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Abstract

Background: Amalgamation of metal-tolerant plant growth promoting rhizobacteria (PGPR) with biochar is a promising direction for the
development of chemical-free biofertilizers that can mitigate environmental risks, enhance crop productivity and their biological value.
The main objective of the work includes the evaluation of the influence of prepared bacterial biofertilizer (BF) on biometric growth
parameters as well as physiological and biochemical characteristics of rapeseed (Brassica napus L.) at copper action. Methods: The
prepared BF was based on novel metal tolerant strain of PGPR Buttiauxella sp. EA20 isolated from the rhizosphere of orchid Epipactis
atrorubens and birch wood biochar (BC). The pot-scale experiments included six treatments: peat-containing control substrate (CS); CS
+200Cu (200 mg Cu/kg of soil); CS + 5% BC (v/v); CS + 5% BC + 200Cu; CS + 5% BF (v/); CS + 5% BF + 200Cu. Results: Single
Cu treatment caused the decrease in rapeseed leaf area, shoot and root length, fresh and dry biomass, as well as an increase in water
saturation deficit, possibly due to damage of cell membranes by lipid peroxidation. Addition of BF or BC alone mitigated these harmful
effects of copper. Application of BF, regardless of Cu addition, increased the rapeseed leaf area (1.6 times on average), plant fresh and
dry biomass (2.5 times on average), and photosynthetic pigment content (1.8 times on average). In addition, BF treatment along with Cu
enhanced the antioxidant activity of B. napus due to the accumulation of non-enzymatic antioxidants such as carotenoids, free proline
and soluble phenolic compounds, including flavonoids. Moreover, plant enrichment with copper and essential macronutrients such as
nitrogen, phosphorus and potassium was observed. Conclusions: The study concludes that application of complex biofertilizer based on
metal tolerant PGPR strain Buttiauxella sp. EA20 and birch wood biochar mitigated the harmful effects of copper, enhanced the rapeseed
growth and increased its biological value. Future perspective includes evaluation of the potential for using the resulting biofertilizer to
improve the growth and biofortification of other crop species.

Keywords: Brassica napus L.; plant growth promoting rhizobacteria (PGPR); essential metal; bacterial biofertilizer; nutrient enrichment;
growth parameters; photosynthetic productivity; low molecular weight antioxidants

1. Introduction ment for humans, animals and plants, when present in ad-
equate amounts, while in excess exerts detrimental effects
[6-8]. Since Cu is a redox-active metal, it catalyzes the
formation of reactive oxygen species (ROS), such as su-
peroxide radical, hydrogen peroxide, and hydroxyl radicals,
which are involved in free radical chain reactions of mem-
brane lipids and proteins, thus causing oxidative degrada-
tion [8,9]. The formation of ROS leads to oxidative stress
and damages DNA, proteins, and lipids, and also affects
plant growth [10]. Moreover, high concentrations of Cu
can also lead to the development of metal toxicosis (chloro-
sis, necrosis, inhibition of the growth of roots and shoots),
which ultimately causes death of the plants [11]. Plant

A growing demand for food accompanies steady
population growth. Lately, there has been an upsurge
in agricultural production attributed to the adoption of
high-yielding varieties and an escalation in the utiliza-
tion of agro-chemicals. These chemicals serve dual pur-
poses, functioning as fertilizers and safeguards against plant
pathogens [1,2]. Nevertheless, the use of chemical fertil-
izers and pesticides results in an adverse nutrient balance
in soils, contributing to environmental contamination and
the presence of various pollutants, including heavy metals
(HMs), in agricultural production [3—5]. One of such most
common metals is copper (Cu) which is an essential ele-
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adaptation to the toxic effect of Cu is based on the func-
tioning of general (low molecular weight organic stress-
protective compounds, protective macromolecules, and an-
tioxidant enzymes) and specialized resistance mechanisms
(chelation, sequestration, and compartmentation) [8,12].

