenic fungi. Iran. J. Microbiol. 3, 140–146.
Richardson, A., Bara, J.M., Mc Neill, A., Prigent-Combaret, C., 2009. Acquisition of phosphorus and nitrogen in the rhizosphere and plant growth

promotion by microorganism. Plant Soil 321, 30539.
Ristaino, J.B., 2002. Tracking historic migrations of the Irish potato famine pathogen, Phytophthora infestans. Microbes Infect. 4, 1369–1377.
Saravanakumar, D., 2007. PGPR-induced defense responses in the tea plant against blister blight disease. Crop Prot. 26, 556–565.
Sarwar, M., Kremer, R.J., 1995. Enhanced suppression of plant-growth through production of L-tryptophan-derived compounds by deleterious

rhizobacteria. Plant Soil 172, 261–269.
Saville, A., Graham, K., Grunwald, N.J., Myers, K., Fry, W.E., Ristaino, J.B., 2015. Fungicide sensitivity of U.S. genotypes of Phytophthora infestans to

six oomycete-targeted compounds. Plant Dis. 99, 659–666.
Schenk, P.M., Carvalhais, L.C., Kazan, K., 2012. Unraveling plant-microbe interactions: can multi-species transcriptomics help?. Trends Biotechnol. 20,

177–184.
Shahab, S., Nuzhat, A., Nasreen, S.K., 2009. Indole acetic acid production and enhanced plant growth promotion by indigenous PSBs. Afr. J. Agric. Res.

4, 1312–1316.
Singal, R., Gupta, R., Saxena, R.K., 1994. Rock phosphate solubilization under alkaline conditions by Aspergillus japonicas and A. foetidus. Folia

Microbiol. 39, 33–36.
Spaepen, S., Vanderleyden, J., Remans, R., 2007. Indole-3-acetic acid inmicrobial and microorganism-plant signaling. FEMS Microbiol. Rev. 31,

425–448.
Spaepen, S., Dobbelaere, S., Croonenborghs, A., Vanderleyden, J., 2008. Effects of Azospirillum brasilense indole-3-acetic acid production on inoculated

wheat plants. Plant Soil 312, 15–23.
Stephan, D., Schmitt, A., Carvalho, S.M., Seddon, B., Koch, E., 2005. Evaluation of biocontrol preparations and plant extracts for the control of

Phytophthora infestans on potato leaves. Eur. J. Plant Pathol. 112, 235–246.
Suslov, T.V., 1982. Role of root-colonizing bacteria in plant growth. In: Mount, M.S., Lacy, G.H. (Eds.), Phytopathogenic Prokariotes. Academic Press,

London, pp. 187–223.
Taiz, L., Zeiger, E., 1998. Plant Physiology. Sinauer Associates, Sunderland, MA.
Teale, W.D., Paponov, I.A., Palme, K., 2006. Auxin in action: signalling, transport and the control of plant growth and development. Nat. Rev. Mol. Cell

Biol. 7, 847–859.
Thakuria, D., Talukdar, N.C., Goswami, C., Hazarika, S., Boroand, R.C., Khan, M.R., 2004. Characterization and screening of bacteria from rhizosphere

of rice grown in acidic soils of Assam. Curr. Sci. 86, 978–985.
Timmusk, S., Nicander, B., Granhall, U., Tillberg, E., 1999. Cytokinin production by Paenibacillus polymyxa. Soil Biol. Biochem. 31, 1847–1852.
Tomar, D., Agarwal, S., 2013. A survey on data mining approaches for healthcare. Int. J. Bio-Sci. Bio-Technol. 5 (5), 241–266.
Tran, H., Ficke, A., Asiimwe, T., Höfteand, M., Raaijmakers, J.M., 2007. Role of the cyclic lipopeptidemassetolide A in biological control of

Phytophthora infestans and in colonization of tomato plants by Pseudomonas fluorescens. New Phytol. 175, 731–742.



UN
CO

RR
EC

TE
D

PR
OOF

20 New and Future Developments in Microbial Biotechnology and Bioengineering

Van Der Voort, M., Meijer, H., Schmidt, Y., Watrous, J., Dekkers, E., Mendes, R., Raaijmakers, J.M., 2015. Genome mining and metabolic profiling of
the rhizosphere bacterium Pseudomonas sp. SH-C52 for antimicrobial compounds. Front. Microbiol. 6, 693.

Van Peer, R., Schippers, B., 1992. Lipopolysaccharides of plant-growth promoting Pseudomonas spp. strain WCS 417r induce resistance in carnation to
Fusarium wilt. Neth. J. Plant Pathol. 98, 129–139.

Van Peer, R., Niemannand, R., Schippers, B., 1991. Induced resistance and phytoalexin accumulation in biological control of Fusarium wilt of carnation
by Pseudomonas sp. strain WCS 417r. Phytopathology 81, 728–734.

Vassileva, M., Vassilev, N., Azcon, R., 1998. Rock phosphate solubilization by Aspergillus niger on olive cake-based medium and its further application
in soil-plant system. World J. Microbiol. Biotechnol. 14, 281–284.

Verma, V.C., Singh, S.K., Prakash, S., 2011. Biocontrol and plant growth promotion potential of siderophore producing endophytic Streptomyces from
Azadirachta indica A. Juss. J. Basic Microbiol. 51, 550–556.

Vyas, P., Gulati, A., 2009. Organic acid production in vitro and plant growth promotion in maize under controlled environment by phosphate-solubilizing
fluorescent Pseudomonas. BMC Microbiol. 22 (9), 174.

Wei, G., Kloepper, J.W., Tuzun, S., 1991. Induction of systemic resistance of cucumber to Colletotrichum orbiculare by select strains of plant
growth-promoting rhizobacteria. Phytopathology 81, 1508–1512.

Wharton, P.S., Kirk, W.W., Schafer, R.L., Tumbalam, P., 2012. Evaluation of biological seed treatments in combination with management practices for
the control of seed-borne late blight in potato. Biol. Control 63, 326–332.

Whipps, J.M., 1997. Ecological considerations involved in commercial development of biological control agents for soil-borne diseases. In: Van Elsas,
J.D., Trevors, J.T., Wellington, E.H.M. (Eds.), Modern Soil Microbiology. Marcel Dekker, New York, NY, pp. 525–546.

Woodward, A.W., Bartel, B., 2005. Auxin: regulation, action, and interaction. Ann. Bot. 95, 707–735.
Wu, S.C., Caob, Z.H., Lib, Z.G., Cheunga, K.C., Wanga, M.H., 2005. Effects of biofertilizer and AM fungi on maize growth: a greenhouse trial.

Geoderma 125, 155–166.
Xu, D., Côte, J.C., 2003. Phylogenetic relationships between Bacillus species and related genera inferred from comparison of 3′ end 16S rDNA and 5′

end 16S–23S ITS nucleotide sequences. Int. J. Syst. Evol. Microbiol. 53, 695–704.
Yan, Z., Reddy, M.S., Ryu, C.M., McInroy, J.A., Wilson, M., Kloepper, J.W., 2002. Induced systemic protection against tomato late blight elicited by

plant growth-promoting rhizobacteria. Phytopathology 92, 1329–1333.
Yazdani, M., Bhamanyar, M.A., Pirdashti, H., Esmaili, M.A., 2009. Effect of phosphate solubilisation microorganism (PSM) and plant growth-promoting

rhizobacteria (PGPR) on yield and yield component of corn (Zea mays L.). World Acad. Sci. Eng. Technol. 49, 90–92.
Yu, X., Ai, C., Xin, L., Zhou, G., 2011. The siderophore-producing bacterium, Bacillus subtilis CAS15, has a bio-control effect on Fusarium wilt and

promotes the growth of pepper. Eur. J. Soil Biol. 47, 138–145.
Zakharchenko, N.S., Kochetkov, V.V., Buryanov, Y.I., Boronin, A.M., 2011. Effect of rhizosphere bacteria Pseudomonas aureofaciens on the resistance

of micropropagated plants to phytopathogens. Appl. Biochem. Microbiol. 47, 661.

FURTHER READING
Glick, B.R., Karaturovíc, D., Newell, P., 1995. A novel procedure for rapid isolation of plant growth-promoting rhizobacteria. Can. J. Microbiol. 41,

533–536.
Sarwar, M., Frankenberger, W.T., 1994. Tryptophan dependent biosynthesis of auxins in soil. Plant Soil 160, 97–104.



����������
�������

Citation: Islam, M.H.; Masud, M.M.;

Jannat, M.; Hossain, M.I.; Islam, S.;

Alam, M.Z.; Serneels, F.J.B.; Islam,

M.R. Potentiality of Formulated

Bioagents from Lab to Field: A

Sustainable Alternative for

Minimizing the Use of Chemical

Fungicide in Controlling Potato Late

Blight. Sustainability 2022, 14, 4383.

https://doi.org/10.3390/su14084383

Academic Editors: Xiaoli Zhang,

Dengsheng Lu, Xiujuan Chai,

Guijun Yang and Langning Huo

Received: 10 February 2022

Accepted: 13 March 2022

Published: 7 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Potentiality of Formulated Bioagents from Lab to Field: A
Sustainable Alternative for Minimizing the Use of Chemical
Fungicide in Controlling Potato Late Blight
Md. Huzzatul Islam 1,2, Md. Mostafa Masud 1 , Muhtarima Jannat 1, Muhammad Iqbal Hossain 1,
Shafiqul Islam 1, Md. Zahangir Alam 1, Francois J. B. Serneels 3 and Md. Rashidul Islam 1,*

1 Plant Bacteriology and Biotechnology Laboratory, Department of Plant Pathology, Bangladesh Agricultural
University, Mymensingh 2202, Bangladesh; adilbau460a@yahoo.com (M.H.I.);
masud44510@bau.edu.bd (M.M.M.); jannatppath@gmail.com (M.J.); kbd.iqbal82@gmail.com (M.I.H.);
islamshafiq_80@yahoo.com (S.I.); jewelbauppath@bau.edu.bd (M.Z.A.)

