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Abstract: Biological control is considered the only viable integrated disease management practice
for controlling the widely distributed and destructive foliar blight and sudden death disease caused
by the fungus Rhizoctonia solani AG-1 IA on signal grass (Urochloa brizantha) pastures. Since major
signal grass varieties are highly susceptible and fungicide sprays are not labeled for grass pasture
cropping systems, biological control is sought as an alternative for managing this fungal disease.
In this study, 24 fluorescent Pseudomonas isolates obtained from naturally suppressive soils from
the Amazon biome were bio-prospected for their role as biocontrol agents against R. solani AG-1
IA. Based on in vitro antagonism, three isolates (Amana, Poti, and Yara) were selected for further
in vivo assays. Multilocus phylogenetic analysis indicated that Amana and Yara were grouped into
the Pseudomonas putida group while Poti was grouped into the Pseudomonas asplenii group, and could
well constitute a new Pseudomonas species. For in vivo biocontrol assays, the biocontrol agents were
applied either via seed-treatment or via foliar spray. All three isolates produced siderophores and
solubilized phosphate, while Amana and Poti showed protease and chitinase in vitro activity. Foliar
application of P. putida Amana from Amazonian suppressive soils resulted in a significant reduction
of the foliar blight disease severity on signal grass. We discuss further steps for the development and
labeling of Pseudomonas-based biofungicides for managing the foliar blight disease on signal grass
pastures in Brazil.

Keywords: integrated management; Rhizoctonia solani AG-1 IA; sudden death; biological control;
phylogenetic analysis

1. Introduction

The foliar blight and sudden death caused by Rhizoctonia solani anastomosis group
AG-1IA on signal grass (Urochloa brizantha) pastures have been very destructive diseases
in the South American Amazon biome since its early description in 1990s [1]. The R. solani
AG-1 species complex causes extremely important diseases on other Poaceae hosts in South
American countries, such as banded leaf and sheath blight diseases on corn and sheath
blight of rice [2].

The foliar blight on signal grass emerged for the first time in Urochloa pastures and
expanded towards areas previously cropped with upland rice in the Colombian Llanos in
the 1990’s following the demands for expansion of extensive livestock farming [3]. In Brazil,
the disease has been reported in grass pastures from the widely cultivated and highly
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susceptible U. brizantha cv. Marandu and U. decumbems, in Acre, Maranhao, northern Mato
Grosso, Rondonia, southern Para and Tocantins, all in the Amazon [4-6]. Its emergence
followed the large expansion of signal grass cultivation towards areas previously cropped
with susceptible hosts to R. solani AG-1, such as cowpea, rice, and soybeans [7].

The disease can be very destructive under the high temperatures and humidity preva-
lent in the Amazon, quickly evolving from initial symptoms of leaf blight and collar rot to
the complete death of signal clamps [1,6]. Diversification of forage species and cultivars in
outbreak pastures is of limited efficacy because resistant varieties are lacking [6,8]. Large-
scale pasture restoration with a non-host crop is not an effective option either due to the
pathogen’s broad host range and long-term survival in the soils [7]. Because signal grass
forages represent 80 to 90% of the 200 million hectares of cultivated pastures in Brazil, the
large-scale deployment of modern site-specific systemic curative fungicides for managing
the disease is not sustainable for the environment nor safe for the livestock health and is
restricted only to seed production fields [6,8]. Besides, fungicide resistance could rapidly
emerge in the pathogen population as a result of the enormous selection pressure resulting
from the large-scale deployment of the fungicide active [9].

Therefore, the lack of economically viable, ecologically sustainable, and minimally
effective strategies for disease management makes biological control one of the best al-
ternatives for controlling the foliar blight and sudden death on signal grass. Biological
control could contribute to restoring the natural balance between the populations of R.
solani AG-1IA and soil antagonists, resulting in disease suppression even in the presence
of the pathogen'’s inoculum [10].

Our study focuses on the potential biocontrol role of fluorescent bacteria from the
genus Pseudomonas previously obtained from undisturbed and possibly naturally suppres-
sive soils within areas of native rainforest from the Amazon. These fluorescent Pseudomonas
with biocontrol abilities would be well adapted to that agroecosystem when delivered as
biofungicides against the signal grass foliar blight disease on adjacent pasture areas.

Fluorescent Pseudomonas comprises Gram-negative aerobic bacteria with versatile
metabolism and high capacity for adaptation to different agroecosystems [11,12]. Members
of Pseudomonas fluorescens and P. putida groups are amongst the most common fluorescent
Pseudomonas species described as antagonistic to plant pathogens [13,14]. Antagonistic
Pseudomonas species are aggressive niche competitors, showing high multiplication and col-
onization capacity, either in the rhizosphere, in the phylloplane, or inside plant tissues [11].