Simultaneously, copper plays a crucial role in sev-
eral biochemical and physiological processes and its insuf-
ficiency or excess in soil can have a negative effect on plants
and other living organisms [6,12]. Copper is a cofactor for
several important enzymes such as superoxide dismutase,
polyphenol oxidase, ascorbate oxidase, etc. [8,9]. More-
over, it also has a positive effect on the content of chloro-
phylls and carotenoids in the leaves, and takes an active part
in the hormonal regulation of plants [8,11]. The entry of
Cu is carried out in the form of a cation or chelate com-
pound and remains in plants in the form of ions and as part
of complex organic compounds [8,12]. In many agricul-
tural regions, the phytoavailability of copper is low. In par-
ticular, copper deficiency is observed in plants growing on
calcareous or saline soils, especially in arid and semi-arid
conditions [13].

One of the most promising approaches to address the
challenge of ensuring balanced nutrition for the human pop-
ulation is biofortification of plant raw materials and crop
products. The concept of “biofortification” includes an in-
crease in the content of deficient nutrients in crops, and
such biologically active substances as vitamins, antioxi-
dants, etc. It also involves improving the growth and over-
all productivity of plants [13,14]. Of particular interest
is microbiological biofortification, a process that employs
bacteria to enhance the nutritional value of raw materi-
als and food products. One of the most effective agro-
biotechnologies that help to increase not only the produc-
tivity of cultivated plants, but also their biological value,
is the use of biofertilizers based on plant growth promot-
ing (PGP) bacteria [2,4,5,15]. The PGP bacteria can fix
atmospheric nitrogen, solubilize inaccessible compounds
of phosphorus, potassium, iron, zinc, etc. inaccessible to
plants, inhibit the development of phytopathogens (fungi
and bacteria), produce biologically active substances, in-
cluding phytohormones, and also take an active part in the
binding of HMs, enhancing the remediation capacity of
plants [1,16,17]. Meanwhile, their utilization carries no
risks of environmental pollution [5,18]. Various liquid and
solid substances can be used as a carrier material for load-
ing bacteria in biofertilizers, however, biochar obtained by
oxygen-free pyrolysis from various organic wastes is gain-
ing significant attention [19,20]. It is evidenced that the
addition of biochar into the soil leads to an improvement in
its physical structure and chemical characteristics, fosters
the development of soil microflora, and mitigates the toxic
effect of organic and inorganic pollutants due to its binding
properties [21,22]. Moreover, due to its high water-holding
capacity, optimal pH and large surface area, biochar can
effectively be used as a carrier material for immobilizing

rhizobacteria for the preparation of environmentally safe
biofertilizers [17,23,24]. Thus, it was hypothesized that the
application of composite biofertilizer consisting of metal-
tolerant PGP-rhizobacteria (PGPR) and wood biochar in the
cultivation of agricultural plants not only enhances nutrient
enrichment but also alleviates the detrimental effects of ex-
cessive copper accumulation.

The objective of the study was to investigate the mor-
phological and physiological traits of rapeseed (Brassica
napus L.) and assess its biofortification through bioaug-
mentation with a biofertilizer composed of the metal-
tolerant PGPR strain Buttiauxella sp. EA20 and birch wood
biochar in the presence of copper.

2. Materials and Methods
2.1 Bacterial Isolation

Bacterial isolation was carried out in the summer
of 2020 from the rhizosphere of Epipactis atrorubens
(Hoffm). Besser, belongs to the Orchidaceae family,
and thrives in a natural forest community on serpentine
soil. Serpentine substrates are known for their unfavorable
physico-chemical properties for plant growth such as stoni-
ness, poor water-holding capacity, high insolation, signifi-
cantly high pH value, and large temperature differences. In
addition, they differ by a large amount of certain HMs and
low concentration of macronutrients such as nitrogen and
phosphorus and high Mg/Ca ratio [25-27].