2 Department of Agricultural Extension (DAE), Khamarbari, Dhaka 1215, Bangladesh
3 Centre for Agriculture and Agro-Industry of Hainaut Province (CARAH), 7822 Ath, Belgium;

francois.serneels@hainaut.be
* Correspondence: rashidul.islam@bau.edu.bd

Abstract: Late blight of potato caused by an oomycete, Phytophthora infestans (Mont.) De Bary limits
the production of potato worldwide. Late blight management has been based on chemical fungicide
application, and the repeated use of these fungicides introduces new and more aggressive genotypes,
which can rapidly overcome host resistance. Therefore, innovative and effective control measures are
needed if fungicide use is to be reduced or eliminated. Some potential formulated bacterial bioagents
viz. Pseudomonas putida (BDISO64RanP) and Bacillus subtilis (BDISO36ThaR), and fungal bioagents
viz. Trichoderma paraviridicens (BDISOF67R) and T. erinaceum (BDISOF91R), were evaluated for their
performance in controlling late blight of potato under growth chamber and field conditions. Both
artificial inoculation and field experiments revealed that eight sprays of these bacterial (P. putida
and B. subtilis) and fungal (T. erinaceum) bioagents were found to be most effective at reducing late
blight severity by 99% up until 60 days after planting (DAP), whereas these bioagents were found to
be partially effective until 70 DAP, reducing late blight severity by 46 to 60% and 58 to 60% in the
field and growth chamber conditions, respectively. However, these bioagents can reduce the spray
frequencies of Curzate M8 by 50% (four sprays instead of eight) when applied together with this
fungicide. Economic analysis revealed that T6 (eight sprays of formulated P. putida + B. subtilis + four
sprays of Curzate M8) and T16 (eight sprays of formulated P. putida, B. subtilis, and T. erinaceum
+ four sprays of Curzate M8) performed better in consecutive two years, applying less fungicidal
spray compared to T1 (eight sprays of Curzate M8 (Positive control)), which indicated that the
return ranged, by Bangladeshi Currency (Taka), from 0.85 to 0.90 over the investment of Bangladeshi
Currency (Taka) 1.00 in these treatments, and these results together highlight the possibility of using
bioagents in reducing late blight of potato under a proper warning system to reduce the application
frequency of chemical fungicide.

Keywords: bioagents; chemical fungicide; complementary approach; late blight management; potato

1. Introduction

Late blight caused by P. infestans (Mont.) De Bary restricts the yield of potato notably
in cool temperature regions globally. P. infestans (Mont.) De Bary is an oomycete that is well
recognized for its explosive expansion when environmental circumstances are adequate and
host plants are vulnerable to infection [1]. In 2019, Bangladesh produced 9.7 million tonnes
of potato on 0.5 million ha, which represents 2.6% of the world production [2]. The yield
of potatoes in Bangladesh in 2019 as calculated by the FAO [2] was 20.6 t/ha, which was
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lower compared to the potential yield and to the yield of other potato growing countries
of the world. Recently, Bangladesh exported 45,000 tonnes of fresh potato in the world
market in 2019–2020, as the production exceeded the demand [3]. The annual consumption
of potato per capita also increased and reached 25.66 kg in 2016 from 23.65 kg in 2010,
bringing the growth rate to 8.5% during only a six-year period [4]. The estimated losses
in the world’s economy vary from 3 to 5 billion dollars annually due to the investment
cost for the production of potatoes destroyed by late blight [5,6]. In Bangladesh, the late
blight disease of potatoes has caused a big drop in yields, which has been estimated to be
between 25% and 57% [7]. The genome structure of P. infestans allows itself to adapt by
fostering genetic diversity [8,9].

As potato late blight may quickly cause large economic losses, potato growers must
apply synthetic fungicides to plant surfaces almost weekly before sporangia appear [10].
However, the heavy use of synthetic pesticides causes serious concerns for human health
and also affects the environment, as well as favoring the development of fungicide re-
sistant P. infestans genotypes [11,12], due to the fast development in the number of phys-
iological races that can overcome a set of resistance genes (R1–R11) [13]. At the same
time, two counter-balancing factors have also developed: societal pressure for reduc-
ing pesticide use on crops and acreage of organically-grown food crops—potato and
tomato included [14–16]. For many years, copper-based fungicides (e.g., Bordeaux com-
bination, fixed-copper hydroxide, copper oxide, and copper oxychloride) have been
used to suppress late blight in organic potato and tomato cultivation. Organic fields
in Brazil [15], USA [17] and Japan (Maff Notification no. 59, 2000) may employ these chemi-
cals (www.maff.go.jp/soshiki/syokuhin/hinshitu/organic/engyukihow.pd accessed on
22 January 2022). Currently, in the European Union, only 6 kg of elemental copper per ha
per year is allowed in organic production [16]. As soon as reliable alternatives to manage
late blight are available, a complete ban of copper compounds should take place [18]. On
the other hand, the misuse of pesticides has resulted in a severe danger to food safety and
to the natural environment [19]. Fungicides have been widely used to treat late blight
and for the emergence of novel pathogen genotypes [20]. Randall et al. [21] reported field
isolates insensitive to phenylamide-based chemicals, including metalaxyl and insensitive
strains exhibiting cross-resistance to multiple phenylamide compounds. In the meanwhile,
in 2020, EU countries decided to ban mancozeb, the last cheap contact fungicide of the
dithiocarbamates family, because of its reproductive toxicity and endocrine disruptive
action (regulation (EU) 2020/2087). It was largely used in potato late blight control, and
is one of the two or three most common pesticides in use worldwide, with a history of
60 years since its introduction in 1962.

Several biopesticides and biofungicides products have already been registered for the
treatment of late blight or have been pending registrations [22,23]. However, these products
have elicited mixed results and, as of yet, have not demonstrated sufficient and consistent
levels of late blight suppression in order to significantly curb the heavy use of synthetic
and copper-based fungicides [22]. A tremendous increase in the application of pesticides,
especially fungicides, has led to a number of health problems, including reproductive
problems [24,25], genetic damage [26], neurological disorders [27], increases in bladder
cancer [28], and even breast cancer [29], because farmers are directly and indirectly exposed
to pesticides. So, to minimize or eliminate fungicide usage, such as in organic potato
cultivation, creative and effective control strategies are required. To safeguard potato
crops from the most dangerous foliar disease, researchers are searching for non-chemical
alternatives.

Several genera of microorganisms show an anti-oomycete activity, such as Bacil-
lus [30,31], Penicillium [32], Pseudomonas [33,34], Fusarium [35,36], and Trichoderma [37–40].
The use of bacteria as bio-control agents for the treatment of potato late blight has re-
cently gained popularity in recent years, with numerous research finding promising
outcomes [41–46]. Among the bacterial antagonists, many belong to the genus Bacillus
and there are several other major genera of smaller practical value than Bacillus [47]. En-
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dosporic and enzymatic components of B. subtulis have been found to be very potent
against numerous fungal infections. Potato associated cyanogenic Pseudomonas spp. dis-
plays a volatile-mediated high potential against P. infestans [48,49]. In addition to supplying
biofungicides as effective alternatives to synthetic fungicides, bacteria have an enormous
potential for agricultural advantages such as secreting plant growth regulating hormones,
fixing atmospheric nitrogen, and enhancing phosphorus nutrition [34]. Unlike synthetic
fungicides, numerous microorganisms may also have the capacity to increase their hostile
activity against plant pathogens over time by effectively colonizing plant surfaces [50].
Plant growth reduction is caused by drought stress [51], heavy metals [52], weed infesta-
tion [53], salt stress [54], and several adverse environmental states. PGPM may alter plant
performance directly by producing chemicals that enhance plant growth, boost nutrient
availability, and absorption under biotic stress, and trigger plant defense responses, or
indirectly by suppressing plant infections [55]. Surprisingly, biocontrol agents (BCAs),
including microorganisms and their secondary metabolites, were shown to be promising as
efficient and environmentally friendly alternatives to chemicals [19,56]. Because disease
symptoms occur early in the growth stage, chemical control programs should use predic-
tion models and eco-friendly plant protection methods to minimize the fungicide dose and
lengthen the treatment intervals [57].

Two new native fungal isolates identified from the rice rhizosphere and bacterial
isolates identified from potato phylloplane and rhizosphere have been used in this study.
We assessed their efficacy for controlling the late blight of potato, but P. infestans is a
polycyclic pathogen that can hardly be completely controlled with bioagents only. The
effects of fungicide application have numerous hazards to mankind and the environment,
and apart from that, many fungicides are banned in developed countries due to their toxic
effects to human beings and animals. Thus, in this study, we focused on the use of both
fungicides and native formulated bioagents, considered as a novel approach in reducing the
application frequency of chemical fungicide, to minimize the impact of late blight severity
on potato yield.

2. Materials and Methods
2.1. Culture and Growth Condition for Bacterial and Fungal Bioagents

The cultures of bacterial bioagents were maintained in Luria−Bartani (LB) medium [58]
and fungal bioagents were maintained in potato dextrose agar (PDA) medium. Two bacte-
rial isolates viz. P. putida (BDISO64RanP) and B. subtilis (BDISO36ThaR) were isolated from
potato phylloplane and rhizosphere identified previously by sequencing 16SrDNA [59] and
were grown on the LB agar medium during the experimental period. Two fungal strains
viz. T. paraviridicens (BDISOF67R) and T. erinaceum (BDISOF91R) (Islam et al., unpublished
data) isolated from the rice rhizosphere were identified with ITS primer and were cultured
on the PDA medium.