In addition, fluorescent Pseudomonas bacteria with biocontrol capabilities produce
fungal pathogen—inhibiting enzymes and a wide variety of bioactive metabolites such as
antibiotics and siderophores that are low molecular weight, high-affinity iron-chelating
compounds [15]. Pseudomonas antibiotics include DAPG, phenazine, pyrrolnitrin, pyolute-
orin, and volatile hydrogen cyanide [15-18]. Siderophores include pyoverdine, pyochelin,
and ferripyoverdine [19] and are also associated with the bacteria fluorescence [20]. Another
biocontrol mechanism exerted by fluorescent Pseudomonas against fungal plant pathogens is
the ability to induce systemic resistance by activating the plant defense systems [12,21]. Sev-
eral studies have already described the antagonistic potential of fluorescent Pseudomonas in
the biocontrol of Rhizoctonia-like diseases such as potato black scurf and root rot caused by
R. solani AG-3 PT, and AG-4 HGI [22]; the maize foliar blight and banded leaf diseases [23],
and the rice sheath blight [24], both caused by R. solani AG-1 IA; the damping-off disease
on Chinese cabbage caused by R. solani AG 2-1 [17]; the root rot disease on snap beans
caused by R. solani AG 4-HGI [16], and the wheat root rot caused by R. solani AG-8 and R.
oryzae [25].

So far, there have been no studies focused on the biological control of the foliar blight
disease caused by R. solani AG-1 IA on signal grass pastures in Brazil. Therefore, the aim
of our study was to determine whether Pseudomonas fluorescent bacteria obtained from
soils in the Amazon Biome of Mato Grosso and Rondonia States have the potential for
controlling the foliar blight and sudden death diseases caused by R. solani AG-1 IA on
signal grass.
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2. Materials and Methods
2.1. Sampling and Isolation of Pseudomonas Species from Amazonian Soils

Soil samples were collected in 2016 at a 10 cm depth, under undisturbed and potentially
suppressive soils from Paranaita County, in the Teles Pires river basin, Northern Mato
Grosso (25 samples) and in Colorado do Oeste County, southern Rondénia (12 samples),
both in the Amazon Biome. Isolation was carried out using soil dilution at 10~ on Petri
dishes containing S2 medium [26], followed by incubation at 23 °C for 48 h. The plates
were examined under UV light at 310 nm for fluorescent colonies with greenish-colored
halos, which were transferred to S2 medium.

2.2. Potential of Fluorescent Pseudomonas from the Amazon Soils as Biocontrol Agents
2.2.1. In Vitro Mycelial Growth Inhibition of R. solani AG-1 IA

The antagonism of fluorescent Pseudomonas on the mycelial growth of R. solani AG-1
IA isolates MTUBO01C, MTUBO4E, and MTUBO5A obtained from Brazil, Mato Grosso state,
was determined by transferring a 7 mm diameter disk from a 7 day old culture grown on
potato dextrose agar (PDA) medium at 28 °C to the center of Petri dishes with King’s B agar
medium (KB). Shortly after, 10 uL aliquots of bacterial suspensions previously cultured for
14 h in Luria-Bertani medium (LB) were incubated in a rotatory shaker at 190 rpm for 14 h at
28 °C, with the concentration adjusted to 6.2 x 10® ufc.mL~! (ODgyg = 0.8), were deposited
close the edge of the plate, in four equidistant points. The experimental design was
completely randomized with five replicates for each treatment (N = 24 Pseudomonas isolates
and a negative check). After 72 h incubation at 28 °C, the antagonism of the Pseudomonas
isolates against R. solani AG-1 IA was documented by photographing the growth plates
using a digital camera coupled to a 20 cm high monopod. The percentage of the mycelial
growth inhibition of the pathogen was determined with the aid of the image analysis
program Assess, APS (ASSESS: Image Analysis Software for Plant Disease Quantification;
Department of Plant Science, University of Manitoba, Winnipeg, Canada) [27].

2.2.2. In Vitro Inhibition of R. Solani AG-1 IA Sclerotial Germination

Sclerotia of the three R. solani AG1-IA isolates (MTUBO01C, MTUBO4E, and MTUBO5A)
cultured in PDA medium for seven days at 28 °C and 12 h photoperiod were transferred
to Erlenmeyer flasks containing 20 mL of liquid LB medium with 200 puL of the bacterial
suspension obtained in the previous step and incubated at 28 °C in a rotatory shaker at
190 rpm for 24 h. After this period, the flasks were transferred to Petri dishes with PDA
medium and incubated at 28 °C for three days. The experimental design was completely
randomized; each experimental plot was composed of a plate containing four sclerotia,
with four replicates. The inhibitory action of Pseudomonas on the sclerotia germination was
determined by observing if there was mycelial growth in relation to the control treatment
for each bacterial strain, which was composed only of sclerotia in LB medium without the
inoculation of Pseudomonas, kept under same conditions as the other treatments.

