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and Jaroslav Michalko 1,3

����������
�������

Citation: Lipková, N.; Medo, J.;

Artimová, R.; Maková, J.; Petrová, J.;

Javoreková, S.; Michalko, J. Growth

Promotion of Rapeseed (Brassica

napus L.) and Blackleg Disease

(Leptosphaeria maculans) Suppression

Mediated by Endophytic Bacteria.

Agronomy 2021, 11, 1966. https://

doi.org/10.3390/agronomy11101966

Academic Editors: Helena Freitas and

Rui S. Oliveira

Received: 30 August 2021

Accepted: 21 September 2021

Published: 29 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 The AgroBioTech Research Centre (ABT RC), Slovak University of Agriculture in Nitra,
949 01 Nitra, Slovakia; nikola.lipkova@uniag.sk (N.L.); jaroslav.michalko@uniag.sk or
michalko.jaroslav@savba.sk (J.M.)

2 Faculty of Biotechnology and Food Sciences, Slovak University of Agriculture in Nitra, Trieda Andreja
Hlinku 2, 949 01 Nitra, Slovakia; xcinkocki@uniag.sk (R.A.); jana.makova@uniag.sk (J.M.);
jana.petrova@uniag.sk (J.P.); sona.javorekova@uniag.sk (S.J.)

3 Institute of Forest Ecology, Slovak Academy of Sciences, Detached Branch Mlynany Arboretum, Vieska nad
Zitavou 178, 949 01 Nitra, Slovakia

* Correspondence: juraj.medo@uniag.sk

Abstract: Rapeseed is an important oil crop strongly dependent on high agrochemical inputs. Some
pathogens, including Leptosphaeria maculans, cause blackleg disease and can drastically decrease
yields. Microbial inoculants seem to be a promising solution to these problems. However, a selection
of potent bacterial strains able to improve growth and/or suppress disease is needed. Endophytic
bacteria (n = 38) isolated from rapeseed plants with exceptionally good growth were screened for
plant growth promoting (PGP) traits and L. maculans antifungal activity. A majority of isolates
(35) showed the ability to produce siderophores, 17 isolates solubilized phosphate, and 28 isolates
inhibited the growth of L. maculans. The six most promising isolates belonging to Bacillus genera
were characterized in detail and compared to two previously published PGP strains. Plant growth
measured as total weight and root length of rapeseed seedlings was stimulated by all isolates in
comparison to control. The best isolate, 1L6, preliminary identified as Bacillus pumilus showed
the highest phosphate solubilization, IAA and HCN production, and growth promotion of plants.
Isolates with high antifungal activity in screening showed good potential to suppress disease on
plants, with 87% reduction of lesions caused by L. maculans. These strains are good candidates to be
explored under field use either solely or in combination.

Keywords: endophytic bacteria; Brassica napus; plant growth promoting; biocontrol; Leptosphaeria maculans

1. Introduction

Rapeseed is widely cultivated in temperate climate regions mainly for the production
of oily seeds used in human and animal nutrition [1]. Methylated rapeseed oil is a biofuel
which is mixed into diesel in an effort to decrease fossil fuel usage and thus suppress
climatic change [2]. However, rapeseed cultivation is heavily dependent on high inputs of
agrochemicals, mainly fertilizers and pesticides that contradict sustainable agriculture in-
tentions [3]. Microbial inoculants are intensively studied due to their promising properties
to improve plant nutrition and health, which allows a reduction of agrochemical use [4,5].

However, with increased production of oilseed rape, blackleg disease, also called
phoma stem canker, caused by Leptosphaeria maculans has become a disease of major
economic importance in rapeseed production. It is considered to be a serious global plant
disease. It occurs in epidemic proportions in most of the rapeseed producing regions in
Europe [6,7]. Climate change may also exacerbate the spread of the disease, as under
experimental conditions, higher temperatures (15 ◦C vs. 10 ◦C or 5 ◦C) have been shown to
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reduce spore germination time and increase mycelium penetration efficiency [8,9]. Several
strategies such as crop rotation, chemical control, sanitation, and resistant cultivars have
been advised for blackleg control [10]. The perceived health and environmental risks of
fungicide use resulted in increased interest in alternative disease management strategies.
Biocontrol seems to be a viable alternative which involves harnessing disease-suppressive
microorganisms to improve plant health [11].

Microorganisms play a key role in the health and development of crops [12] by differ-
ent direct or indirect mechanisms. Beneficial functions attributed to endophytic bacteria
include plant growth promotion (PGP) by supplying nutrients (e.g., nitrogen fixation or
phosphate solubilization), increased tolerance to biotic and abiotic stressors, detoxification
of harmful compounds, and the production of bioactive compounds [13,14]. Direct bio-
control activity attributed to endophytic bacteria include the production of extracellular
antibiotics, siderophores, and cell wall-degrading enzymes (chitinase, cellulose, β-1,3-
glucanase) (Labuschagne et al., 2016). Various endophytic microorganisms have been
categorized as plant growth promoting bacteria (PGPB) and/or biocontrol agents (BCAs).
They are currently used in the formulation of diverse bioproducts (e.g., biofertilizers and
biofungicides) in order to modify and/or introduce beneficial bacteria into the plant micro-
biome for agricultural purposes [15]. In the screening for potential inoculants of plants,
auxin production, phosphate solubilization, siderophores release, and activity against
pathogens belong to the most frequently reported traits of endophytic bacteria [16–18].