2.2. In Vitro Antagonist Test in the Laboratory

In order to test the efficacy of different bioagents against P. infestans in vitro, the growth
inhibition of P. infestans by different bio-agents was compared with the controls (positive
and negative) (Figure 1). For the bacteria, the bioagents were sub cultured for one week
after being removed from−80 ◦C and then, overnight, the culture of B. subtilis/P. putida was
inoculated in a triangle on pea agar plates. Then, 5 mm disc of P. infestans (9 days old) were
placed at the center of the triangularly inoculated bacterial plates. In the control plates,
only a 5 mm disc of P. infestans (9 days old) was inoculated. The radial growth inhibition of
P. infestans was assessed at two to three weeks after inoculation by measuring the radial
growth of P. infestans in the dual and control plates. The percent radial mycelial growth
inhibition was calculated as follows:

% Radial growth inhibition =
(R1− R2)× 100

R1
(1)
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where R1 = radial growth of P. infestans in the control plates and R2 = radial growth of
P. infestans in the dual culture plates.
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Figure 1. Growth inhibition of P. infestans by bioagents with the control. (A) Negative control,
(B) positive control (Curzate M8), (C) mycelia of P. infestans, (D) pure culture of P. putida, (E) growth in-
hibition of P. infestans by P. putida, (F) deformation of mycelial structure of P. infestans by P. putidaunder
stereo binocular microscope, (G) pure culture of B. subtilis, (H) growth inhibition of P. infestans by
B. subtulis, (I) deformation of mycelial structure of P. infestans by Bacillus subtilis under stereo binocu-
lar microscope, (J) pure culture of T. erinacium, (K) growth inhibition of P. infestans by T. erinacium, and
(L) deformation of mycelial structure of P. infestans by T. erinacium under stereo binocular microscope.

For fungal bioagents, a dual culture method was used to analyze whether T. par-
aviridescens/T. erinaceum inhibits the growth of P. infestans [60]. Trichoderma isolates were
maintained in PDA strains at 4–8 ◦C for a short period of time. Briefly, a 5 mm diameter
mycelial plug of P. infestans (9 days old) was placed on one side of a petri dish (9 cm
diameter) containing pea agar and was pre-incubated at 18 ◦C for 2 days to initiate growth.
Later, a 5 mm diameter disc of T. paraviridescens/T. erinaceum (7 days old) was placed 6 cm
away from the pathogen on the dual plates, whereas a sterile PDA disc was placed in the
control plates. The assay was done twice with five replications and the radial growth of
the pathogen was measured 4 days after incubation at 18 ◦C. The percent radial mycelial
growth inhibition (I) was calculated as follows [59]:

I = [(C − T)/C] × 100 (2)

where C is the radial growth measurement of the pathogen in the control plates and T is
radial growth of the pathogen in the dual plates.

2.3. Experimental Location and Design

The efficacy of some selected formulated bio-agents was evaluated in both the plant
growth chamber (18 ◦C and RH 90%) and field conditions. Plant growth chamber experi-
ments were conducted at the Professor Golam Ali Fakir Seed Pathology Centre, Bangladesh
Agricultural University, Mymensingh. The growth chamber was equipped with an air
cooler and sprinkling watering system, and sensors to maintain temperature (18–20 ◦C and
adjust humidity (85–90%) two to three times in a day. Field experiments were conducted in
the same farmer’s field, Sutia Khali, Mymensingh Sadar, Mymensingh, from 2018–2021.
Pot experiments were conducted in a plant growth chamber with completely randomized
design (CRD) and field experiments were with randomized complete block design (RCBD)
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by maintaining three replications. The plot size for field experiments was 3 × 2 m2. The
row to row distance was 60 cm, while the plant to plant distance was 20 cm.

2.4. Treatment Design and Combination

We assessed the efficacy of two bacterial (viz; P. putida and B. subtilis) and two fungal
(T. paraviridescens and T. erinaceum) bioagents compared to the chemical fungicide (Curzate
M8) in a different combination. Treatment combinations were T0 (water (negative con-
trol), T1 (foliar spray of formulation of T. paraviridescens), T2 (foliar spray of formulation
of T. erinaceum), T3 (foliar spray of formulation of P. putida), T4 (foliar spray of formula-
tion of B. subtilis), T5 (foliar spray of formulation of T. paraviridescens and P. putida), T6
(foliar spray of formulation of T. erinaceum and P. putida), T7 (foliar spray of formulation
of T. paraviridescens and B. subtilis), T8 (foliar spray of formulation of T. erinaceum and
B. subtilis), T9 (foliar spray of formulation of T. paraviridescens, T. erinaceum, P. putida, and
B. subtilis), T10 (foliar spray of Curzate M8 (Cymoxanil + Mancozeb), and T11 (foliar spray
of formulation of T. paraviridescens, T. erinaceum, P. putida, and B. subtilis with T10).

According to the results of the previous experiments on the efficacy of the two formu-
lated bacterial and two fungal bioagents in reducing late blight severity of potato under
growth chamber conditions and field conditions during 2018–2019, we selected two bacte-
rial (viz; P. putida and B. subtilis) and one fungal (viz. T. erinaceum) bioagents that were found
to be effective for the total growth inhibition of late blight pathogen. The next step was
to compare treatments (A) exclusively based on the current number of sprays of chemical
fungicide; (B) based on the same number of sprays, but applying single or mixed bioagents;
and (C) the same as (B), but reinforced by one to four additional sprays with chemical
fungicide. Thus, the efficacy of these bioagents in reducing the application frequency of
chemical fungicides for controlling late blight of potato was evaluated in the following
treatments: T0 = water (negative control), T1 = eight sprays of Curzate M8 (positive control),
T2 = eight sprays of formulated P. putida + B. subtilis, T3 = T2 + one spray of Curzate M8,
T4 = T2 + two sprays of Curzate M8, T5 = T2 + three sprays of Curzate M8, T6 = T2 + four
sprays of Curzate M8, T7 = Eight sprays of formulated T. erinaceum, T8 = T7 + one spray of
Curzate M8, T9 = T7 + two sprays of Curzate M8, T10 = T7 + three sprays of Curzate M8,
T11 = T7 + four sprays of Curzate M8, T12 = Eight sprays of formulated P. putida, B. subtilis
and T. erinaceum, T13 = T12 + one spray of Curzate M8, T14 = T12 + two sprays of Curzate
M8, T15 = T12 + three sprays of Curzate M8, and T16 = T12 + four sprays of Curzate M8.

2.5. Growing Potato for Field Experiments

Land was fertilized with cow dung (7.5 t/ha), DAP (260 kg/ha), MOP (260 kg/ha),
Gypsum (120 kg/ha), zinc (7.5 kg/ha), boron (7.5 kg/ha), magnesium (45 kg/ha), furadan
(7.5 kg/ha), and urea (120 kg/ha) just before the final land preparation. Apparently
disease free and uniform tubers of a popular potato cultivar (Diamant, a variety showing
susceptibility under severe outbreak) were cut into pieces with at least one bud and were
left for 24 h for suberization. Then, the suberized tuber pieces were treated by drenching
with the formulated bioagents (0.4% w/v) and the treated tubers were left for at least 1 h
for adherence. Treated and non-treated tuber pieces were planted in the pots filled with
prepared soils, which were then kept in the net house until two days before the inoculation.
For field experiments, the treated and non-treated tuber pieces were planted in respective
experimental plots. Two top dressings of urea (120 kg/ha) were applied at 33 and 60 DAP
along with two irrigations at 27 and 60 DAP. Weeding was performed at 25 DAP followed
by earthen up at 33 and 43 DAP.

2.6. Talc-Based Formulation of Selected Bacterial and Fungal Bioagents

First, 500 g talc powder, 5 g CMC (Carboxy methyl cellulose), and 7.5 g CaCO3 were
mixed at 121 ◦C for 30 min. To formulate the bioagents, the bacteria were cultured for
24 h on LB media. The bacteria were then cultured in LB broth for 6 h. They were then
centrifuged and resuspended in 200 mL peptone broth with bactopeptone. This broth



Sustainability 2022, 14, 4383 6 of 22

culture was shaken for 2 h more. Then, 5 mL of sterile 100% glycerol was added in a
200 mL culture. These cultures (5 × 108 CFU/mL) were added to 500 g powdered talc in
the tray. The formulations were then air dried overnight in a laminar flow hood and later
the formulations were powdered with hand wearing gloves and mask. The formulated
bacterial antagonists were packed in plastic bags. For fungal bioagents, a mycelial disc
(5 mm diameter) for each isolate was inoculated in 100 mL PDB broth. Conidia production
was counted after 7 days and the mycelial mat along with conidia from PDB was mixed
thoroughly with previously autoclaved talcum powder pretreated with 0.5% CMC (5 g
CMC dissolved in 100 mL water mixed with 1 kg talcum powder). The mixture was then
air-dried in a laminar flow hood and was kept in plastic bags, accordingly.

2.7. Artificial Inoculation of P. infestans

Inoculum was prepared from Petri plate cultures of the P. infestans isolates on pea agar
with β-sitosterol (50 mg/L) grown until the maximum vegetative growth stage; on the day
before inoculation, the mycelia were smashed with a sterile test tube and the plates were left
at 18 ◦C in an incubator (VELP SCIENTIFICA) overnight for the production of sporangia.
The sporangia were harvested by washing them off the plates with Sato’s solution [61] and
the concentration was determined by counting with a hemocytometer and was adjusted to
104 sporangia/mL of Sato’s solution. The viability of the formulated bioagents was more
than four months.