The rhizosphere soil was collected in a UV-sterilized
zip-lock bag and brought to the laboratory. Ten grams of
soil sample (on a dry weight basis) were mixed with 90 mL
of sterilized distilled water and homogenized by shaking at
180 rpm for 1 hour in an Erlenmeyer conical flask. After
serial dilution in sterilized distilled water, a 100 pL aliquot
of required suspension was plated on Luria—Bertani (LB)
agar (HiMedia, Mumbai, Maharashtra, India) plate and in-
cubated for 3 days at 28 + 2 °C in an incubator (Biosan
ES-20/60, Riga, Latvia). After incubation, the morphologi-
cally different bacterial colonies were picked carefully and
further purified by culturing on LB agar media using quad-
rant streaking. The pure isolates were preliminarily identi-
fied by their morphology, physiology, biochemical test, and
cross-verified by Bergey’s manual [28].

2.2 Selection and Identification of Metal Tolerant And
PGP Active Isolate

2.2.1 Assessment of the Minimum Inhibitory
Concentration and PGP Features of Isolates

To determine the minimum inhibitory concentration
(MIC), the isolates were cultured on LB agar plates for
5 days at 28 °C, with progressively rising metal concen-
trations (Cu: 100 to 600; Zn: 100 to 1000; Cd: 100
to 1000; and Ni: 50 to 400 mg/L) for the analysis [17].
Ethylene diaminetetraacetic acid (EDTA) (Sigma-Aldrich,
Taufkirchen, Germany) was added to the medium to prevent
metal precipitation. Control plates were prepared without
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the addition of any metals or EDTA. Deionized Millipore
water (Milli-Q system, Millipore, Molsheim, France) was
used for the preparation of metal stock solutions.

The PGP-activities of the isolated bacterial strains
were evaluated based on their capacity to fix molecular
nitrogen, synthesize indole-3-acetic acid (IAA), solubilize
phosphates and produce siderophores. The N»-fixing activ-
ity of the isolates was determined on solid Ashby medium
containing per liter: 0.2 g KHoPO,4, 0.2 g NaCl, 0.1 g
K2S04, 0.2 gMgS0O,, 5 g CaCOg3, 20 g mannitol, 15 g agar
(HiMedia, Mumbai, Maharashtra, India) with pH adjusted
to 7.2 £ 0.2, supplemented with nitrate nitrogen by incubat-
ing them for 5 days at 28 + 2 °C. For IAA production, 100
uL of freshly prepared bacterial culture was inoculated in
200 pL L-tryptophan supplemented LB broth, incubated at
28 °C at 160 rpm and terminated after seven days. A 1000
pL aliquot was centrifuged at 10,000 x g for 6 min and su-
pernatant was mixed with Salkowski’s reagent (49 mL of
35% HClO4 and 1 mL of 0.5 M FeCls) in a 1:1 ratio. The
optical density was measured at 530 nm (Infinite 200 PRO,
Tecan Austria GmbH, Grodig, Austria) after 30 min of dark
incubation. A calibration curve was prepared to calculate
the IAA concentration using commercially available JAA
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany).

For phosphate solubilization, 100 pL of freshly pre-
pared bacterial cultures (with optical density adjusted to
108 cfu/mL) were inoculated into the National Botani-
cal Research Institute’s phosphate (NBRIP) liquid growth
medium [29]. The medium consisted of the following per
liter: 10 g glucose, 5.0 g MgCly x 6H50, 5.0 g Cag(POy)2,
0.25 g MgSO4x 7H20, 0.2 g KCl, 0.1 g (NH4)2SO,4 (Hi-
Media, Mumbai, Maharashtra, India) with pH adjusted to
7.1 + 0.2. Following 8 days of incubation at 28 °C with
160 rpm, a 1000 pL aliquot was collected and centrifuged at
10,000 x g for 6 min. Subsequently, 29 uL of supernatant,
along with 114 pL of double distilled deionized Millipore
water and 57 puL of vanado-molybdic reagent, were added
to a microtiter plate. The samples were then incubated for
15 min, and the optical density was measured at 420 nm,
as outlined by Kumar et al. [30]. Control samples, lacking
the addition of bacterial samples, were simultaneously pro-
cessed. The ability to solubilize phosphates was determined
using a calibration curve established with a standard solu-
tion of potassium dihydrogen orthophosphate (KHPOy).