Indole-3-acetic acid (IAA), which is known for its key function in plant-bacterial
interactions, is generally considered to be the most important phytohormone from the
auxin group [19]. It affects the division and differentiation of plant cells, increases the
rate of root growth and lateral root growth, affects photosynthesis and the biosynthesis of
metabolites, antioxidant enzyme activity, and resistance to stress conditions [20].

Phosphorus (P) is one of the basic elements necessary for plant growth as it directly
or indirectly affects all biological processes [21]. The availability of P to the root system is
often minimal, despite the fact that its concentration may be high in some soils, because
only 0.1% of P is in a form available for use in plants [22]. Due to the increasing problems
with the content of available P in the soil, the application of P fertilizers is required in
agriculture. This can lead to environmental problems such as eutrophication of water or
contamination by heavy metals co-founded in P fertilizer [23,24].

Iron (Fe) is an essential micronutrient for plants and microorganisms. Under aerobic
conditions (especially in calcareous soils), the solubility of iron is low, which limits its
supply to various life forms [25]. Bacteria have developed active Fe absorption strategies
by which they are able to overcome nutritional limitations by using chelating agents called
siderophores, which bind Fe3+ and transport it to the root surface where it is reduced to Fe2+

and absorbed by the plant [26]. The ability to produce siderophores provides competitive
advantages for endophytic bacteria during the colonization of plant tissues and elimination
of other microorganisms [27]. Microbial siderophores are important to plant pathology as
determinants of biocontrol activity and/or ecological factors influencing the iron nutrition
of plants. They are also important in induced systemic resistance [28].

Hydrogen cyanide (HCN) production is another important attribute of endophytic
bacteria. It can inhibit the function of many enzymes or protein carriers and, in specific
cases, is likely to inhibit the growth of certain organisms. Despite the fact that, according to
Ramette et al. [29], HCN plays a role in suppressing diseases, it is not a universal biological
control tool because a there is no direct evidence about the relationship between HCN
production and biocontrol of phytopathogens [30]. Previous studies of PGPB confirmed the
presence of HCN-producing strains in the rhizosphere and in the plant [31]. Rijavec and
Lapanje [32] suggested the role of HCN in the regulation of the availability of phosphates
for rhizobacteria and microbial plant hosts. Production of hydrogen cyanide increases with
increasing concentrations of iron and phosphates, suggesting their specific relation [33].

Many studies described a successful isolation of PGPB that greatly improved plant
growth. However, there is constant effort to isolate new, more effective, better adapted
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strains of microorganisms for agricultural use [34]. Internal plant tissue is commonly
targeted for this as it is predicted that endophytes are well adapted to plants and they
will survive in this specific environment [35]. We hypothesize that endophytes isolated
from rapeseed should have a better ability to colonize their hosts than endophytes from
non-related plant species or bacteria from other environments.

The objective of this study was to evaluate the plant growth properties of endophytic
bacteria isolated from rapeseed by analysis of IAA, HCN and siderophore production as
well as phosphate solubilization, and also by analysis of growth and pathogen development
in inoculated rapeseed plants in comparison with previously described PGPB.

2. Materials and Methods
2.1. Plant Samples

Plants of winter rapeseed (Brassica napus L., variety Sidney) used for the isolation
of endophytic bacteria were collected from several plots in the experimental farm of the
Slovak University of Agriculture in Nitra (SUA) located in Kolíňany, Slovakia (40◦26′46′′ N,
79◦58′56′′ W). Conventional farming practices, including mineral fertilization and pesticide
use, were used on the rapeseed canopy. Plants were collected in various stages, BBCH
15 (growth of 2–4 true leaves), BBCH 55 (flowering), and BBCH 85 (maturity) during the
2017/2018 season. Plants of rapeseed without any disease symptoms and with exception-
ally good growth according to visual evaluation of plant height and biomass were selected
for endophyte evaluation. Plants were carefully taken with a block of soil and transferred
to the laboratory of Department of Microbiology, SUA in Nitra.

2.2. Isolation of Endophytic Bacteria

Roots, stems, and leaves were repeatedly washed under tap water to remove adhering
soil particles, debris and epiphytic microorganisms. The plants were cut, and individual
parts were subjected to three-step surface sterilization using 99% ethanol for 1 min, then
3.125% sodium hypochlorite solution for 6 min, and 99% ethanol for 30 s followed by a
3-times repeated final wash in sterile distilled water [36]. Ten grams of sterilized plant ma-
terial was homogenized with 90 mL of sterile physiological solution by blender, inoculated
onto tryptone soya agar plates, and incubated at 30 ◦C for 24 h. After incubation, colonies
of each morphological type were re-inoculated and primarily screened for PGP traits.