2.8. Application of Formulated Bacterial and Fungal Bioagents

In case of net house experiments in the growth chamber, formulated biagents and
Curzate M8 were sprayed four times on plants before inoculation at 34, 41, 48, and 53 DAP
and 2, 4, 7, and 9 days after inoculation, i.e., 57, 59, 62, and 64 DAP, whereas the inoculation
was done at 55 DAP. In the case of field experiments, the chemical fungicide (s) and
formulated bioagents were sprayed at 34, 41, 48, 53, 57, 62, 69, and 75 DAP over the potato
plant surface when applied alone. However, in case of combined application with chemical
fungicides, one chemical spray at 53 DAP; two chemical sprays at 53 and 57 DAP; three
chemical sprays at 53, 57, and 62 DAP; and finally, four chemical sprays at 48, 53, 57,
and 62 DAP were applied together. The formulated bacterial and fungal bioagents were
sprayed (0.4% w/v) two days after fungicide application to avoid the interactions effects
with chemical fungicide. The application concentration of each bioagent was reduced
to half in case of the combined application of two bioagents, and one third when three
bioagents were applied together.

2.9. Assessment of Late Blight Incidence and Severity

Ten potato plants were randomly selected and tagged for data collection. Late blight
incidence and severity were recorded for Net house experiments at 61 and 65 DAP for field
experiments at 48, 59, and 71 DAP, following the formula and the scales mentioned bellow.
Parameters for field experiments were (i) plant height at 34, 52, and 71 DAP; (ii) number of
plants per hill at the time of harvest; (iii) number of tubers per plant; and (iv) yield.

Late blight incidence (%) =
Number of late blight infected plants

Total number of plants examined
×100 (3)

The late blight severity scale followed was by James [62]. Briefly, 1 = 0% blight (no
disease observed), 2 = 0.1% blight (a few scattered plants blighted; no more than 1 or
2 spots in 12-yard radius), 3 = 1% blight (up to 10 spots per plant; or general light infection),
4 = 5% blight (about 50 spots per plant; up to 1 in 10 leaflets infected), 5 = 25% blight (nearly
every leaflet infected, but plants retain normal form; plants may smell of blight; field looks
green although every plant is affected), 6 = 50% blight (every plant affected and about 50%
of leaf area destroyed), 7 = 75% blight (about 75% of leaf area destroyed; field appears
neither predominantly brown or green), 8 = 95% blight (only a few leaves on plants, but
stems green), and 9 = 100% blight (all leaves dead, stems dead or dying).
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2.10. Economic Analyses of Formulated Bioagents

The benefit−cost ratio (BCR) was calculated for each treatment according to the
method of Mondal et al. [63]. The cost−benefit analysis compared the profitability of each
treatment based on the gross returns and costs. Each treatment’s gross and net returns were
computed as follows. Gross return (TK/ha) = tuber Yield (kg/ha) × price (TK/kg); net
return (TK/ha) = gross return (TK/ha) − cost of production plus treatment cost (TK/ha);
the BCR was calculated as shown below:

BCR =
A×C− B

B
(4)

where A = selling price (Tk./kg), B = cost of cultivation + treatment cost (Tk./ha), and
C = yield (kg/ha).

2.11. Statistical Analysis

Data were analyzed using the MStatC statistical program. Means were compared
using Duncan’s multiple range test (DMRT).

Experimental procedures are presented in Chart 1.
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3. Results
3.1. Development of an Eco-Friendly Sustainable Management Alternative against Late Blight of
Potato Using Potential Formulated Bio-Agents under Field Conditions

The present study was designed to develop an eco-friendly sustainable management
alternative against potato late blight using some potential formulated bio-agents under
both growth chamber and field condition. Experiments were conducted in both a net house
with artificial inoculation and in the field with natural infection conditions to compare
the efficacy of the selected formulated bacterial and fungal bio-agents for controlling late
blight of potato. Before using those with chemical fungicide (Curzate M8), the interactions
effect of different bacterial and fungal bioagents were studied. The results showed that
no interactions effect was observed among the bioagents. However, the growth of both
bacterial bioagents (P. putida and B. subtilis) and fungal bioagent (T. paraviridescens and
T. erinaceum) were slightly delayed due to CurzateM8 (Supplementary Figure S1). Thus,
the bioagents were applied after two days of Curzate M8 application.
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3.2. In Vitro Growth Inhibition and Morphological Changes of P. infestans by Bacterial and Fungal
Bioagents

The in vitro antagonistic assay of B. subtilis and P. putida with P. infestans revealed
that the growth of P. infestans was inhibited by 93.99% over the control (Figure 2). On the
other hand, T. paraviridicens and T. erinaceum inhibited the growth of P. infestans by 46 and
51.5%, respectively, over the control (Figure 3). Considering the morphological changes,
we observed the deformation of mycelial structures when bioagents were applied against
P. infestans in a duel culture method in the laboratory (Figure 1).
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Figure 3. In vitro growth inhibition (mm) and percent reduction of mycelia growth of P. Infestans by
two antagonistic bacterial isolates (BDISOF64RanP and BDISO36ThaR).

3.3. Efficacy of Formulated Two Bacterial and Two Fungal Bioagents in Reducing Late Blight
Severity of Potato under Artificial Inoculation Conditions

The minimum severity (3.67% and 5.00%) was recorded in T11 at 61 and 65 DAP,
respectively, in 2018–2019 compared to the control and treatments, as T0 showed maximum
severity at both 61 and 65 DAP. However, for T1 to T10, all exhibited statistically similar
data in both 61 and 65 DAP, except T5 in the 65 DAP. Considering the percent reduction
of severity at 65 DAP, T11 showed the best (92.69%) result, followed by T9 (72.44%), T10
(71.87%), and T2 (70.47%) compared to the other treatments (Table 1).
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Table 1. Efficacy of formulated two bacterial and two fungal bioagents at reducing late blight severity
of potato under growth chamber conditions during 2018–2019.

Treatments

% Severity (0.1–100) % Reduction of Late
blight Severity over
Control at 65 DAP

Days after Planting (DAP)

61 65

T0 41.67 ± 8.33 a 73.33 ± 13.02 a 0.00

T1 18.33 ± 6.67 ab 33.33 ± 8.33 bc 52.34

T2 11.67 ± 6.67 ab 18.33 ± 6.67 bc 70.47

T3 11.67 ± 6.67 ab 26.67 ± 13.02 bc 60.78

T4 26.67 ± 13.02 ab 33.33 ± 8.33 bc 52.34

T5 33.67 ± 16.33 ab 41.67 ± 8.33 b 43.57

T6 25.33 ± 14.15 ab 33.33 ± 8.33 bc 54.68

T7 18.33 ± 6.67 ab 33.33 ± 8.33 bc 46.78

T8 11.67 ± 6.67 ab 25.00 ± 0.00 bc 63.45

T9 14.67 ± 2.91 ab 17.83 ± 3.93 bc 72.44

T10 10.33 ± 7.42 ab 17.00 ± 8.00 bc 71.87

T11 3.67 ± 1.33 b 5.00 ± 0.00 c 92.69

Level of significance * * -

CV (%) 85.15 49.40 -
Data are the averages of three replications. Values with same letters in the same column are statistically similar. NS
= non-significant and * indicates the means were significant at 5% level of probability. T0 = water (Negative control);
T1 = foliar spray of formulation of T. paraviridescens; T2 = foliar spray of formulation of T. erinaceum; T3 = foliar
spray of formulation of P. putida; T4 = foliar spray of formulation of B. subtilis; T5 = foliar spray of formulation
of T. paraviridescens and P. putida; T6 = foliar spray of formulation of T. erinaceum and P. putida; T7 = foliar spray
of formulation of T. paraviridescens and B. subtilis; T8 = foliar spray of formulation of T. erinaceum and B. subtilis;
T9 = foliar spray of formulation of T. paraviridescens, T. erinaceum, P.putida, and B. subtilis; T10 = foliar spray of
Curzate M8 (Cymoxonil + Mancozeb); and T11 = foliar spray of formulation of T. paraviridescens, T. erinaceum,
P. putida, and B. subtilis with T10.

3.4. Assessment of Field Potential of Formulated Two Bacterial and Two Fungal Bioagents in
Reducing Late Blight Infection and Severity under Field Conditions

The performance of the treatments on the percent of infected plants and late blight
severity was recorded at three different time point viz. 48, 59, and 71 DAP in 2018–2019.
Maximum (74.36%) and no plant infection were found in T8 and T11, respectively, while
at 59 and 71 DAP, 100% infection was calculated, with almost all treatments possessing
statistically identical data except T9 (95.00), T10 (64.96%), and T11 (29.91%). Regarding
the percentage of late blight severity at 48 DAP, no infected plant was found in T10 and
T11 and maximum severity was recorded in T5 (2.84%), and the others were calculated
as a moderate rate of severity. At 59 DAP, minimal severity was recorded in T11 (2.43%),
followed by T10 (3.37%) showing statistically identical data. These treatments performed
better compared to all other treatments. In the case of 71 DAP, the minimum (10.33%)
severity was recorded in T11 followed by T10 (21.30%), which was statistically similar and
performed better among all of the other treatments. Considering the percent reduction of
late blight severity over the control, the highest reduction was found when applied with
T11 (89.16%) followed by T10 (77.50%), T9 (27.07%), and T2 (16.71%) (Table 2).
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Table 2. Efficacy of formulated two bacterial and two fungal bioagents in controlling late blight
infection and late blight severity of potato under field condition during 2018–2019.