For the analysis of siderophore production, Fe-
Chrome Azurol Sulfonate (CAS) (Sigma-Aldrich,
Taufkirchen, Germany) indicator solution was mixed
with principle buffer in a ratio of 1:8, and then with 70
mL of auxiliary buffer and a solution of casamino acid
with agar, which was spot inoculated with 5 pL of freshly
grown (10% cfu/mL) bacterial samples. The plates were
incubated at 28 °C for 5 days and bacteria producing
orange-yellow halo zones were measured and identified as
siderophore-producing rhizobacteria [31].
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2.2.2 Genetic Identification and Phylogenetic Tree
Construction of Selected Strain

Out of 30 morphologically different pure bacterial
colonies, the strain that showed maximum tolerance to mul-
tiple HMs along with high numbers of analyzed PGP at-
tributes was selected and identified based on the 16S rRNA
gene sequencing.

Total DNA from the selected strain was isolated using
a diaGene kit (3318.0250, Diaem LLC, Moscow, Russia)
for extracting bacterial genomic DNA on spin columns ac-
cording to the manufacturer’s instructions. A total of 10
ng of DNA was used as a template for amplifying the 16S
rRNA genes. Polymerase chain reaction (PCR) amplifica-
tion was done by 16S Barcoding Kit (SQK-16S024, Oxford
Nanopore Technologies, Oxford, UK) and LongAmp Hot
Start Taq 2X Master Mix (NEB, Inc, Ipswich, MA, USA),
following the manufacturer’s protocol. PCR amplification
conditions were: initial denaturation (95 °C for 60 sec);
25 cycles: denaturation (95 °C for 20 sec), annealing of
primers (55 °C for 30 sec) and, chain synthesis (65 °C for
120 sec); final chain elongation (65 °C for 300 sec). The
prepared DNA library (11 pL) was combined with 34 pL
of sequencing buffer with 25.5 pL of loading beads, and
4.5 uL of deionized Millipore water. This mixture was
then loaded into an R9.4 flow cell (FLO-MIN106D; Ox-
ford Nanopore Technologies, Oxford, UK) and sequenced
on a GridION Mkl (Oxford Nanopore Technologies, Ox-
ford, UK). Data collection was performed using the soft-
ware MINKNOW version 21.05.8 (Oxford Nanopore Tech-
nologies, Oxford, UK).

The primary data of the GridION sequences (i.e.,
data in the FASTS format) were converted to FASTQ for-
mat files using the Guppy ver. software 5.0.11 (Oxford
Nanopore Technologies, Oxford, UK) with an average read-
ing quality score of >7. Bacterial species were determined
based on the National Center for Biotechnology Informa-
tion (NCBI) taxonomic database using the EPI2ME Fastq
16S software 3.3.0 (Oxford Nanopore Technologies, Ox-
ford, UK). In the process of analysis, the sequences of the
adapter and the barcode were removed from the readings,
the minimum length of the identified fragments was 1400
bp. The 16S rRNA gene sequencing of the selected strain
showed maximum similarity (91.8% of accuracy at 401386
reads) with Buttiauxella genus and was named Buttiauxella
sp. strain EA20.