2.3. Primary Screening of Endophytic Bacteria

Primary screening comprised qualitative methods for assessing production of siderophores
(CAS medium) [37] and phosphate solubilization (Pikovskaya medium) [38].

To test the biocontrol activity of isolates, an antifungal bioassay against L. maculans
(isolate Kmi16JM002 obtained from Brassica napus lesion in 2016) was done on potato
dextrose agar. Hundred microliters of bacterial culture were dispensed carefully on the
plates and incubated at 30 ◦C for 24 h. The control plates were not inoculated by any
bacteria. Mycelial plugs of L. maculans (5 mm diameter) were cut out from the edges
of an actively growing colony and placed mycelial side down on the agar, at the center
of the assay plates. The plates were incubated under light at 25 ◦C. The percentage of
inhibition (%) was calculated using the equation published by Fernando and Pierson [39]:
R1 − R2 = R1/100, where R1 is radius of mycelium growth on the control plate and R2 is
radius of mycelium growth on the experimental plate.

Bacterial isolates tested in primary screening were identified using MALDI TOF mass
spectrometry. One colony from each bacterial strain was harvested and deposited on a
MALDI target plate by sterile toothpick and left to dry. After drying, two microliters
of matrix solution (saturated α-cyano-4-hydroxycinnamic acid, 50% acetonitrile, 2.5%
trifluoroacetic acid) were added and allowed to co-crystallize with the sample. Samples
were analyzed with a MALDI-TOF MS Microflex LT mass spectrometer (Bruker Daltonics,
Bremen, Germany). Acquired spectra were compared to MALDI biotyper database.



Agronomy 2021, 11, 1966 4 of 18

Six isolates with the highest combined scores from primary screening were subjected
to molecular identification and detailed enzymatic and physiological characterization using
Biolog GEN III plates, quantitative measurement of PGP traits and in planta assay. Two
previously described plant growth promoting bacterial strains, namely Bacillus velezensis
QST713, an active ingredient of Serenade ASO (Bayer CropScience GmbH), and Pseudomonas
simiae WCS417 were used for comparison of the assessed parameters of endophytic isolates.

2.4. Molecular Characterization

Approximately 50 mg of bacterial culture was placed in 150 µL of PrepMan solu-
tion (Life Technologies, Carlsbad, CA, USA). The 16S rRNA gene of the DNA was am-
plified using universal primers 27 F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R
(5′-TACGGTTACCTTGTTACGACTT-3′). PCR products were sequenced by the MacroGen
Company, Seoul, Korea. The homology of partial 16S rRNA sequences was BLAST-checked
against the GenBank (www.genbank.com, accessed on 13 August 2021). 16S rRNA gene database,
limited to type strains. Sequences of type strains with similarity higher than 96% were selected for
phylogenetic analysis. The DNA sequences were aligned by MUSCLE [40], and the maximum
likelihood phylogenetic tree was constructed using phyML [41] in the Seaview4 environment [42].

2.5. Enzymatic and Physiological Characterization

Catalase, urease, and cytochrome c oxidase of the bacterial isolates were assayed
according to Collins et al. [43].

Physiological evaluation was done using the Biolog Gen III system. Microplates were
incubated at 33 ◦C and optical density at 570 nm was measured after 24 h on the GloMax
Multi Detection System (Promega, USA). Optical density values of all wells were corrected
using the negative control well. Sensitivity wells were compared to the positive control well.

2.6. Quantitative Analysis of PGP Traits

IAA production was determined according to the method of Kumar [44]. Endophytic
bacterial isolates (100 µL of bacterial culture with density 0.5 McFarland) were inoculated into
NB (Nutrient Broth) media containing 0.1% (v/v) L-tryptophan and incubated at 30 ◦C for
7 days with vigorous shaking. Each day, 1 mL of sample was centrifuged at 10,000 rpm for
10 min and mixed with 400 µL of Salkowski reagent (35% HClO4, FeCl3). Negative control,
represented by non-inoculated media, was spiked by an exact amount of IAA (0–200 mg·L−1) to
obtain calibration curve points. For IAA concentration, optical density at 535 nm was measured
after 30 min incubation of samples at room temperature, and compared to the calibration curve.

Phosphate solubilization was quantified by method of Nautial [45]. Bacteria were
cultivated in NBRIP growth medium (National Botanical Research Institute’s phophate). After
centrifugation, supernatant was acidified to pH below 2 by 4.5 M H2SO4, and 100 µL of the
mixture was pipetted into a microplate well. Acidified supernatant was mixed with 40 µL
of reagent A containing ammonium molybdate and potassium antimonyl-tartrate, 80 µL of
reagent B containing ascorbic acid, and 280 µL of water. Optical density was measured at
882 nm and phosphorus concentration was calculated using the calibration curve.

Quantification of HCN production was performed according to Rijavec and Lapanje [32].
Bacteria were cultivated in LB broth with glycine for seven days. Each day, one milliliter of cul-
ture was centrifuged, 190 µL of culture supernatant was mixed with 10 µL of methemoglobine
reagent in a microplate. The mixture was incubated for 30 min and the optical density at 422 nm
was measured. Hydrogen cyanide production was calculated using the calibration curve.