Treatment

% Plant Infection % Late Blight Severity
% Reduction of Late
Blight Severity over
Control at 71 DAP

Days after Planting Days after Planting

48 59 71 48 59 71

T0 66.67 ± 5.34 ab 100 ± 0.0 a 100 1.50 ± 0.38 abc 69.33 ± 2.92 a 95.50 ± 2.08 a 0.00

T1 70.09 ± 9.86 ab 100 ± 0.0 a 100 2.14 ± 0.67 ab 50.83 ± 5.92 b 90.50 ± 1.80 ab 5.07

T2 58.12 ± 9.86 ab 100 ± 0.0 a 100 1.34 ± 0.38 abc 47.50 ± 3.69 b 79.50 ± 3.75 bc 16.71

T3 67.52 ± 9.40 ab 100 ± 0.0 a 100 1.46 ± 0.68 abc 59.50 ± 6.43 ab 91.00 ± 3.21 ab 4.74

T4 71.12 ± 7.31 ab 100 ± 0.0 a 100 1.60 ± 0.38 ab 53.50 ± 4.25 a 85.00 ± 1.04 ab 10.93

T5 69.86 ± 7.40 ab 100 ± 0.0 a 100 2.84 ± 0.12 a 60.17 ± 5.83 ab 83.33 ± 3.18 ab 12.75

T6 49.47 ± 3.63 b 100 ± 0.0 a 100 1.32 ± 0.31 abc 46.67 ± 4.34 b 86.00 ± 1.50 ab 9.93

T7 67.52 ± 6.16 ab 100 ± 0.0 a 100 2.37 ± 0.87 ab 56.83 ± 2.92 ab 93.67 ± 0.44 a 1.83

T8 74.36 ± 6.78 a 100 ± 0.0 a 100 1.71 ± 0.65 ab 57.50 ± 8.40 ab 84.17 ± 8.35 ab 12.15

T9 56.00 ± 3.80 ab 95.00 ± 1.48 a 100 1.60 ± 0.15 bc 47.50 ± 0.88 b 76.17 ± 6.17 c 27.07

T10 1.71 ± 1.71 c 64.96 ± 13.27 b 100 0.00 ± 0.00 c 3.37 ± 1.07 c 21.30 ± 6.33 d 77.50

T11 0.00 ± 0.00 c 29.91 ± 2.26 c 100 0.00 ± 0.00 c 2.43 ± 0.62 c 10.33 ± 3.53 d 89.16

Level of
significance * * NS * * * -

CV (%) 21.57 7.53 0.00 56.06 17.08 9.07 -

Data are the averages of three replications. Values with same letters in the same column are statistically similar. NS
= non-significant and * indicates the means were significant at 5% level of probability. Data are the averages of three
replications. Values with same letters in the same column are statistically similar. T0 = water (Negative control);
T1 = foliar spray of formulation of T. paraviridescens; T2 = foliar spray of formulation of T. erinaceum; T3 = foliar
spray of formulation of P. putida; T4 = foliar spray of formulation of B. subtilis; T5 = foliar spray of formulation
of T. paraviridescens and P. putida; T6 = foliar spray of formulation of T. erinaceum and P. putida; T7 = foliar spray
of formulation of T. paraviridescens and B. subtilis; T8 = foliar spray of formulation of T. erinaceum and B. subtilis;
T9 = foliar spray of formulation of T. paraviridescens, T. erinaceum, P. putida, and B. subtilis; T10 = foliar spray of
Curzate M8 (Cymoxanil + Mancozeb); and T11 = foliar spray of formulation of T. paraviridescens, T. erinaceum,
P. putida, and B. subtilis with T10.

3.5. Economic Analysis of Formulated Two Bacterial and Two Fungal Bioagents Used for Reducing
Late Blight Infection and Severity under Field Conditions

The benefit−cost ratio (BCR) was calculated based on the data obtained from formu-
lated bacterial and fungal bioagents during 2018–2019 for each of the treatments, and is
tabulated in Table 3. The results from the table of the cost−benefit analysis revealed that all
treatments provided BCR lower than 1, except T10 (0.45) and T11 (0.50), which previously
recorded significant results in the reduction of severity over the control. The maximum
gross return (Tk. 321,760.00/ha) and the net return (106,660.00 Tk./ha) were obtained from
the treatment T11. Thus, the highest BCR was calculated from treatment T11 (0.50) followed
by T10 (0.45). The results indicated that a return of Tk. of 0.45 and 0.50 was obtained over
the investment of Tk. 1.00 in case of T10 (0.45) and T11 (0.50) (Table 3), respectively.

3.6. Field Potential of Formulated Two Bacterial and One Fungal Bioagents in Reducing the
Application of Chemical Fungicides for Controlling Potato Late Blight under Growth Chamber
Conditions

Based on the findings obtained from 2019–2020, the minimum severity (0.40%) was
recorded in T16 at 61 DAP, followed by T15 (0.70%), T11 (1.70%), T10 (1.73%), T14 (2.03%), T9
(2.03%), and T1 (2.33%), which performed better than the control. According to 65 DAP, the
same treatment with T16 showed the lowest severity (10.00%), followed by T15 (10.33%),
T14 (10.33%), T1 (10.33%), and T6 (12.67%) exhibiting statistically significant data, while
other treatments showed insignificant outcomes including the control. With regards to the
percent reduction of late blight severity over the control, at 65 DAP, T16 (90.00%) resulted in
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the highest reduction, followed by T15 (89.67%), T14 (89.67%), and T11 (85.00%) compared
to all of the other treatments applied, including T1 (88.33%) (Table 4).

Table 3. Cost−benefit analyses of selected two bacterial and two fungal bioagents used for controlling
late blight of potato during 2018–2019.

Treatment Yield
(t/ha)

Gross
Return
(Tk./ha)

Production
Cost (Tk./ha)

Total Cost of the
Treatment (Tk/ha)

Total Cost with
Treatment (Tk/ha)

Net Return
(Tk./ha) BCR

T0 7.22 115,555.56 192,500 0 192,500 −76,944.444 −0.40

T1 6.44 103,111.11 192,500 9600 202,100 −98,988.89 −0.49

T2 6.56 104,888.89 192,500 9600 202,100 −97,211.11 −0.48

T3 6.28 100,444.44 192,500 9600 202,100 −101,655.56 −0.50

T4 6.67 106,666.67 192,500 9600 202,100 −95,433.33 −0.47

T5 7.22 115,555.56 192,500 9600 202,100 −86,544.44 −0.43

T6 6.33 101,333.33 192,500 9600 202,100 −100,766.67 −0.50

T7 6.89 110,222.22 192,500 9600 202,100 −91,877.78 −0.45

T8 6.89 110,222.22 192,500 9600 202,100 −91,877.78 −0.45

T9 10.06 160,888.89 192,500 9600 202,100 −41,211.11 −0.20

T10 18.67 298,720.00 192,500 13,000 205,500 93,220.00 0.45

T11 20.11 321,760.00 192,500 22,600 215,100 106,660.00 0.50

Price: Potato Tk. 16.00/kg, Fungicide Tk. 1625/kg, bioagents Tk. 600/kg, fungicide 8 kg/ha, bioagents 16 kg/ha.
T0 = water (negative control); T1 = foliar spray of formulation of T. paraviridescens; T2 = foliar spray of formulation
of T. erinaceum; T3 = foliar spray of formulation of P. putida; T4 = foliar spray of formulation of B. subtilis; T5 = foliar
spray of formulation of T. paraviridescens and P. putida; T6 = foliar spray of formulation of T. erinaceum and
P. putida; T7 = foliar spray of formulation of T. paraviridescens and B. subtilis; T8 = foliar spray of formulation
of T. erinaceum and B. subtilis; T9 = foliar spray of formulation of T. paraviridescens, T. erinaceum, P. putida, and
B. subtilis; T10 = foliar spray of Curzate M8 (Cymoxonil + Mancozeb); and T11 = foliar spray of formulation of
T. paraviridescens, T. erinaceum, P. putida, and B. subtilis with T10.

3.7. Efficacy of Formulated Two Bacterial and One Fungal Bioagents for Reducing the Application
Frequency of Chemical Fungicides for Controlling Potato Late Blight Severity under Field Conditions

In 2019–2020, T1 performed the best, showing the lowest severity (0.007%), followed
by T13 (0.050%), T6 (0.683%), T16 (0.083%), and T15 (0.140%). At 71 DAP, minimum severity
was obtained from T1 (0.45%) followed by T16 (1.86%), T6 (2.76%), T13 (0.050%), and T15
(6.07%), showing identical statistical interference, whereas at both 59 and 71 DAP, all other
treatments showed a moderate to higher level of severity, except T16, T13, T6, T15, and
T1. However, in case of a reduction of late blight severity over the control at 71 DAP, T1
(99.54%) showed the highest reduction, followed by T16 (98.13%), T15 (97.38%), T6 (97.20%),
and T11 (94.67%), which were much more fruitful combination than the control and other
treatments (Table 5).

Considering 2020–2021, as in the previous year, T16 revealed lowest level (6.67%) of
severity, followed by T15 (8.33%), T14 (11.67%), T11 (11.67%), and T1 (11.67%), compared to
the control (T0), which showed 88.33% of severity at 61 DAP. At 65 DAP, similarly, T16, T15,
and T14 were also effective, revealing only 0.70%, 1.00%, and 2.03% severity, respectively,
compared to T1 (2.33%). As found by percent reduction of late blight severity over control,
at 65 DAP, T16 (93.33%) performed best followed by T15 (91.67%), T14 (88.33%), T1 (88.33%),
and T11 (86.67%) compared to all of the other treatments, including the control (Table 6).
Overall, in these two years, the treatments (T16, T15, T14, T11, and T1) performed better
considering all of the parameters at 61 and 65 DAP.
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Table 4. Efficacy of formulated two bacterial and one fungal bioagents in reducing the frequency of
application of chemical fungicides for controlling late blight of potato under artificial inoculation
condition during 2019–2020.