The Neighbor-Joining Method was used for con-
struction of phylogenetic tree [32] and implemented using
Megall software [33], the evolutionary distances were gen-
erated using the Tamura-Nei method [34] and Enterobac-
ter cloacae was used as the outgroup (Fig. 1). The associ-
ated taxa were clustered together in the bootstrap test (1000
replicates) [35].
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2.3 Biochar Based Biofertilizer Preparation and Shelf-Life
Testing

Biochar (BC), produced by a domestic manufacturer
from high-density birch wood by oxygen-free pyrolysis,
was crushed and passed through a 0.2 mm sieve, followed
by drying for 2 days at a temperature of 70 °C and double
sterilized at a temperature of 110 °C for 20 min in an au-
toclave. An assessment of its physicochemical parameters
showed circumneutral pH (6.4 4 0.1), electrical conductiv-
ity of 273.8 £ 1.2 pS/cm, moisture content of 2.5 £ 0.2%
and water holding capacity of 265.4 + 4.3%. The content
of carbon, hydrogen, and oxygen was 76.9 4+ 2.9%, 4.1 +
0.3%, and 18.0 £ 2.7%, respectively. The Cu content in
pure BC was 6.05 £ 0.50 mg/kg of dry weight (DW).

Metal-tolerant PGPR strain Buttiauxella sp. EA20
was used to prepare the biofertilizer (BF). Strain EA20 was
grown overnight at 28 °C in 250 mL LB broth at 150 rpm in
an orbital shaker incubator (Biosan ES-20/60, Latvia). The
bacterial culture (10® cfu/mL), prepared as previously de-
scribed [17], was mixed with double sterilzed biochar (130
°C for 1 hour) and left overnight in a laminar flow chamber
until the level of moisture reaches between 25-35%. The
BF was stored in perforated disinfected bags at 27 °C for
its use in pot-scale experiment [17].

2.4 Design and Set up of the Pot-Scale Experiments

In April and June of 2021, two separate pot-scale ex-
periments were conducted with spring rapeseed plants, and
the averaged outcomes are reported in this study. The B.
napus seeds underwent surface sterilization by exposure
to 70% ethanol for 30 seconds, followed by a 2-minute
wash with 4% sodium hypochlorite, and ultimately, thor-
ough rinsing with sterile double-distilled Millipore water.

The experiment comprises two distinct lines: one
without copper (0Cu) and another involving the introduc-
tion of 200 mg of Cu (in sulfate form) per kilogram of soil
(200Cu) on the 21st day of the plant growth period. Six
treatment conditions were applied, namely: peat-containing
control substrate (CS), CS + 5% BC (v/v); CS + 5% BF
(v/»); CS +200Cu (200 mg Cu kg~ soil); CS + 200Cu +
5% BC (v/v); CS +200Cu + 5% BF (v/v).

Double sterilized (130 °C for 20 min) peat-containing
substrate with pH 6.7 = 0.1, EC 714.5 £ 1.3 uS/cm and Cu
content 21.5 + 0.7 mg/kg DW was used as a control. Fif-
teen B. napus seedlings were germinated in 350 mL plastic
pots (five replicates for each treatment) in growth cham-
bers with photoperiod, 14:10 (day:night), illumination, 180
+ 30 umol/m? sec, temperature, 23 & 2 °C and checked for
seed germination after 7 days. On the 21st day, all treat-
ments were undergone with the addition of 200 mg of Cu,
except control. The extra plants were uprooted and only ten
healthy seedlings in each pot were allowed to grow for 36
days in total. At harvest (on the 36th day), the plants were
washed with tap water, followed by ultrasonication and fi-
nally twice with deionized Millipore water and divided into

root and shoot. Half of the plants were harvested to ac-
cess the biometric growth parameters whereas the rest were
used to study the Cu content, biochemical and physiological
characteristics of rapeseed.