Siderophore production was quantified using the protocol of Arora and Verma [46]. One-
half milliliter of LB broth supernatant was mixed with 0.5 mL of CAS reagent, incubated for
20 min, and measured at 630 nm. Siderophore production was calculated as (Ar-As) ×100/Ar;
where Ar is the absorbance of non-inoculated media and As is the absorbance of the sample.

For all quantitative analyses, bacterial isolates were cultivated in triplicate. All optical
density measurements were performed using the LB 943 Multimode Reader Mithras
(Berthold Technologies GmbH, Bad Wildbad, Germany).

www.genbank.com
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2.7. In Planta Assay

Six endophytic isolates together with two reference plant growth-promoting strains
were used for inoculation of rapeseed seedlings. Seeds of rapeseed cultivar ES Astrid were
used for in planta assay.

Bacteria were cultivated on a Petri dish with TSA medium and incubated at 30 ◦C, 24 h.
The bacterial inoculum was prepared by suspension of the bacterial colony in sterile water
and the suspension was diluted to approximately 1.5 × 108 CFU·mL−1 using a calibrated
turbidimeter (DensiLa meter, Lachema, Brno, Czech Republic). In all in planta experiments,
sterile water instead of the bacterial suspension treatment was used as negative control.

2.8. Growth Promotion Experiment

Six pots filled with autoclave sterilized soil were prepared for each treatment. Two
rapeseed seeds were sown in a single pot and plants were thinned to one plant per pot
after germination (7 d). Plants were grown in an environmental chamber under controlled
environmental conditions (14 h day/10 h night cycle, 23 ◦C day/18 ◦C night, and 50%
relative humidity). Pots were randomly distributed in the chamber and their positions
were changed every 3 days to ensure the same conditions for all plants. Eleven days after
sowing, plants were inoculated with 0.5 mL of bacterial suspension per plant using a hand
sprayer. Plants were evaluated when they achieved an age of 25 days (i.e., 14 days after
inoculation). Plants were removed from the pots and rinsed with water. The fresh root
length and total biomass weight were measured and statistically evaluated.

2.9. Leptosphaeria Suppression Experiment

Leptosphaeria maculans was cultivated on V8 agar (200 mL of vegetable juice V8; 3 g CaCO3;
20 g agar in 1 L). The petri dish with the culture was flooded with deionized sterile water to
release the spores. The suspension was filtered and diluted to 1 × 105 spores per milliliter.

Pots with plants were prepared and inoculated in the same manner as in the growth
promotion experiment. In addition, benzothiadiazole (BTH), a plant systemic resistance inducer,
was used as the positive control treatment in the 60 mM concentration. Due to the previously
examined high variability of the lesion area, the number of replicates was increased to twelve.
The true leaves were removed regularly to retain cotyledon growth. On the third day after
inoculation by bacterial suspension (plant age 14 days), cotyledon leaves were infiltrated by
0.1 mL of L. maculans spore suspension using a syringe without needle [47]. Eleven days after
infiltration (age 25 days), the plants were picked up and the cotyledons were scanned. Areas of
L. maculans lesions were scored using ImageJ software [48].

2.10. Statistical Analysis

The differences among strains were evaluated using analysis of variance (ANOVA)
followed by LSD test. Analysis of residues using the Shapiro–Wilk test confirmed the
normal distribution required for ANOVA. Relations between all pairs of parameters (PGP
traits, in planta assay results, Biolog) measured on selected isolates and reference strains
were analyzed using linear regression. All statistical tests and graphs were performed
using the R statistical environment [49] and the ggplot2 library [50].

3. Results
3.1. Primary Screening

A total of 38 isolates of bacteria were isolated from surface sterilized roots, stems, and
leaves of Brassica napus (Table 1). According to MALDI-TOF identification, the isolates belonged
to 15 genera. The most common genera were Bacillus (n = 8), followed by Pantoea (n = 4),
Pseudomonas (n = 4), Microbacterium (n = 3), Acinetobacter (n = 3), and Serratia (n = 3). Low
MALDI biotyper scores together with high species complexity for the most of isolates did
not allow precise identification to the species level. Only 17 isolates showed the ability to
dissolve phosphates on Pikovskaya agar, while 35 out of 38 were positively screened for
siderophore production. Only isolates 2S3, 3S3, and 3S4 were negative. Antifungal activity
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against L. maculans was detected in 28 isolates, and reached more than 60% reduction of colony
growth in 8 isolates (1R7, 1L5, 2S1, 2L3, 3S2, 3S4, 3L1, and 3L2). There was not any apparent
relation between origin of isolates or phenological stage and the ability to produce siderophores,
phosphate solubilization, or antifungal activity. However, a high portion of well-scored isolates
belonged to Bacillus genera. Thus, six isolates of Bacillus spp. with promising combinations of
all screened properties were selected for quantitative analysis and in planta experiments.

Table 1. Bacterial isolates obtained from surface sterilized plants of rapeseed (Brassica napus). Origin, identification according to
MALDI TOF, siderophore production (SP), phosphate solubilization (PS), and antifungal activity (AFA) against Leptosphaeria maculans.