Treatment

% Severity (0.1–100) % Reduction of Late
Blight Severity over
Control at 65 DAP

Days after Planting (DAP)

61 65

T0 81.67 ± 6.67 a 100.00 ± 0.00 a 0.00

T1 2.33 ± 1.33 e 10.33 ± 7.42 f 89.67

T2 58.33 ± 8.33 b 66.67 ± 8.33 b 33.33

T3 6.67 ± 1.67 e 33.33 ± 8.33 de 66.67

T4 5.33 ± 2.60 e 18.33 ± 6.67 ef 81.67

T5 5.33 ± 2.60 e 15.00 ± 5.00 ef 85.00

T6 5.00 ± 0.00 e 12.67 ± 3.71 f 87.33

T7 46.67 ± 3.33 c 58.33 ± 8.33 bc 41.67

T8 30.00 ± 5.00 d 53.33 ± 3.33 bcd 46.67

T9 2.03 ± 1.51 e 20.00 ± 2.89 ef 80.00

T10 1.73 ± 1.63 e 17.00 ± 8.00 ef 83.00

T11 1.70 ± 1.65 e 15.00 ± 2.89 ef 85.00

T12 23.33 ± 1.67 d 41.67 ± 8.33 cd 58.33

T13 5.03 ± 2.86 e 33.33 ± 8.33 de 66.67

T14 2.03 ± 1.51 e 10.33 ± 7.42 f 89.67

T15 0.70 ± 0.30 e 10.33 ± 7.42 f 89.67

T16 0.40 ± 0.30 e 10.00 ± 5.00 f 90.00

Level of significance ** **

CV (%) 32.70 33.79
Data are the averages of three replications. Values with same letters in the same column are statistically similar
and ** indicates the means were significant at 1% level of probability. T0 = water (negative control); T1 = eight
sprays of Curzate M8 (positive control); T2 = eight sprays of formulation of P. putida + B. subtilis; T3 = T2 + one
spray of Curzate M8; T4 = T2 + two sprays of Curzate M8; T5 = T2 + three sprays of Curzate M8; T6 = T2 + four
sprays of Curzate M8; T7 = eight sprays of formulation of T. erinaceum; T8 = T7 + one spray of Curzate M8;
T9 = T7 + two sprays of Curzate M8; T10 = T7 + three sprays of Curzate M8; T11 = T7 + four sprays of Curzate
M8; T12 = Eight sprays of formulation of P. putida, B. subtilis, and T. erinaceum; T13 = T12 + one spray of Curzate
M8; T14 = T12 + two sprays of Curzate M8; T15 = T12 + three sprays of Curzate M8; and T16 = T12 + four sprays of
Curzate M8.

Table 5. Efficacy of formulated two bacterial and one fungal bioagents in reducing the frequency
of fungicides application for controlling late blight severity of potato under field conditions during
2019–2020.

Treatments

% Severity % Reduction of
Late Blight Severity

over Control at
71 DAP

Days after Planting

48 59 71

T0 0.020 ± 0.01 a 44.930 ± 21.44 a 99.16 ± 0.60 a 0.00

T1 0.000 ± 0.00 d 0.007 ± 0.003 b 0.45 ± 1.89 f 99.54

T2 0.003 ± 0.003 cd 4.513 ± 2.89 b 72.83 ± 6.33 b 26.57

T3 0.010 ± 0.01 b 0.197 ± 0.07 b 8.36 ± 0.6 ef 91.57

T4 0.000 ± 0.00 d 0.147 ± 0.06 b 8.07 ± 1.50 ef 91.85
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Table 5. Cont.

Treatments

% Severity % Reduction of
Late Blight Severity

over Control at
71 DAP

Days after Planting

48 59 71

T5 0.000 ± 0.00 d 1.817 ± 1.75 b 8.07 ± 1.62 ef 91.87

T6 0.000 ± 0.00 d 0.683 ± 0.36 b 2.76 ± 1.62 f 97.20

T7 0.011 ± 0.006 b 1.400 ± 0.29 b 64.17 ± 4.32 b 35.34

T8 0.010 ± 0.01 b 1.343 ± 0.19 b 19.27 ± 7.18 de 80.63

T9 0.000 ± 0.00 d 1.100 ± 0.10 b 18.83 ± 0.67 de 76.65

T10 0.000 ± 0.00 d 0.170 ± 0.08 b 9.00 ± 0.58 ef 76.42

T11 0.010 ± 0.006 b 0.183 ± 0.00 b 5.26 ± 3.0 ef 94.69

T12 0.000 ± 0.00 d 0.773 ± 0.36 b 53.33 ± 0.83 c 46.21

T13 0.007 ± 0.007 bc 0.050 ± 0.01 b 30.07 ± 9.93 d 69.64

T14 0.000 ± 0.00 d 0.390 ± 0.16 b 25.17 ± 9.23 d 74.72

T15 0.003 ± 0.003 cd 0.140 ± 0.04 b 6.07 ± 3.47 ef 97.38

T16 0.000 ± 0.00 d 0.083 ± 0.04 b 1.86 ± 0.52 f 98.13

Level of
significance ** ** ** -

CV (%) 232.72 263.53 34.16 -
Data are the averages of three replications. Values with same letters in the same column are statistically similar
and ** indicates the means were significant at 1% level of probability. T0 = water (negative control); T1 = eight
sprays of Curzate M8 (positive control);; T2 = eight sprays of formulated P. putida + B. subtilis; T3 = T2 + one spray
of Curzate M8; T4 = T2 + two sprays of Curzate M8; T5 = T2 + three sprays of Curzate M8; T6 = T2 + four sprays
of Curzate M8; T7 = eight sprays of formulated T. erinaceum; T8 = T7 + one spray of Curzate M8; T9 = T7 + two
sprays of Curzate M8; T10 = T7 + three sprays of Curzate M8; T11 = T7 + four sprays of Curzate M8; T12 = eight
sprays of formulated P. putida, B. subtilis, and T. erinaceum; T13 = T12 + one spray of Curzate M8; T14 = T12 + two
sprays of Curzate M8; T15 = T12 + three sprays of Curzate M8; and T16 = T12 + four sprays of Curzate M8.

Table 6. Efficacy of formulated two bacterial and one fungal bioagents in reducing the frequency
of application of chemical fungicides for controlling potato late blight under artificial inoculation
conditions during 2020–2021.

Treatment

% Severity (0.1–100) % Reduction of Late
Blight Severity over
Control at 65 DAP

Days after Planting (DAP)

61 65

T0 88.33 ± 6.67 a 100.00 ± 0.00 a 0.00

T1 3.67 ± 1.33 e 11.67 ± 6.67 f 88.33

T2 58.33± 8.33 b 81.67 ± 6.67 b 18.33

T3 8.33 ± 1.67 e 41.67 ± 8.33 de 58.33

T4 8.33 ± 1.67 e 21.67 ± 1.67 ef 78.33

T5 6.67 ± 1.67 e 20.00 ± 5.00 ef 80.00

T6 6.67 ± 1.67 e 15.00 ± 5.00 f 85.00

T7 50.00 ± 8.33 c 66.67 ± 8.33 bc 41.67

T8 33.33 ± 8.33 d 58.33 ± 8.33 bcd 41.67

T9 3.67 ± 1.33 e 23.33 ± 1.67 ef 76.67

T10 2.33 ± 1.33 e 18.33 ± 6.67 ef 81.67
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Table 6. Cont.

Treatment

% Severity (0.1–100) % Reduction of Late
Blight Severity over
Control at 65 DAP

Days after Planting (DAP)

61 65

T11 2.03 ± 1.51 e 13.33 ± 1.67 ef 86.67

T12 33.33 ± 8.33 d 40.00 ± 10.00 cd 60.00

T13 15.00 ± 5.00 e 33.33 ± 8.33 de 66.67

T14 2.33 ± 1.33 e 11.67 ± 6.67 f 88.33

T15 1.00 ± 0.00 e 8.33 ± 1.67 f 91.67

T16 0.70 ± 0.30 e 6.67 ± 1.67 f 93.33

Level of significance ** ** -

CV (%) 32.70 33.79 -
Data are the averages of three replications. Values with same letters in the same column are statistically similar
and ** indicates the means were significant at 1% level of probability. T0 = water (negative control); T1 = eight
sprays of Curzate M8 (positive control); T2 = eight sprays of formulated P. putida + B. subtilis, T3 = T2 + one spray
of Curzate M8; T4 = T2 + two sprays of Curzate M8; T5 = T2 + three sprays of Curzate M8; T6 = T2 + four sprays
of Curzate M8; T7 = eight sprays of formulated T. erinaceum; T8 = T7 + one spray of Curzate M8;; T9 = T7 + two
sprays of Curzate M8; T10 = T7 + three sprays of Curzate M8; T11 = T7 + four sprays of Curzate M8; T12 = eight
sprays of formulated P. putida, B. subtilis, and T. erinaceum; T13 = T12 + one spray of Curzate M8; T14 = T12 + two
sprays of Curzate M8; T15 = T12 + three sprays of Curzate M8; and T16 = T12 + four sprays of Curzate M8.

During 2020–2021, at 59 DAP, the lowest severity was recorded in T1(0.03%), followed
by T16 (0.16%), T15 (0.37%), T6 (0.40%), and T11 (0.43%), and at 71 DAP, minimum severity
(0.89%) was calculated in T1 followed by T16 (3.80%), T6 (5.27%), T11 (6.07%), and T15
(12.87%), showing statistically identical data, while maximum severity (0.020%, 44.93% and
99.16%) was found in T0 at 48, 59, and 71 DAP, respectively. With regards to the percent
reduction of late blight severity over the control at 71 DAP, the highest percent reduction
of late blight was observed in T1 (99.10%), followed by T16 (96.17%), T6 (94.68%), and T11
(93.88%), compared to the rest of the treatments (Table 7 and Supplementary Figure S2).
Overall, in these two years, treatments T16, T15, T11, T6, and T1 performed better considering
all of the parameters at 48, 59, and 71 DAP.

3.8. Economic Analysis of Formulated Two Bacterial and One Fungal Bioagents Used for Reducing
the Application Frequency of Fungicide for Controlling Late Blight of Potato

During 2019–2020 and 2020–2021, the average cost−benefit analysis revealed that the
highest (Tk. 395,111.11/ha) gross return was obtained from treatment T16, followed by T6
(Tk. 390,222.23/ha), T1 (379,200.00/ha), and T11 (Tk. 374,888.89/ha). Thus, the highest BCR
(0.90) was calculated from treatments T16 and T6 (0.88), which performed better than T1
(0.85). BCR results indicated a return ranging from Taka 0.85 to 0.90 over the investment of
Taka 1.00 in these treatments in those two years. In both years, treatments (T16, T6, T11, and
T1) performed better in the field conditions, reducing the fungicide application frequency
to mitigate late blight severity, as those treatments also performed better in the cost−benefit
analysis (Table 8).