2.2.3. In Vivo Biocontrol of Rhizoctonia Foliar Blight by Fluorescent Pseudomonas
Delivered as Seed Treatment

Based on the previous step of in vitro analysis, for this study, three isolates of fluo-
rescent Pseudomonas were used, which were selected as potential biocontrol agents. The
bacterial isolates were grown in tubes containing 20 mL of liquid LB culture medium,
incubated at 28 °C in a rotatory shaker at 190 rpm for 14 h. The bacterial suspension was
centrifuged at 5000 rpm for 10 min and then suspended in fresh LB medium. The process
was carried out three times, but after the last centrifugation sterile water was added to the
suspension and the concentration was adjusted to 6.2 x 108 ufc. mL~! (ODgyg = 0.8). The
three different bacterial suspensions were applied separately to seeds of U. brizantha cv.
Marandu, one hour before sowing.

Sowing was carried out in pots with a capacity of 500 mL containing commercial
substrate and vermiculite in the proportion of de 3:1. The application of the chemical
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fertilizer with NPK 10-10-10 was carried out on the plants approximately 20 days after
germination.

In the experiment, eight treatments were performed: one treatment for each Pseu-
domonas tested (Amana, Poti, and Yara) with R. solani inoculation; one treatment for each
Pseudomonas tested without R. solani inoculation; a control treatment with R. solani inoc-
ulation only; and a control treatment without inoculation. The inoculum of R. solani was
produced using sterilized rice grains transferred to clean Petri dishes containing colony
discs with seven days of R. solani growth. The rice grains were incubated on the plates
for five days at 28 °C and 12 h photoperiod until the fungal mycelium colonization. The
inoculation was performed 30 days after the emergence of the plants. The inoculum con-
sisted of a grain of colonized rice, which was placed on the leaves close to the base of the
plants, with the inoculation of one leaf per plant. After inoculation, the plants were kept
in a humid chamber in a greenhouse, with a daytime temperature of 30 °C (£3 °C) and a
night temperature of 25 °C (£3 °C). The experiment was designed in randomized blocks,
with four replicates consisting of five plants. The experiment was repeated once. The eval-
uation of disease symptoms was performed seven days after inoculation, photographing
the set of plants from each experimental plot, determining an infected leaf area with the
aid of image analysis software Assess, APS (ASSESS: Image Analysis Software for Plant
Disease Quantification, Department of Plant Science, University of Manitoba, Winnipeg,
Canada) [27].

2.2.4. In Vivo Biocontrol of Rhizoctonia Foliar Blight by Fluorescent Pseudomonas
Delivered by Foliar Spray

The same bacteria isolates used in seed treatment were used in this study. Bacterial
suspensions were obtained as previously described and were sprayed on the leaves and soil
around the plant (10 mL of suspension per replicate). In the experiment, eight treatments
were performed: one treatment for each Pseudomonas tested (Amana, Poti, and Yara) with R.
solani inoculation; one treatment for each Pseudomonas tested without R. solani inoculation;
a control treatment with R. solani inoculation only; and a control treatment without inocula-
tion. The inoculum of the pathogen was produced as previously described. Inoculation
of the pathogen was carried out 72 h after inoculation of the bacterial suspensions. After
inoculation, the plants were kept in a humid chamber, in a greenhouse with a daytime
temperature of 30 °C (£3 °C) and a night temperature of 25 °C (£3 °C). The experiment was
designed in random blocks, with five replicates consisting of five plants. The experiment
was repeated once. The evaluation of disease symptoms was performed seven days after
inoculation, photographing the set of plants from each experimental plot, determining an
infected leaf area with the aid of image analysis software Assess, APS (ASSESS: Image
Analysis Software for Plant Disease Quantification, Department of Plant Science, University
of Manitoba, Winnipeg, Manitoba, Canada) [27].

2.3. Phylogenetics Identification of Fluorescent Pseudomonas
2.3.1. DNA Extraction

Pure bacterial colonies N = 24 were transferred to glass test tubes containing LB
medium and incubated at 28 °C in a rotatory shaker at 190 rpm for 12 h. The resulting
liquid cultures were subsequently centrifuged for five minutes at 10,000 rpm and the pellets
harvested for DNA extraction using “GenElute™ Bacterial Genomic DNA Kits” (Sigma
Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. DNA yield
was quantified using a NanoDrop® 2000c spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and diluted to a final concentration of 25 ng L1,

2.3.2. PCR Reactions and Sequencing of the 165 rDNA Region and rpoB Genes

PCR reactions were conducted in a final volume of 30pL containing ultra-pure distilled
water, 25 ng of total DNA, 0.1 uM of each primer, 0.2 mM of each dNTP, 2 mM of MgCl2, 2.5
uL of 10x buffer and 1U of Taqg DNA Polymerase (Sigma-Aldrich, USA). The amplifications
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were performed in a ProFlex thermal cycler (Applied Biosystems, Bedford, MA, USA) using
the following cycling conditions: initial denaturation at 95 °C for 5 min, followed by 35
cycles at 95 °C for 30 s, annealing temperature ranging from 54 °C to 63 °C (according to the
primer used) for 1 min and 72 °C for 1 min; and final extension at 72 °C for 5 min (Table 1).
The PCR products were sequenced on an ABI 3730x] DNA Analyzer (Applied Biosystems)
at the Biological Resources and Genomics Center—CREBIO at UNESP Jaboticabal Cam-
pus. The sequences were analyzed using the Geneious R 9.0.5 software (Biomatters, New
Zealand) and compared with the 16S rDNA region and rpoB genes sequences only from
type species of Pseudomonas available at the GenBank/NCBI databases. These sequences
were used to test hypotheses regarding the phylogenetic identification of the fluorescent
Pseudomonas isolates obtained in our study.