2.5 Determination of Total Cu and Nitrogen, Phosphorus,
Potassium (NPK) Content in B. napus Organs

Pre-dried and homogenized samples, weighing 0.2 g
underwent wet digestion with 70% nitric acid (AR, ana-
lytical grade) in a MaRS 5 Digestion Microwave System
(CEM, Matthews, NC, USA). The atomic absorption spec-
trometer (AAS) AA240FS (Varian Australia Pvt Ltd., Mul-
grave, Victoria, Australia) was employed to determine the
total Cu and potassium (K) content in both aboveground
and underground rapeseed biomasses. JSC Ural Plant of
Chemical Reagents (Verkhnyaya Pyshma, Russia) was used
as Standard Reference Materials; GSS 7998-93 for Cu(II)
and GSS 8092-94 for K(I) were utilized for the preparation,
calibration and analysis of each analytical batch. Calibra-
tion coefficients were maintained at >0.99. The total ni-
trogen (N) and phosphorus (P) content in B. napus organs
were measured at 440 nm and 640 nm, respectively, using
a spectrophotometric method [27], following wet digestion
with a 1:10 (v/v) mixture of perchloric and sulfuric acids.
Total N was measured after reacting with Nessler’s reagent,
while total P was determined using ammonium molybdate
in an acidic medium.

2.6 Assessment of B. napus Growth Parameters

The biometric parameters of plants such as shoot and
root fresh and dry biomass, length, and leaf area were stud-
ied [17]. The water content in the organs was calculated by
weighing the samples before and after drying at 75 °C for
24 hours. The germination rate of seedlings was also com-
puted following the method reported by Wijewardana ef al.
[36].

2.7 Assessment of B. napus Physiological and Biochemical
Parameters

The CO; assimilation (pmol CO5/m? sec) on the 4th
leaf (excluding cotyledons) of rapeseed plant was measured
ina LeD Light Source chamber (3 x 4 cm) using a LI-COR
(portable infrared gas analyzer LI-6400XT, Lincoln, NE,
USA) at a saturating LED light intensity of 1200 pmol/m?
sec, with 23 °C chamber temperature, and 50% humidity.
The content of chlorophyll a (Chl a), chlorophyll 4 (Chl
b) and carotenoids (Car) were calculated and determed us-
ing PD-303 UV spectrophotometer (Apel, Saitama, Japan)
at wavelengths of 470, 647, and 663 nm, respectively, and
calculated according to Lichtenthaler [37]. Water satura-
tion deficit was measured using the floating discs’s method
as described by Maleva et al. [38].

Malondialdehyde (MDA), a marker of lipid peroxi-
dation, was quantified in 0.3 g of fresh rapeseed leaves.
The leaves were homogenized with 4 mL of a reaction

&% IMR Press


https://www.imrpress.com

medium comprising 0.25% thiobarbituric acid in 10%
trichloroacetic acid (v/v) as per Heath and Packer [39]. Af-
ter boiling the extract for 30 min, cooling it on ice, and
centrifuging it at 12,000 x g for 15 min, the absorbance of
the supernatant was measured at 532 nm and 600 nm. The
concentration of TBA-reactive products was determined us-
ing the MDA extinction coefficient (155 mmol/cm) and
expressed as nmol MDA per gram of dry weight (nmol
MDA/g DW). The free proline content was assessed after
boiling 0.4 g of freshly crushed rapeseed leaves in water
for 15 min [38]. The reaction medium was prepared by
adding prepared filtered extract with an amalgamation of
glacial acetic acid with ninhydrin reagent in equal propor-
tions (1:1:1; v/v), was placed in a boiling water bath for 30
min for staining and then cooled rapidly on ice. The pro-
line content was determined spectrophotometrically by PD-
303 UV (Apel, Saitama, Japan) at a wavelength of 520 nm
and calculated as mg proline/g DW. The proline was used
for preparing the standard curve (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany).

o | Buttiauxella massiliensis strain Marseille-P9829
sa|! Buttiauxella agrestis ATCC 333220 strain DSM 4586
Buttiauxella brennerae strain S1/6-571

Buttiauxella ferragutiae strain DSM 9390

58

Buttiauxella gaviniae strain S1/1-984
B Buttiauxella sp. strain EA20

Buttiauxella izardii strain S3/2-161

Buttiauxella warmboldiae strain NSW 326
Enterobacter cloacae strain ATCC13047T

0.01

Fig. 1. Phylogenetic tree showing the 16S rRNA sequence of
Buttiauxella sp. strain EA20 and closely related sequences of
all the strains of the genus Buttiauxella. Enterobacter cloacae
is used as the outgroup. The bootstrap value (1000 replicates were

used in the test) is shown as a percentage below the branches.