Strain Origin BBCH Stage MALDI Best Match MALDI Score * SP PS AFA

1R1 root 15 Pseudomonas mendocina DSM 50017T 1.997 + 0 9.26
1R2 root 15 Erwinia amylovora CFBP 1232T 1.912 + 0 19.63
1R3 root 15 Acinetobacter baumannii B389 1.632 + 0 0
1R4 root 15 Bacillus pumilus DSM 1794 1.998 + 1.56 60
1R5 root 15 Microbacterium liquefaciens HKI 11374 1.808 + 0 0
1R6 root 15 Chryseobacterium joostei LMG 18212T 1.769 + 1.97 60
1R7 root 15 Staphylococcus xylosus DSM 20267 1.984 + 0 68.89
1S1 stem 15 Xanthomonas codiaei DSM 18812TB 1.444 + 0 0
1S2 stem 15 Citrobacter freundii 22054_1 1.945 + 1.28 14.81
1S3 stem 15 Flavobacterium hibernum DSM 12611T 2.033 + 0 51.85
1S4 stem 15 Enterobacter ludwigii DSM 16688T 2.085 + 1.39 18.52
1S5 stem 15 Pseudomonas graminis DSM 11363T 1.398 + 0 0
1L1 leaf 15 Pantoea agglomerans DSM 8570 1.795 + 0 9.26
1L2 leaf 15 Microbacterium liquefaciens DSM 20638T 1.686 + 0 19.63
1L3 leaf 15 Bacillus licheniformis DSM 13T 1.718 + 0 5.56
1L4 leaf 15 Pseudomonas aeruginosa 8147_2 2.162 + 0 0
1L5 leaf 15 Acinetobacter junii DSM 14968 2.023 + 0 62.22
1L6 leaf 15 Bacillus pumilus DSM 354 1.896 + 1.09 38.89
1L7 leaf 15 Serratia marcescens DSM 12485 1.926 + 0 0
1L8 leaf 15 Xanthomonas codiaei DSM 18812TB 1.995 + 0 10.37
2R1 root 55 Microbacterium liquefaciens DSM 20638T 1.828 + 1.48 57.04
2R2 root 55 Staphylococcus lutrae DSM 10246 1.437 + 1.37 46.3
2R3 root 55 Serratia marcescens DSM 30122 2.192 + 0 0
2S1 stem 55 Pantoea eucrina DSM 24231T 1.814 + 0 60.74
2S2 stem 55 Serratia fonticola CCUG 38570 2.114 − 0 40.74
2L1 leaf 55 Bacillus subtilis DSM 5611 1.998 + 1.18 44.81
2L2 leaf 55 Chryseobacterium joostei LMG 18212T 1.818 + 1.31 0
2L3 leaf 55 Bacillus subtilis 107_W_7_QSA 1.962 + 1.59 62.22
3R1 root 85 Pantoea agglomerans CCM 2406 1.697 + 1.18 0
3R2 root 85 Pseudomonas oleovorans DSM 50188 1.598 + 1.5 10.37
3S1 stem 85 Acinetobacter calcoaceticus DSM 30006T 1.653 + 0 0
3S2 stem 85 Bacillus megaterium DSM 32T DSM 2.118 + 1.09 81.48
3S3 stem 85 Klebsiella oxytoca ATCC 700324 THL 1.415 − 1.1 13.33
3S4 stem 85 Pantoea agglomerans DSM 8570 DSM 2.088 − 1.28 64.07
3S5 stem 85 Bacillus megaterium DSM 32T DSM 1.477 + 1.7 27.04
3S6 stem 85 Enterobacter kobei S58 ADRIA 1.773 + 0 0
3L1 leaf 85 Bacillus subtilis DSM 5552 DSM 1.982 + 1.13 61.85
3L2 leaf 85 Sphingobium chlorophenolicum DSM 7098T HAM 1.407 + 0 64.81

* MALDI scores of 2.000–2.299 indicate secure genus identification and probable species identification; 1.700–1.999 indicate probable genus
identification; <1.7 indicate no reliable MALDI identification; +/− sign indicates strain’s positivity/negativity in siderophore production.

3.2. PGP Traits and Physiological Characterization of Selected Isolates

All isolates were previously identified as Bacillus species, however 16S rRNA sequence
analysis was used for more precise phylogenetic placement (Figure 1). Isolates shared high
16S rRNA sequence homology with Bacillus subtilis, B. pumilus, and B. aryabhattai, according
to BLAST. Isolates 1R4 and 2L3 shared the same 16S rRNA sequence as isolates 2L1 and
3S2. All isolates were catalase-positive, while only 1R4, 2L3, and WCS413 were urease
positive, and 1L6, 2L1 and 3S2 were oxidase-negative (Table 2). Physiological analysis on
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Biolog Gen III plates showed a very different pattern of substrate utilization in the case of
strain WCS413. Its growth was superior to other isolates in several wells with amino acids,
carboxylic acids, and hexose acids (Figure 2). As other bacteria were phylogenetically more
closely related, the differences were smaller. Isolates 1R4 and 3S2 showed higher utilization
of some sources like L-glutamic, L-aspartic acid, L-histidine, and some hexose acids, and
isolate 1R4 was also able to utilize acetic acid. On the other hand, isolate 1R4 was much
more susceptible to the stressor wells of the Biolog plate than all other isolates belonging to
Bacillus genera. Only strain QST713 showed resistance to lincomycin.
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Table 2. 16S rRNA homology of selected endophytic isolates of rapeseed, their enzymatic characteristics, and PGP trait comparison.