Table 1. Primer sequences and annealing temperature used to amplify by PCR reactions the fragments
of 165 rDNA and rpoB genes.

. ' Length Annealing Fragment
Gene Primers Sequences (5'-3') (bp) Temperature (°C) References Length (bp)
F311-Ps CTGGTCTGAGAGGATGATCAGT 2 .
165 rDNA R1459-Ps AATCACTCCGTGGTAACCGT 20 63 Milling et al., 2004 [25] 1150
PAGSF GACGGGTGAGTAATGCCTA .
165 rDNA PAGSR CACTGGTGTTCCTTCCTAA 19 54 Spilker et al., 2004 [29] 618
LAPS TGGCCGAGAACCAGTTCCGCGT 2
rpoB LAPS27 CGGCTTCGTCCAGCTTGTTCAG 2 60 Tayeb etal., 2005 [30] 1229

2.3.3. Phylogenetics Identification

The sequences from 16S rDNA region and rpoB genes (N = 24 from each region)
were used for phylogenetic analyses. Using the neighbor-joining method and the HKY
genetic distance model implemented in the Geneious 9.0.5 software, we reconstructed the
phylogenetic tree. Bootstrap supporting values for the tree branching were obtained from
1,000 replications of the iterations. Sequences from the P. aeruginosa lineage obtained from
GenBank/NCBI were used as an outgroup for the tree and sequences from the Pseudomonas
fluorescence lineage, including the major groups P. fluorescens (subgroups P. chlororaphis, P.
corrugata, P. fluorescens, P. fragi, P. gessardii, P. jessenii, P. mandelii and P. protegens), P. putida, P.
asplenii, P. lutea, and P. syringae were used as comparison species [14,31-35]. A total of 77
sequences of both 165 rDNA region and rpoB genes from these type species of Pseudomonas
were included to reconstruct this phylogeny (Supplementary Materials S1).

2.4. Potential Biological Control Mechanisms
2.4.1. Protease, Chitinase, and Cellulase Activity Measurements

The detection of in vitro protease activity was determined by the degradation of casein
in skimmed milk agar culture medium (casein peptone 5 g.L.~! ; yeast extract 2.5 g.1.71;
skim milk powder 1 g.L.~1; dextrose 1 g.L~!; agar 10.5 g.L~; final pH 7.0 at 25 °C). Bacterial
suspensions of the isolates Amana, Poti, and Yara, obtained as previously described, were
deposited in three equidistant points on Petri dishes. An experimental unit consisted of a
single plate of skimmed milk agar culture medium containing three bacterial suspension
aliquots of 10 puL each. The experimental design was completely randomized with three
replicates and the experiment was repeated once. Experiments for detection of cellulase
and chitinase activities were designed as described to protease activity. Cellulase activity
was determined by checking for clear halos around colonies grown on carboxymethyl
cellulose agar (CMCA) plates [36]. Chitinase activity was determined by checking the
colonies growth patterns for clear halos on chitin agar (CA) medium [37].

2.4.2. Detection of Siderophore Production

Siderophore production by isolates of fluorescent Pseudomonas was determined using
the chrome azurol (CAS), as described formerly [38]. Three aliquots of 10 puL suspension
of Amana, Poti, and Yara isolates were used for this experiment, obtained as previously
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described. The aliquots were deposited on CAS medium and incubated for 48 h at 30 °C.
Afterwards the colonies were screened for yellow-orange zones indicating siderophores
production. An experimental unit consisted of a single CAS medium plate containing three
aliquots with 10 pL of suspension from each bacterial isolate. The experimental design was
completely randomized with three replicates and the experiment was repeated once.

2.4.3. Detection of Phosphate Solubilization

To evaluate P solubilization ability of isolates Amana, Poti, and Yara it was used
GL solid medium (glucose 10 g.L.~}; yeast extract 2 g.L.7!; agar 15 g.L.~!) supplemented
with phosphate source (CaHPO, 0.89 g.L.~1). Three aliquots with 10 uL of suspension of
Pseudomonas were used for this experiment, obtained as previously described. After 24
h of inoculation, clear halos were observed around colonies grown on GL medium with
phosphate source [39]. As the control. GL medium was used without a phosphate source.
An experimental unit consisted of a single plate GL solid medium containing three aliquots
with 10 puL of suspension, one aliquot per each of the the three isolates (Amana, Poti, and
Yara). The experimental design was completely randomized with three replicates, and the
experiment was repeated once.