The total content of soluble phenolic compounds and
flavonoids was determined in an ethanol extract from
freshly crushed rapeseed leaves (0.3 g) pre-filled with 80%
ethanol for 24 h. The resulting extract was filtered through
the suitable size filter paper and analyzed. The total pheno-
lic content was determined by spectrophotometer (Infinite
200 PRO, Tecan Austria GmbH, Grodig, Austria) at 760
nm after incubating the reaction mixture for 1 h (0.1 mL of
extract interacting with 0.5 mL of 0.2 M Folin—Ciocalteu
reagent for 5 min, followed by 0.4 mL 7.5% NasCOg3 (w/v)
solution) at room temperature [40]. Gallic acid sourced
from Sigma-Aldrich Chemie GmbH in Germany served as
the reference standard in the analysis, with the outcomes
reported as milligrams of gallic acid/g DW.

The content of flavonoids was measured by reacting
the extracted sample with an equivalent amount of 10% alu-
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minum chloride ethanolic solution followed by a 15 min in-
cubation period at room temperature [38]. The absorbance
of the reaction mixture was measured by spectrophometer
(Infinite 200 PRO, Tecan Austria GmbH, Grodig, Austria)
at 415 nm. The 10% aluminum chloride in the blank was
replaced with an equal volume of 80% ethanol. Likewise,
a standard solution of rutin from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany) was treated with aluminum
chloride to establish a calibration curve, and the findings
were presented as milligrams of rutin/g DW.

2.8 Statistical Analyses

The data presented in the Table 1 represent the mean
values (Means) of 3 replicates for measurements of PGP-
attributes (IAA, siderophore production and phosphate sol-
ubilisation). Fig. 1 shows the bootstrap value from 1000
replicates. Fig. 2A demonstrates the appearance of 36-
day-old rapeseed plants grown under various treatments.
Fig. 2B and Table 2 represent the mean values (Means)
from 5 replicates, composed of composite samples from
each pot. Fig. 3 represent the Means obtained from 20 repli-
cates, each consisting of four randomly selected plants from
every pot, for biometric characteristics. Figs. 4,5,6 repre-
sent the Means of 5 composite replicates. Standard errors
(SE) are included. Statistical analysis was conducted using
STATISTICA 13.0 (StatSoft, Palo Alto, CA, USA) and Ex-
cel 16.0 software (Microsoft Office 2016, Microsoft, Red-
mond, WA, USA), following verification of normality using
the Shapiro—Wilk test and homogeneity of variance using
Levene’s test. Differences between treatment groups were
assessed using the non-parametric Kruskal-Wallis H-test at
a significance level of p < 0.05. Significant differences be-
tween treatments are denoted by distinct lowercase and up-
percase alphabetical letters.

3. Results
3.1 Isolation and Identification

From the 30 strains isolated from the rhizosphere of
the orchid E. atrorubens, one particular isolate i.e., strain
EA20, exhibited the highest resistance to metals such as
Cu, Ni, Zn, and Cd. EA20 also demonstrated exceptionally
positive results across all tested plant growth-promoting at-
tributes, including No-fixation, IAA production, phosphate
solubilization, and siderophore production. The prelim-
inary identification was performed by assessing its mor-
phological characteristics. The isolate was identified as
Gram-negative and aerobic and the pure colony exhibited
a smooth, crateriform elevation, light beige color, and a
round shape with a rolled appearance around the edge.

The full-length sequence of the 16S rRNA gene was
used for genus identification. Ultilizing the cloud-based
platform EPI2ME Agent, the strain’s genus was determined
to be Buttiauxella with an average accuracy of 91.8%. Ad-
ditionally, a phylogenetic investigation revealed that strain
EA20 was situated in a shared cluster with strains from the
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Table 1. Minimum inhibitory concentration (MIC) and PGP features of Buttiauxella sp. strain EA20.