3.9. Detailed Economic Analysis of the Improved Management of Late Blight Using Bioagents
during 2019–2020 and 2020–2021

Bangladesh has been producing 9.7 million tonnes potato on 0.5 million hectares of
land, as mentioned earlier. Farmers are spending 6500 million Tk of their total expenditures
on fungicides per year with conventional approaches (eight sprays of Curzate M8 (positive
control)). Conversely, if we could apply two improved management approaches with
bioagents 1 ((T2) + four sprays of Curzate M8) and 2 ((T12) + four sprays of Curzate M8),
then the total expenditures for fungicides could be drastically reduced to 3250 million
Tk. Among the three approaches, improved management with bioagents 1 and 2 showed
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better economic returns compared to the farmers’ approach. Cultivation of potato with
improved management approaches with bioagents 1 and 2 were satisfactory, because
farmers benefited from a 7.19% and 10.98% increase in their income for one hectare of land,
respectively. With regards to the country’s economic impact within two years, 9361.5 million
Tk was the total increase of the country’s return when applying improved management
with bioagents 2 and 6135 million dollars from improved management with bioagents
1. Approximately 0.3 million farm families are closely engaged with potato production.
In our detailed analysis, we observed that the income of an individual farm family was
raised 31.21 thousand Tk when we applied improved management with bioagents 2, which
indicated that the use of bioagents with chemical fungicide to minimize the late blight
severity had a tremendous economic and social impact on our country. Thus, farmers will
likely be willing to accept this technology, as several factors are closely associated with
their income return from one hectare of potato land (Table 9).

Table 7. Efficacy of formulated two bacterial and one fungal bioagents in reducing the frequency
of fungicides application for controlling late blight severity of potato under field condition during
2020–2021.

Treatment

% Severity % Reduction of
Late Blight Severity

over Control at
71 DAP

Days after Planting

48 59 71

T0 0.030 ± 0.012 a 53.00 ± 10.77 a 99.17 ± 0.33 a 0.00

T1 0.000 ± 0.000 d 0.03 ± 0.003 b 0.89 ± 0.14 f 99.10

T2 0.010 ± 0.006 cd 4.24 ± 2.18 b 80.67 ± 5.47 b 18.68

T3 0.013 ± 0.009 b 1.22 ± 0.052 b 32.03 ± 1.02 d 67.69

T4 0.003 ± 0.003 d 0.97 ± 0.38 b 17.00 ± 1.16 de 82.85

T5 0.000 ± 0.000 d 0.58 ± 0.79 b 14.50 ± 0.76 de 85.37

T6 0.007 ± 0.0007 d 0.40 ± 0.27 b 5.27 ± 0.71 ef 94.68

T7 0.013 ± 0.009 b 2.42 ± 0.210 b 51.50 ± 2.08 c 48.06

T8 0.000 ± 0.003 d 1.71 ± 0.283 b 35.83 ± 0.83 d 63.87

T9 0.000 ± 0.000 d 0.72 ± 0.090 b 16.67 ± 1.64 de 83.19

T10 0.013 ± 0.009 b 0.46 ± 0.052 b 10.87 ± 1.27 ef 71.65

T11 0.003 ± 0.003 d 0.43 ± 0.030 b 6.07 ± 0.74 ef 93.88

T12 0.010 ± 0.006 cd 0.75 ± 0.038 b 45.83 ± 0.83 d 53.78

T13 0.003 ± 0.003 d 1.23 ± 0.253 b 34.33 ± 1.59 d 65.38

T14 0.007 ± 0.007 d 1.04 ± 0.210 b 15.00 ± 1.16 de 84.87

T15 0.000 ± 0.000 d 0.37 ± 0.049 b 12.87 ± 1.27 de 87.02

T16 0.000 ± 0.000 d 0.16 ± 0.006 b 3.80 ± 0.23 f 96.17

Level of
significance ** ** ** -

CV (%) 232.72 263.53 34.16 -
Data are the averages of three replications. Values with same letters in the same column are statistically similar
and ** indicates the means were significant at 1% level of probability. T0 = water (negative control); T1 = eight
sprays of Curzate M8 (positive control); T2 = eight sprays of formulated P. putida + B. subtilis; T3 = T2 + one spray
of Curzate M8; T4 = T2 + two sprays of Curzate M8; T5 = T2 + three sprays of Curzate M8; T6 = T2 + four sprays
of Curzate M8; T7 = eight sprays of formulated T. erinaceum; T8 = T7 + one spray of Curzate M8; T9 = T7 + two
sprays of Curzate M8; T10 = T7 + three sprays of Curzate M8; T11 = T7 + four sprays of Curzate M8; T12 = eight
sprays of formulated P. putida, B. subtilis, and T. erinaceum; T13 = T12 + one spray of Curzate M8; T14 = T12 + two
sprays of Curzate M8; T15 = T12 + three sprays of Curzate M8; and T16 = T12 + four sprays of Curzate M8.
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Table 8. Cost−benefit analyses of formulated two bacterial and one fungal bioagents used for
reducing the frequency of fungicide application in controlling late blight of potato under field
condition during 2019–2020 and 2020–2021.

Treatment Yield
(t/ha)

Gross
Return
(Tk./ha)

Production
Cost (Tk./ha)

Total Cost of the
Treatment (Tk/ha)

Total Cost with
Treatment (Tk/ha)

Net Return
(Tk./ha) BCR

T0 6.42 109,083.34 192,500 0 192,500 −86,583.34 −0.45

T1 23.70 379,200.00 192,500 13,000 205,500 173,700.00 0.85

T2 8.61 137,777.78 192,500 9600 202,100 −64,322.23 −0.32

T3 14.47 231,555.56 192,500 11,225 203,725 27,830.56 0.14

T4 16.12 257,777.78 192,500 12,850 205,350 52,427.78 0.26

T5 16.22 128,875.56 192,500 14,475 206,975 52,580.56 0.26

T6 24.39 390,222.23 192,500 16,100 208,600 181,622.23 0.88

T7 11.23 179,555.56 192,500 9600 202,100 −22,544.45 −0.11

T8 12.97 207,555.56 192,500 11,225 203,725 3830.56 0.02

T9 13.61 217,777.78 192,500 12,850 205,350 12,427.78 0.06

T10 16.64 266,222.22 192,500 14,475 206,975 59,247.22 0.29

T11 23.43 374,888.89 192,500 16,100 208,600 166,288.89 0.80

T12 11.14 178,222.23 192,500 9600 202,100 −23,877.78 −0.12

T13 12.50 200,000.00 192,500 11,225 203,725 −3725.00 −0.02

T14 14.62 233,777.78 192,500 12,850 205,350 28,427.78 0.14

T15 16.20 259,111.11 192,500 14,475 206,975 52,136.11 0.25

T16 24.70 395,111.11 192,500 16,100 208,600 186,511.11 0.90

Price: potato Tk. 16.00/kg, fungicide Tk. 1625/kg, bioagents Tk. 600/kg, fungicide 8 kg/ha, bioagents 16 kg/ha.
T0 = water (negative control); T1 = eight sprays of Curzate M8 (positive control); T2 = eight sprays of formulated
P. putida + B. subtilis; T3 = T2 + one spray of Curzate M8; T4 = T2 + two sprays of Curzate M8; T5 = T2 + three sprays
of Curzate M8; T6 = T2 + four sprays of Curzate M8; T7 = eight sprays of formulated T. erinaceum; T8 = T7 + one
spray of Curzate M8; T9 = T7 + two sprays of Curzate M8; T10 = T7 + three sprays of Curzate M8; T11 = T7 + four
sprays of Curzate M8; T12 = eight sprays of formulated P. putida, B. subtilis and T. erinaceum; T13 = T12 + one spray
of Curzate M8; T14 = T12 + two sprays of Curzate M8; T15 = T12 + three sprays of Curzate M8; and T16 = T12 + four
sprays of Curzate M8.

Table 9. Detailed Economic analysis of the improved management using bioagents based on the BCR
calculated during 2019–2020 and 2020–2021.

Approaches
Total Expenditure

for Fungicides
Used (Million Tk)

Economic Return
(Million Tk)

Percent Increase
of Income/ha
Compared to
Conventional

Practices

Total Increase of
Return in the

Country (Million
Tk) Compared to

Conventional
Practices

Increase of
Income per Farm
Family (000’Tk)

Compared to
Conventional

Practices

Farmers’
Conventional

approach
6500 85,282.5 0.00 0.00 0.00

Improved
Management with

Bioagents 1
3250 91,417.5 7.19 6135 20.45
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Table 9. Cont.

Approaches
Total Expenditure

for Fungicides
Used (Million Tk)

Economic Return
(Million Tk)

Percent Increase
of Income/ha
Compared to
Conventional

Practices

Total Increase of
Return in the

Country (Million
Tk) Compared to

Conventional
Practices

Increase of
Income per Farm
Family (000’Tk)

Compared to
Conventional

Practices

Improved
Management with

Bioagents 2
3250 94,644 10.98 9361.5 31.21

Farmers’ conventional approach: T1 ((eight sprays of Curzate M8 (Positive control)); improved management of
bioagents 1: T6 (eight sprays of formulated P. putida + B. subtilis (T2) + four sprays of Curzate M8); improved
management of bioagents 2: T16 (eight sprays of formulated P. putida, B. subtilis, and T. erinaceum (T12) + four
sprays of Curzate M8). Tk = Bangladeshi currency; total expenditure for fungicides used (million Tk): area
(0.5 milion hectare) × 1625 × 8 kg; total expenditure for improved management with bioagents: area (0.5 milion
hectare) × 1625 × 4 kg, where fungicide cost 1625 taka (Bangladeshi currency)/kg. Economic return (million Tk):
((total production cost + 13,000) × 0.5 million × BCR)/10 million. Percent increase of income/ha compared to
conventional practices for improved management with bioagents: economic return − economic return of farmer’s
conventional approach/economic return of farmers conventional approach × 100. Total increase of return in
the country (million Tk) compared to conventional practices: Economic return of improved management with
bioagents − economic return of farmers’ conventional approach. Increase of income per farm family (000′ Tk)
compared to conventional practices: total increase of return in the country (million Tk)/0.3 million × 10 Million.