3. Results
3.1. Mycelial Growth and Sclerotia Germination of R. Solani AG-1 IA

The first step to assess the potential of fluorescent Pseudomonas (from undisturbed
and possibly naturally suppressive soils within areas of native rainforest from the Ama-
zon) as biocontrol agents against the signal grass foliar blight disease was to select strains
capable of inhibiting mycelial growth and sclerotia germination of the pathogen R. solani
AG-1IA. There was no difference between replicates of these experiments. The effect of
the interaction experiment*isolates was also non-significant, indicating reproducibility of
the observations, regardless of the replicates (Table 2, Figure 1a,b). Combining the two
replicates, the joint analysis of the data indicated significant differences in mycelial growth
inhibition among Pseudomonas isolates (p < 0.01). The mean inhibition of the pathogen’s
mycelial growth by Pseudomonas isolates ranged from 5.9 to 41.8%. The Pseudomonas isolates
Yara, Poti and Amana inhibited R. solani AG-1 IA mycelial growth the most (Supplementary
Materials S2). There were also significant differences among Pseudomonas isolates consid-
ering the inbition of sclerotia germination there (p < 0.05) (Table 2, Figure 1c,d), which
ranged from 10.8% to 100.0%. Out of the 24 Pseudomonas isolates tested, seven showed
100% inhibition of sclerotia germination. Amana, Poti, and Yara isolates inhibited 65.0, 79.2,
and 100.0% of the sclerotia germination, respectively (Supplementary Materials S2).

- ve
o4

4 A\l\h £ ,/4

Figure 1. In vitro inibition of Rhizotonia solani AG-1 IA mycelial growth and sclerotia germination by

fluorescent bacteria of the Pseudomonas genus. (A) R. solani AG-1 IA growing singly. (B) Confront
between R. solani AG-1 IA and Pseudomonas. (C) Sclerotial germination of R. solani AG-1IA growing
singly. (D) Complete inhibition of sclerotia germination by fluorescent Pseudomonas.

These three isolates of Pseudomonas were then chosen for the subsequent in vivo
experiments.



Agronomy 2022, 12, 1395

7 of 15

Table 2. ANOVA analyses of Rhizoctonia solani AG-1 IA mycelial growth and sclerotia germination

inhibition by fluorescent Pseudomonas isolates from suppressive Amazon soils.

Factor Source of Variation df Mean Square F 4
Experiments (E) 1 116.19 2.156 0.142 NS
Treatments (T) 23 2017.80 37.438 0.000 *
Inhibition of Mycelial ExT 23 19.52 0.362 0.997 NS
growth Error 672 53.89
Treatments 23 2017.80 38.17 0.000 *
Error 696 52.85
Experiments (E) 1 226.88 1.915 1.074 NS
Treatments (T) 23 4216.88 35.58 0.000 *
Inhibition of sclerotia ExT 23 127.21 1.074 0.378 NS
germination Error 192 118.49
Treatments 23 4216.88 35.16 0.000 *
Error 216 119.92
* Significant by F test at p < 0.001; not significant (NS). Each experiment was repeated once.
3.2. Potential of Pseudomonas spp. for in vivo Biocontrol of the Leaf Blight Disease on Signal Grass
3.2.1. Seed Treatment with Fluorescent Pseudomonas
There was no difference between replicates of the experiment of seed treatment. The
effect of the interaction experiment*isolates was also non-significant, indicating repro-
ducibility of the observations, regardless of the replicates. Combined analyses of the two
experiments indicated the significance of the treatment effect at p < 0.01. All three isolates
of Pseudomonas used as biocontrol agents significantly reduced the severity of leaf blight on
signal grass similarly (no significant difference among bacterial isolates by the Scott Knott
test at p < 0.05 (Table 3, Figures 2 and 3).
Table 3. Analysis of variance of the effects of seed or foliar treatments of fluorescent Pseudomonas
isolates for controlling the foliar blight caused by Rhizoctonia solani AG-1 IA on signal grass.
Experiments Source of Variation df Mean Square F P
Experiments (E) 1 45.64 0.484 0.4900 Ns
Treatments (T) 7 1639.85 17.405 0.0000 *
Blocks 3 256.10 2.718 0.0556 N
Seed treatment ExT 7 167.45 1.777 0.1155 NS
Error 45 94.21
Treatments 7 1639.85 15.509 0.000 *
Blocks 7 149.26 1412 0.222 N8
Error 28 105.74
Experiments (E) 1 0.0036 0.000% 0.9930 NS
Treatments (T) 7 2562.04 55.282 0.0000 *
Blocks 4 79.66 1.719 0.1576 N
) ExT 7 10.27 0.222 0.9789 N
Foliar treatment Error 60 46.34
Treatments 7 2562.04 57.64 0.000 *
Blocks 9 41.24 0.923 0.507 NS
Error 63 44.44

* Significant by F test at p < 0.05 and not significant (NS). Each experiment was repeated once.
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Figure 2. Disease severity on plants of Urochloa brizantha cv Marandu inoculated with Rhizoctonia

solani AG1-IA and treated or not with fluorescent Pseudomonas on seeds (A) or leaves (B).