Isolate 1R4 1L6 2L1 2L3 3S2 3L1 QST713 WCS417

Identification/Best
BLAST hit

B. subtilis
NR_112116.2

100%

B. pumilus
NR_148786.1

99.73%

B. arybhattai
NR_115953.1

100%

B. subtilis
NR_112116.2

100%

B. arybhattai
NR_115953.1

100%

B. subtilis
NR_112116.2

99.88%
Bacillus velezensis Pseudomonas simiae

16S rRNA
Accession MZ947229 MZ947231 MZ947227 MZ947228 MZ947230 MZ947232 CP025079.1 CP007637.1

Catalase + + + + + + + +
Urease + − − + − − − +

Oxidase + - − + − + + +
HCN (mg·L−1) 124.5 ± 0.21 a 1 221.8 ± 1.55 g 158.2 ± 0.77 c 170.1 ± 0.57 d 170.6 ± 0.98 d 173.6 ± 0.74 e 198.0 ± 0.57 f 145.3 ± 0.74 b
IAA (mg·L−1) 31.8 ± 0.83 b 58.0 ± 0.77 g 26.6 ± 0.10 a 40.4 ± 0.63 e 31.6 ± 0.36 b 38.7 ± 0.66 d 36.5 ± 0.46 c 49.9 ± 0.63 f
Solubilized P

(mg·L−1) 350.2 ± 2.34 e 457.5 ± 6.37 g 305.4 ± 2.66 b 337.7 ± 0.58 d 363.9 ± 2.52 f 284.8 ± 0.98 a 322.6 ± 0.58 c 366.9 ± 0.98 f

Siderophores (%) 87.5 ± 0.82 f 67.1 ± 1.46 b 70.2 ± 1.48 c 78.4 ± 0.68 d 87.1 ± 0.43 f 84.5 ± 0.33 ef 83.0 ± 1.57 e 59.8 ± 1.22 a
1 Values are averages followed by standard deviation. Values accompanied with the same letter (within the row) are not significantly different at α = 0.05 according to Fisher LSD test; +/− sign indicates strain’s
positive/negative reaction in the respective enzyme assay.
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After 7 days of incubation in Pikovskaya broth, the amount of solubilized phos-
phates reached 284–456 mg·L−1 with significant differences between the isolates. The
value reached by isolate 1L6 was significantly higher than the values of other isolates,
including the reference PGPB strains. This isolate also showed significantly higher IAA
and HCN production. The production of IAA by endophytic isolates was in the range of
32–58 mg·kg−1, while the reference PGPB produced between 37 and 50 mg·kg−1. Maximal
increase of IAA production was measured after three days of incubation for all isolates
except WCS417, which achieved maximum production on the fifth day. The reference
strains scored 2nd (QST7) and 6th (WCS413) in HCN production (Table 2). Pseudomonas
simiae WCS417 produced significantly less siderophores than other isolates. Isolates 1R4,
3S2, and 3L1, together with QST713, produced significantly higher amounts than other
isolates (above 80%). When related to biology results, phosphate solubilization correlated
with use of pectin (R = 0.78, P = 0.023), D-lactic acid methyl ester (R = 0.81, P = 0.014),
or inhibition by D-serine (R = 0.85, P = 0.007). There was significant correlation of IAA
production with use of inosine (R = 0.76, P = 0.028), D-sorbitol (R = −0.91, P = 0.002),
methyl pyruvate (R = 0.93, P = 0.001), hydroxy-butyric acid (R = 0.88, P = 0.003), and others
in the Biolog assay. Siderophores correlated negatively with use of inosine (R = −0.91,
P = 0.002), serine (R = −0.83, P = 0.01), acetoacetic acid (R = −0.86, P = 0.006), and many
others. Production of HCN significantly correlated only with resistance to sodium butyrate
(Supplementary Materials, Table S1).

3.3. Plant Growth Promoting Properties of Isolates

The average total biomass weight of control plants was 0.8 g (Figure 3a). Despite the
higher biomass weight of the plants treated with 2L1, 3L1, and QST7, these treatments
did not promote plant growth significantly. All other isolates improved seedling growth
significantly compared to the control, however only isolate 1L6 (1.5 g) promoted biomass
yield significantly more than QST7 (1.1 g). Plant weight significantly correlated with the
phosphate solubilization ability of used isolate (R = 0.85, P = 0.008).