4. Discussion

Managing late blight using eco-friendly methods is always challenging under high
disease pressure in severe environments. Biological management in this country is more
relevant due to the detrimental effect of chemicals on the environment and human health.
In this study, it was observed that bacterial species belonging to the genera Pseudomonas
and Bacillus are were able to inhibit the growth of P. infestans in vitro by 94% over the
control. These results are in accordance with the findings of [42]. They observed the best
antagonistic activity of Pseudomonas and Bacillus against P. infestans, as they produced a
wide range of antibiotics, chemical surfactants, and biosurfactants. The antagonist B. sub-
tilis B5 strain effectively inhibited P. infestans growth [43]. The route of action seems to be
the ability of B subtilis strains to create mycotoxins that suppress P. infestans growth and
stimulate peroxidase activity [44]. Elliott et al. [45] noted that Companion® and Serenade®

are marketed B. subtilis biocontrol agents that reduce P. infestans. Bacillus strains might
control P. infestans directly by reducing mycelial development, cyst germination, or motile
zoospore swimming by creating antifungal chemicals that suppress the pathogen, or indi-
rectly by stimulating active oxygen burst, nitrogen synthesis, callose accumulation, and
lignification [64–66]. In our study, we also observed alteration of mycelia growth and
morphological changes with the spore formation when formulated bioagents were ap-
plied in an in vitro condition. The metabolite of the biosurfactant producing bacterium,
P. aeruginosa has shown high efficacy against P. infestans under in vitro conditions [67].
Pseudomonas and Bacillus isolates were antagonistic to P. infestans. Twenty-three effective
microorganisms (spore-forming and non-spore-forming bacteria, yeasts, and fungi) iso-
lated from potato phyllosphere on P. infestans growth were investigated in dual cultures,
including their patterns of inhibition [68]. PCA (Phenazine-1-carboxylic) promotes biofilm
development, allowing PCA-producing Pseudomonas spp. to bind to plant roots and act as
biocontrol agents [69]. Pseudomonas biocontrol of P. infestans was previously shown to sup-
press sporangia and zoospore germination, implying the existence of several undiscovered
antioomycete determinants. By up and down regulating the gene expression in P. infestans,
Roquigny et al. [46] showed that Pseudomonas spp.-produced Phenazine-1-carboxylic PCA
is involved in growth inhibition in P. infestans.

Bacterial (P. putida and B. subtilis) and fungal (T. erinaceum) bioagents were found
to be effective at reducing late blight severity by 99% until 60 DAP, whereas these bioa-
gents were found to be partially effective until 70 DAP, and reduced late blight severity
by 46% when applied together under high disease pressure conditions. The use of these
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bacterial and fungal bioagents in combination with four sprays of chemical fungicide
(Curzate M8) could reduce late blight severity up to 98% and could reduce the applica-
tion frequencies of fungicide by 50% in both net house and field conditions; generally, all
farmers of Bangladesh have been using at least eight sprays of chemical fungicides, which
might be raised up to 16 sprays depending on the weather conditions, per hectare of land,
whether late blight severity is present or not, thus, we have standardized it (8 sprays) based
on the field surveys in our experiment to evaluate the reduction of spray frequency of
chemical fungicide with bioagents. Furthermore, the cost−benefit analysis revealed that
treatments T10 and T11 showed a better performance in terms of BCR in 2018–2019, as
well as treatmentsT6 and T16 in 2019–2020 and 2020–2021, respectively, compared to other
treatments applied. Yan et al. [70] observed that B. velezensis reduced late blight severity by
40.79% and 37.67% in a two-year field trial. They found that a low fungicide concentration
and a high concentration of B. velezensis SDTB038 could reduce potato late blight. In ad-
dition, B. velezensis SDTB038 may successfully suppress the infection of potato leaves by
P. infestans, making it a promising biological fungicide against potato late blight. Compared
to untreated plants, the B. subtilis 26D strain reduced P. infestans mycelium growth and
reduced late blight symptoms by 35%, respectively. Sorokan et al. [71] explained that
B. strains induced systemic resistance to P. infestans through the activation of the tran-
scription of PR genes in potato plants. The development of ectoenzymes and antifungal
medicines like surfactin and iturinA gives B. subtilis strains a broad range of antifungal
action. Antifungal metabolite-induced mycelium damage is thought to be mostly osmotic
cell stress. In intimate contact with phytopathogenic fungus, the bacteria aggressively
move towards fungal hyphae, kill them, and feed on them [72]. These observations are
highly similar in accordance with our observations of the morphological deformation of
P. infestans in a dual culture method. Wang et al. [73] highlighted that B. subtilis WL-2
and IturinA produced by B. subtilis WL-2 have great potential as candidates for inhibiting
P. infestans mycelium growth and controlling potato late blight. B. subtilis 30B-B6 was shown
to significantly decrease late blight severity [74]. As revealed by [48], P. infestans is very sen-
sitive to bacterial volatiles such as 1-undecene generated by potato-associated Pseudomonas
strains. It was shown that several potato-associated Pseudomonas strains could effectively
suppress extremely pathogenic P. infestans isolates by inhibiting mycelial growth of all
P. infestans isolates when co-cultured with the most active Pseudomonas strain (R47) [49].
Tomar et al. [67] in another study observed that five isolates of bacteria were found to
be effective against P. infestans out of 95 tested as biocontrol agents. Both P. aeruginosa-1
and -3 had 62.22% and 46.42% inhibition after 72 h, respectively. P. aeruginosa-1 culture
supernatant and bacterial cell suspension exhibited 10.42%, 9.94%, and 17.96% disease
severity in potato plants, respectively, compared to 53.96% in the control. Zhang et al. [9]
observed in greenhouse and field trials that the combined application of Rhodopseudomonas
palustris GJ-22 and Curzate resulted in better disease control than the use of either agent
alone. They highlighted the potentialities of the combined application of R. palustris strain
GJ-22 and Curzate to control potato late blight in a more environment friendly way by
a reduced level of harmful chemical fungicides application. In this study, we observed
that T. paraviridescens and T. erinaceum reduced the late blight severity in both net house
and field conditions. Kariukiet al. [28] observed the inhibitory action of T. asperellum and
T. harzianum on the P. infestans mycelial growth and the suppression of late blight disease
in the greenhouse experiment. Elsherbiny et al. [75] reported that Trichoderma VOCs sup-
pressed the mycelial development of P. infestans cultured on laboratory media by 80% and
on potato tubers by 93.1%. Electron microscopy demonstrated substantial morphological
and ultrastructural malformations in T. atroviride VOC-treated hyphae, including cell defor-
mation, collapse, and organelle disintegration. Purwantisari et al. [76] reported T. viride
induced resistance in potato plants against late blight. Cwalina-Ambroziak et al. [77] found
that using an integrated chemical and biological approach decreased the symptoms of
P. infestans infections. Trichoderma’s rhizosphere competence and competitive ability could
be a factor in its biocontrol roles against P. infestans [66]. This is because Trichoderma uses
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many mycoparasitic strategies, which are direct methods for biological control that work
by parasitizing, detecting, growing, and colonizing pathogens. These strategies include
the detection of pathogens through chemotropism; the lysis of the pathogen’s cell wall, the
pathogen’s hyphal penetration by appresorial formation; and the production of toxins [78].
Considering the detailed economic analysis, improved management with bioagents 1 and
2 performed better compared to the farmers’ conventional approach in terms of economic
return, and income of per farm family was raised up to 31.21 thousand Tk as well, which
indicated that using these bioagents had a positive economic impact on farmer income
and on the country. Farmers benefitted while using the improved management with bioa-
gents, which significantly focused the acceptability of these bioagents among stakeholders,
consumers, and farmers. These findings support our observation on the potentiality of
the combined use of bacterial and fungal bioagents with Curzate M8 to reduce late blight
severity almost at the same level as the conventional eight sprays of Curzate M8 did. This
was observed with either single or combined use of bacterial (P. putida and B. subtilis) and
fungal (T. erinaceum) bioagents. Therefore, the possibility of using formulated bacterial and
fungal bioagents could be an alternative for reducing the application of chemical fungicides
for controlling late blight of potato and producing export quality organic potato in the
country.

5. Conclusions

Bacterial (P. putida and B. subtilis) and fungal (T. erinaceum) bioagents were found to be
effective at reducing late blight severity by 99% until 60 DAP, whereas these bioagents were
found to be partially effective until 70 DAP and reduced late blight severity by 46% when
applied together under field conditions. The use of these bacterial and fungal bioagents
in combination with four sprays of chemical fungicide (Curzate M8) could reduce late
blight severity by up to 98% and could reduce the application frequencies of fungicide by
50% in both net house and field conditions. However, the possibility of the commercial
formulation and application of these bioagents needs to be investigated with a proper late
blight forecasting system. Proper warning systems shed light on when and how many
times chemical fungicides need to be applied in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14084383/s1. Supplementary Figure S1: Interactions effect of
bacterial and fungal bioagents with Curzate M8 used for controlling late blight of potato. Supplemen-
tary Figure S2: Efficacy of some selected bacterial and fungal bioagents in reducing the frequency of
fungicides application for controlling late blight severity of potato under field condition.
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