R. solani AG-1 IA Negative check Amana + R. solani AG-1 IA Amana

Foliar treatment

X

R. solani AG-1 IA Negative check Amana + R. solani AG-1 IA Amana

Figure 3. Distinct disease severity levels of foliar blight caused by Rhizoctonia solani AG-1 IA on
Urochloa brizantha cv. Marandu. (A) positive check inoculated with the pathogen, (B) negative check
without pathogen’s inoculation, (C) seed treatment with fluorescent Pseudononas Amana followed
by inoculation of the pathogen, and (D) seed application of bacterial biocontrol agent solely. In (E)
positive check inoculated with the pathogen, (F) negative check without pathogen’s inoculation,
(G) foliar treatement of fluorescent Pseudomonas Amana followed by inoculation of the pathogen

inoculation and (H) foliar application of the bacterial isolate solely.



Agronomy 2022, 12, 1395

9of 15

3.2.2. Foliar Application of Fluorescent Pseudomonas

Significant differences were also detected between treatments at p < 0.01, considering
the foliar application of the biocontrol agents, resulting in decreased disease severity
(Table 3, Figures 2 and 3). While on the non-treated positive control, the severity of leaf
blight reached a maximum of 43.1% on average—a significant reduction in disease severity
to as low as 6.9% was detected on the treatment with Amana, while the treatments with
Poti and Yara resulted in 17.7 and 25.6% of diseased leaf area, respectively.

3.3. Molecular Identification of Fluorescent Pseudomonas from Amazonian Soils

The phylogenetic tree constructed indicated support for the main phylogenetic groups
and subgroups within the Pseudomonas fluorescens lineage (Figure 4), accordingly to former
phylogenetic reconstructions [31-34]. Fourteen isolates from our study, including Amana
and Yara, which were selected as potential biocontrol agents, fell within the broad Pseu-
domonas putida group clade. While the isolate Amana grouped with P. wayambapalatensis,
however, there was bootstrap support for a clade (I) grouping the isolate Yara with Arati,
Ebira, Anahi, Tacira, Nadi, Marani, Inara, and Tiba isolates, possibly comprising a new
species not yet described within this broad P. putida group. Additionally within the P. putida
group, the isolate Moara grouped with P. maumuensis and P. soli, while the isolates Membira
and Raira grouped with P. xantholysigenes.

Another two clades with bootstrap support, which comprised the isolates Poti, Avati,
Yami, and Anaué (clade II), and Ocara, Arani, and Ruda (clade III) showed close similarity
with the Pseudomonas asplenii group included in this analysis. However, they could well
consist of two independent species not yet described within the P. asplenii group.

A fourth clade (clade IV) with bootstrap support contained the isolates Abati, Iracema,
Jucara, and Joaci, and could consist of a new subspecies comprising the P. chlororaphis
subgroup within the P. fluorescens group.

3.4. In Vitro Detection of Protease, Cellulase, and Chitinase Activities of Fluorescent
Pseudomonas Isolates

While only Amana and Poti showed protease activity, as for chitinase, all three Pseu-
domonas isolates (Amana, Poti, and Yara) showed enzymatic activity. In constrast, these
three isolates did not show any cellulase activity (Table 4, Figure 5).

Table 4. Production of siderophores and lytic enzymes from Amana, Poti, and Yara isolates.

Pseudomonas Production of Phosphate Enzymatic Activity
Isolates Siderophores Solubilization Protease Chitinase Cellulase
Amana + + + + -
Poti + + + + -
Yara + + - + -

+: Presence of halos in the culture media indicating the production of siderophores or substrate degradation by
enzymatic activity. -: Absence of halos in the culture media.

3.5. Qualitative Detection of Siderophore Production and Phosphate Solubilization

Amana, Poti, and Yara produced siderophores in culture medium with a low amount
of iron. The three isolates also solubilized phosphate in vitro (Table 4, Figure 5).