Length of roots was in the range 17–25 cm, and it was more variable than total biomass
weight. All inoculated plants scored better than the control (Figure 3b). Four endophytic
isolates achieved better root growth than QST7 (18 cm). Only plants treated with isolate
1L6 had significantly longer roots (25 cm) than those treated with WCS413 (23 cm). We
observed more root hairs on the roots of all inoculated plants as compared to the control
(unmeasured observation). The root lengths of treated plants correlated with phosphate
solubilization (R = 0.85, P = 0.004) and IAA production (R = 0.69, P = 0.036). Correlations of
both plant growth parameters with Biolog substrate utilization were weak, with maximal
value for D serine in relation to root length (R = 0.77, P = 0.024)

3.4. Suppression of L. maculans

Infiltration of non-inoculated plants by spore suspension of L. maculans resulted in
phoma leaf spot lesions covering 43% of the cotyledon area. All isolates suppressed
development of L. maculans better than QST713, which lowered the damaged area to 15%
(Figure 4). However, only 3S2 (5.8%), 2L3 (6.3%), and 3L1 (7.4%) achieved comparable
results to WCS417 (7.4%). Plants treated with BTH had only occasional lesions covering
less than 2% of area, representing by a significant margin the lowest damage among
all treatments. Correlation between PGP traits and plant damage by L. maculans was
insignificant. A strong negative correlation (i.e., smaller area of lesions was related to higher
utilization) was found for certain carbohydrates, such as dextrin (R = −0.91, P = 0.002),
D-trehalose (R =−0.77, P = 0.024), D-melibiose (R =−0.90, P = 0.003), D-fructose (R =−0.79,
P = 0.019), and D-turanose (R = −0.79, P = 0.020) in the Biolog assay.
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letter are not significantly different at α = 0.05 according to Fisher LSD test.

4. Discussion

The scientific community is continuously searching for new PGP and biocontrol
bacteria in effort to increase the plant yield and to lower the necessity of agrochemicals.
Endophytes interact more closely with their host plants compared to microbes from soil
or other plants, and they can be isolated from their host plant and cultured in vitro [51].
Thus, they are very commonly targeted in an effort to isolate new strains of PGP and/or
bacteria. Some studies rely on common plant sources of endophytes [52,53] while others
use less common plants or plants from specific environments [54–56]. Endophytic bacteria
of various Brassica species were isolated and there are also studies about the microbial
community of Brassica plants [5]. Kloepper et al. [57] described the selection of PGP bacteria
suitable for inoculation, growth promotion, and yield increase of rapeseed as early as 1988.
De Freitas et al. [58] found that inoculation of plants with Bacillus sp. and Xanthomonas
maltophilia isolates originated from the rapeseed rhizosphere had positive effects on plant
growth, but not on plant P content. Bertrand et al. [59] isolated several strains of Gram
negative bacteria associated with rapeseed that showed plant growth promotion. Recently
Shmidt et al. [60] reported isolation and PGP testing of bacterial and fungal endophytes
from healthy and phoma-diseased plants of rapeseed. None of their bacterial endophytes
(Achromobacter, Pseudomonas, Serratia, Enterobacter, or Stenotrophomonas) promoted growth
of rapeseed in controlled P-limiting conditions; however, they significantly reduced the
incidence of Sclerotinia disease. In case of L. maculans, their isolates were not able to lower
the damaged areas of cotyledons. In contrast, our assay brings promising results, as our
isolates either promoted growth or suppressed the pathogen. Isolate 3S2 suppressed L.
maculans damage by 87%. We suppose that better results are based on source plant selection,
as we isolated endophytes only from plants showing superior growth in exceptionally
good conditions, possibly naturally colonized by beneficial bacteria.

The selection of PGP isolates based on PGP traits is becoming a common practice.
Although not all PGP strains need to show their ability in in-vitro tests, such an attitude
can eliminate most non-perspective isolates from further testing.
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The ability to produce IAA is considered to be an important plant growth promotion
property of bacteria, and it is widely tested in new strain prospecting. High variability in
IAA production among bacterial species or strains has been reported [61]. Our isolates
produced IAA in the range of 26–58 mg·L−1 which seems to be higher than the range
reported by Khan et al. [62] or Kumar et al. [63], who used the same method of evaluation.
As the IAA pathway depends on L-tryptophan [64], its concentration in the medium had
a heavy impact on IAA production. Al Kahtani et al. [54] used several concentrations
of L-tryptophan in their study and reported IAA production in range of approximately
12–33 or 24–57 mg·L−1, corresponding to concentrations of 1 and 5 g·L−1 of tryptophan,
respectively. Isolate 1L6, with the highest IAA production, phosphate solubilization, and
siderophore production, also greatly improved plant growth and the length of roots, which
pointed to the relationship between these parameters and plant growth. However, some
bacteria were successfully tested as PGPB even without a high ability to produce IAA in
laboratory conditions, indicating that some other mechanisms can be employed in plant
growth promotion. Moreover, in the case of IAA, high levels may have negative effects
on plant growth, and the production of high levels is often a key characteristic of plant
pathogens [65].