Agronomy 2022, 12, 1395 10 of 15

84 AP014623 - phi P
50 CP009290 - F’ (hluloraphrs
64 CP027746 - P. subsp.
100 CP027720- P ch[momphls subsp. aureofaciens
CP008696 - P. chlororaphis
CP027712 - P. chlororaphis subsp. chiororaphis
CPOZ 7707 - P. chlororaphis subsp. piscium
Clade IV New P. chlororaphis subspecies
FDUJocaP(oizza 3-P.
53 - P, protegens
00 M CP043179-P. prozsgens P protegens subgroup -
15999205 - P. protegens g ”g%"jg’"‘
LT907842 - P. fluorescens P. fluorescens subgroup
57 L5483372 - P, fluorescens
CPO018420 - P. veronii
LT599583 - P. veronii
CP011117 - P. synxantha P i sub
NR_024928 - P. gessardii +gessargiisUbgroup
7629783 - P. f;agi P fragi subgroup
CP005960 - P. mandelii s
17629796 - P. mandelii £ andclnsCharoup
NR_024918 - P. jessenii P. jessenii subgroup
86y LT629798 - P. corrugata P. corrugata subgroup
NR_117826 - P. corrugata
CP014262 - P. corrugata
NR_020103-P. lutea | Plutea
NR_117820 - P. syringae g 3 P
NR _114480 - P. syringae I P. syringae
KY019255 - P. syringae group
60 CP062252 - P. allokribbensis
8 CP029608 - P. kribbensis
CP062253 - P. gozinkensis
CP014205 - P. glycynae
88 81 MZ099646 - P. glycinis
| 56 FN554737 - P. koreensis
LT629778 - P. granadensis
98 NR_043314 - P. moraviensis
CP077092 - P. iranensis
CPO77091 -P. 15is
A New species of »
64 Elagell Pseudomonas 2
g
New species of oz, (5
Clade Pseudomonas 7 §
aué 2
6 HE586387 - P. asplenii pasplenii | &
LT629777 - P. asplenii group S
99 CP009048 - P. alkylphenolica 2
ﬁl__: CP035952 - . tructae g
KT825519 - P. japonica o
100 CP034338 - P. oryziphila
MH428810 - P, sichuanensis
Arati
Marani
Nadi Clade New species of
Pseudomonas
Inara
KX186966 - P. putida
50 APO13070 - P. putida
CP062699 - P. taiwanensis
MK583463 - P. juntendi
CP091311 - P. juntendi
9% CP061335 - P. asiatica
100 CP061848 - P. asiatica
54 NC_019905 - P. putida
NC_015733 - P. putida
CP010359 - P. plecoglossicida
0_y CP023299 - P. mosselii
CPO08) P anuredhap
anuradhapurensis it
93r MH021844 - P. plecogloss’:ada ”'g’}gﬂ‘é“
100 } CP050291 - P. pleocoglossicida
CP031146 - P. plecoglossicida
CP077094 - P. promysalinigenes
CP077077 - P. maumuensis .
Moara P. maumuensis
NR_134794 - P. soli
NR_104279 - P. cremoricolorata
NR_ 115610 P. fu(va .
56 104278 - P.p
ra P. xantholysinigenes
CP077095 - P. xantholysinigenes
52 CP077073 - P. muyukensis
CPQ77076 - P. fakonensis
‘CPO77075 - P. xanthosomae
CT573326 - P. entomophila
HF674461 - P. guariconensis
a MK351228 - P. guariconensis
mana i
100, CPO77096 - . wayambapalatensis F-wayambopalatensés o
[ LR590474 - P. aeruginosa -
5' KU373024 - P. aeruginosa E 2
- CP046602 - P. aeruginosa 8 ‘g
=8
0.02 ¥

Figure 4. Phylogenetic tree based on the 16S and rpoB gene sequences from the Pseudomonas fluorescens
lineage, including most of the phylogenetic groups and subgroups within this lineage. The tree was
constructed with the Geneious 9.0.5 software using the neighbour-joining reconstruction method
and the HKY genetic distance model. The data in the branches indicate bootstrap supporting values,
from a total of 1000 replications, with only values above 50% presented. The P. aeruginosa sequences
were used as an outgroup. Arrows indicate the three potential biocontrol agents selected in our study.
Isolates marked in red were obtained from soils in Rondénia, while isolates in blue were obtained
from soils from Mato Grosso State.
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Figure 5. Invitro experiments for determining potential biological control mechanisms associ-
ated with the activity of the fluorescent Pseudomonas isolates Amana (a), Poti (p), and Yara (y)
from suppressive Amazonian soils. (A) production of siderophores, (B) phosphate solubilization,
(C) protease and (D) chitinase activities.

4. Discussion

In this study, 24 isolates of fluorescent Pseudomonas obtained from naturally suppres-
sive soils from the Amazon biome were bio-prospected for their role as biocontrol agents of
the foliar blight disease caused by R. solani AG-1 IA on signal grass. From the initial set
of 24 isolates screened, three (Amana, Poti, and Yara) were singled out, considering their
ability for inhibiting fungal mycelial growth and sclerotia germination.

The phylogenetic analysis based on the joint analysis of the 16S [40] and rpoB [30,41,42]
genes indicated a number of strains from yet undescribed fluorescent Pseudomonas species or
subspecies, including the isolate Poti (independent but closely related to P. asplenii), which
showed potential as a biocontrol agent. In fact, the microbial diversity from undisturbed
soils of the Amazon biome is probably rich in unknown bacterial species, as we detected [43].
In addition, the two other Pseudomonas isolates with biocontrol potential, Amana (closely
related to P. wayambapalatensis) and Yara (an independent clade closely related to the species
P. putida) fell into the Pseudomonas putida species complex.

Seed or foliar application of P. putida Amana, Poti, and Yara resulted in significant
disease control, causing a pronounced reduction in the severity of the foliar blight and
sudden death, and thus, were further analyzed for their mechanisms of biocontrol. All
three isolates produced siderophores, while Amana and Poti showed protease and chitinase
in vitro activity. None of the isolates had cellulase activity.

The ability of species of Pseudomonas to produce extracellular compounds, such as
siderophores, improves rhizosphere colonization by the bacteria, depriving potential plant
pathogens of iron, thus inhibiting their growth, in addition to possibly ensuring competitive
advantages assisting in the growth and development of plants [44]. In fact, siderophore-
producing fluorescent Pseudomonas inhibited the mycelial growth of Pyricularia oryzae, the
causal agent of rice blast, and of R. solani AG-1 IA, which is also associated with the rice
sheath blight disease [45], besides foliar blight on signal grass.

Our results are also in line with a previous study that reported a positive correlation
between the inhibition of mycelial growth of Fusarium oxysporum by fluorescent Pseudomonas
with chitinase and protease activity and a negative correlation between the inhibition of
the pathogen’s mycelial growth and the bacterial production of cellulase [46]. No cellulase
activity was also reported for the antagonism of fluorescent Pseudomonas against Pythium
aphanidermatum [47].

In addition to the potential as a biocontrol agent, it is suitable that selected bacterial or
fungal species present other favorable characteristics for plant growth and development,
such as the ability to solubilize phosphate. Phosphate-solubilizing bacteria favor the
uptake of phosphorus by plants through the mineralization process, converting organic
phosphorus to inorganic phosphorus, a form more available to plants and an alternative to
the application of chemical fertilizers in agriculture [48,49]. In our study, the fluorescent
Pseudomonas Amana, Poti, and Yara showed phosphate solubilization capacity.

Both the seed treatment and the foliar application of the biocontrol agents resulted in
a considerable reduction of disease severity. The application of fluorescent Pseudomonas via
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seed treatment followed by foliar spraying significantly reduced by 75% the severity of rice
sheath blight caused by R. solani AG-1 IA [50]. However, in our study, the seed treatment
delayed signal grass germination and seedling emergence. This fact might be explained by
the intrinsic high dormancy associated with seeds of most tropical forage grasses under
alternating light and temperature regimes, and extreme variations in soil moisture, but
especially when in contact with soil microorganisms and organic acids [51].

Therefore, foliar spray of fluorescent Pseudomonas seemed the best way of applying the
biocontrol agents for managing leaf blight on signal grass. The main factor that can explain
the effectiveness of foliar sprays is the rapid multiplication and high survival capacity
of bacteria in the phylloplane [52,53]. In addition, bacterial cells and their extracellular
compounds can be absorbed by stomatal pores and can be transported to different regions
of plants, contributing to their strengthening and combating plant pathogens that may
come into contact [54,55].

Although in our screening, we have not tested the ability of the fluorescent Pseudomonas
to induce systemic resistance (ISR), this mechanism has already been demonstrated in
several studies in different plant species [47]. ISR is based on a series of mechanisms that
can promote the activation of plant defense mechanisms in response to the attack of plant
pathogens. Nandakumar, Babu, Viswanathan, Raguchander, and Samiyappan [50] reported
that a single application of fluorescent Pseudomonas resulted in ISR in rice plants when
inoculated with R. solani AG-1 IA. In addition, the combination of four application methods
(seed, root, soil, and foliar) increased the ISR, as well as the production of chitinase by the
bacterial biocontrol agent.

Despite several reports of the biocontrol efficacy of fluorescent Pseudomonas, there are
no biofungicides with P. putida as an active ingredient labeled in Brazil [56]. One of the
greatest challenges for labeling fluorescent Pseudomonas-based biofungicides is the lack of
studies that provide a reliable and stable industrial formulation, since the bacterial species
do not produce resistant spores that usually insure the long-term stability and viability
of formulation. However, a successful industrial-scale formulation of a P. putida-based
biofungicide (formulated with the bacterial strain B 2017, in particular) for the management
of F. oxysporum, R. solani and Sclerotinia sclerotiorum diseases has already been reported in
Spain [57]. The development of a stable formulation of the Pseudomonas-based biocontrol
agents selected in our study for managing the signal grass foliar blight is warranted. Further
research on the topic should include field tests of the biofungicides formulations obtained
thereafter.

Even though, in some cases, the level of disease control with the application of mi-
croorganisms under greenhouse conditions may be at levels below what is necessary to
avoid large yield losses in the field, the main purpose of using biological control is not its
isolated effect but an integration of methods to improve the efficacy of their use [58].

5. Conclusions

Based on in vitro antagonism, three isolates (Amana, Poti, and Yara) were selected for
further in vivo assays.

Multilocus phylogenetic analysis indicated that Amana and Yara grouped into the
Pseudomonas putida group, while Poti was grouped into the Pseudomonas asplenii group and
could well constitute a new Pseudomonas species.

All three isolates produced siderophores and solubilized phosphate, while Amana
and Poti showed protease and chitinase in vitro activity.

Foliar application of P. putida Amana from Amazonian suppressive soils resulted in a
significant reduction of the foliar blight disease severity on signal grass.
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