In preliminary screening, the majority of isolates showed signs of siderophore produc-
tion which is in concordance with many studies [17,66–68], as this ability is widespread
within various bacteria. Bacterial genera such as Klebsiella, Stenotrophomonas, Rhizobium,
Herbaspirillum, and Citrobacter showed low production of siderophores, while others like
Burkholderia, Enterobacter, or Streptomyces were strong producers [26,27,69]. Variability in
siderophore production between genera may explain the significantly lower production
by Pseudomonas simiae WCS413 in comparison to other isolates which belonged to Bacillus
genera. Differences were also found in siderophore production dynamics when WCS
413 produced its maximum amount after five of cultivation, while Bacillus spp. isolates
achieved the maximum after three days. However, Pseudomonas isolates were strong
siderophore producers in some studies [70,71], as were Bacillus isolates [72–74]. All our
selected isolates can be ranked as good producers in comparison to the results of Arora
and Verma [46] who found siderophore production in the range of 8.33% to 69.81% in their
isolates. There is a predicted relation between siderophore production and the ability of
bacteria to suppress the growth of pathogens, including microscopic fungi [75,76]. Accord-
ing to our primary results, siderophore production was not connected to the suppression of
L. maculans, as there were siderophore production positive isolates without any antifungal
activity, and vice versa. Regression analysis of quantitative data also did not confirm the
relation between biocontrol and siderophore producing ability of isolates.

Screening for phosphate solubilizing bacteria is commonly based on the formation
of a depletion halo on Pikovskaya agar. However, we used an additional liquid culture
test for the precise quantification of P solubilization, as recommended by Liu et al. [77]. In
primary screening, we found solubilization ability in a similar amplitude as reported in
scientific studies dealing with PGP bacteria [78,79]. After 7 days of cultivation in liquid
medium, our endophytic isolates were able to solubilize P in the range of 70–400 mg·L−1.
Other studies reported amounts in the range of 10–800 mg·L−1, where solubilization ability
greater than 200 mg·L−1 can be considered as high [80].

Catalase is involved in oxidation stress suppression, thus catalase positive bacteria
survive better in the ecosystem, and within the plant they can even protect against oxidative
stress [81]. All of our isolates were catalase positive, but only three were urease positive.
Urease is an important enzyme that catalyzes urea to ammonium, and this way bacteria
applied into soil can indirectly improve plant growth [82]. Physiological profiling using
the Biolog system is not widely adopted in microbial inoculant research. This technique
was used in analysis of various PGP bacteria by Wozniak et al. [83], who stated that the
metabolic and phenotypic properties of plant growth-promoting endophytes are correlated.
We also found interesting relations between the utilization of certain carbohydrates and
the ability to suppress L. maculans. Analysis of possible metabolic pathways under this
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relationship is beyond the scope of this article, but leaf surface sugars play an important
role in plant colonization by bacteria.

There is an enormous number of studies describing the isolation of PGP bacteria,
but their authors usually avoid direct comparison of their isolates with established ones,
although isolates can be provided for scientific use for free. We used two of the widely
studied strains that have well described PGP ability.

Bacillus velezensis QST713 (formerly known as B. subtilis or B. amyloliquefaciens QST713)
was proven both to suppress various fungal pathogens and to support the growth of many
plant species including Brassica spp. [84–86]. This bacterium is sold in the Serenade ASO
formulation, which also contains the secondary metabolites of this bacterium, and these
two components showed significantly better results than either component alone [86]. In
our study, all other isolates were more efficient against L. maculans. Moreover, plants treated
by this strain did not grow exceptionally well in comparison to other treatments despite its
previously published PGP ability. As we used autoclaved soil, the applied isolates did not
need to be competent among other microbiota, which may be an important limitation in
field conditions [87]. Also, the application technique of bioagens can be critical for their
effectiveness [88].

Pseudomonas simiae WCS417 is one of the best studied plant growth promoters and it
has been under scientific examination for more than 30 years [89]. It was used on several
Brassica species for growth promotion and systemic resistance induction [90,91] and it also
showed plant growth promotion in our assay. Despite the fact that our strain 1L6 showed
slightly longer roots, the root hairs were not as developed as in the WCS417 treatment.
Some endophytic isolates seem to be at least comparable or better than these reference PGP
bacteria. They can be used either for growth promotion or blackleg disease suppression.
Due to the possibility of different modes of action of various endophytic isolates, their
combination within a single formulation could provide a synergistic effect and/or could
broaden the spectrum of environmental conditions under which the bioagents provide the
desirable effect.

5. Conclusions

Thirty-eight isolates of endophytic bacteria obtained from rapeseed plants were
screened for PGP traits, and six of them were further evaluated for PGP properties and
their biocontrol potential in an in planta assay. Isolate Bacillus sp. 1L6 demonstrated plant
growth properties comparable to well established PGP bacterial strains. Isolate Bacillus sp.
3S2 showed strong antifungal activity and significantly decreased the leaf area damaged
by L. maculans. Further testing is necessary to confirm their PGP and blackleg disease-
suppression properties in the field conditions. In the case of satisfactory results, they can
be used alone or in combination in rapeseed cultivation systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/agronomy11101966/s1, Table S1: Correlation analysis of PGP traits, in planta growth promotion
of rapeseed, Leptosphaeria maculans lesions, and Biolog substrates use.
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