. . MIC
Bacterial strain

PGP attributes

Cu (mg/L) Ni(mg/L) Zn(mg/L) Cd(mg/L) N-fixation LIAA LPhosphate  !Siderophore
production solubilization production
(mg/L) (mg PO43/L)
Buttiauxella sp. 600 400 1000 1000 + 12.7+ 0.9 1110.7 £ 5.7 2.73 £ 0.15
strain EA20

IData are presented as Means + SE (n = 3). Siderophore production is represented by the average ratio of solubilized zone (halo +

colony) to colony diameter. +, Positive; PGP, plant growth promoting; IAA, indole-3-acetic acid.

Buttiauxella genus, including B. izardii, B. noackiae, and
B. warmboldiae. This supports the conclusion that strain
EA20 certainly falls within the Buttiauxella genus (Fig. 1).

3.2 Minimum Inhibitory Concentration and PGP Activities
of Buttiauxella sp. Strain EA20

The bacterial strain Buttiauxella sp. EA20 showed re-
sistance against various metals. The strain EA20 exhibited
maximum tolerance for Zn = Cd < Cu < Ni with a range
of 1000 < 600 < 400 mg/L, respectively (Table 1). The
quantitative analysis of phosphate solubilization and TAA
synthesis in a liquid medium revealed that the strain EA20
solubilized 110.7 mg/L of insoluble tri-calcium phosphate
and produced 12.7 mg/L of IAA. The qualitative analysis
of siderophore synthesis was revealed by a clear halo zone
around the colony on a CAS-agar plate. No-fixation anal-
ysis also revealed a positive result for the strain which up-
surges the nitrogen assimilation ability of plants (Table 1).

3.3 The Total Cu and NPK Content and Biometric Growth
Characteristics of B. napus

The application of BC or BF showed no significant
effect on the germination of B. napus seeds, which aver-
aged 76%. Fig. 2A shows the appearance of B. napus plants
grown under different treatments at the end of the experi-
ment. It can be visually seen that the appearance of rapeseed
shoots was much better in the variants with the addition of
5% BC or BF, regardless of copper treatment, compared to
the control substrate (CS). The addition of 200 mg/kg of
Cu into CS resulted in a 2.4-fold increase in B. napus shoot
content and a 9.4-fold increase in the root, corresponding to
18 and 79 mg/kg DW, respectively (Fig. 2B).

A similar trend was observed in the plants treated with
5% BC. The application of BF without Cu did not affect
its content in the shoot, rather a 2-fold enhanced accumu-
lation was observed in the root (compared to CS and 5%
BC). When copper was applied (BF + Cu), it mainly ac-
cumulated in rapeseed root (4.6 times higher than in shoot).
The addition of BF also contributed to an increase in the ac-
cumulation of Cu in shoot and root by 3.3 and 13.3 times,
respectively, as compared to CS or BC without Cu, and by
1.4 and 1.5 times as compared to CS or BC with 200Cu
addition (Fig. 2B).

The use of BC without copper did not significantly af-
fect the phosphorus content, however slightly increased the
nitrogen and potassium content in the shoot (15%), while
there were no significant differences observed for NPK con-
centration between CS and BC in root (Table 2). Simultane-
ously, plants treated with BF demonstrated 1.4-fold higher
NPK content in their shoot and root as compared to CS.
The combined application of 200Cu and BC increased NPK
content in the shoot by 20% compared with single cop-
per. Wherein, the nitrogen content in the root increased by
15%, but the phosphorus and potassium content remained
unchanged. The application of Cu and BF resulted in a sig-
nificant increase of 1.5 times on average in NPK content in
both aboveground and underground organs (Table 2).

Both in control and BC treated plants, the addition
of Cu showed a negative effect on the growth parameters
of rapeseed (Fig. 3). An average decrease of 18% was
observed for fresh and dry biomass of shoot while root
biomass was reduced by 35% as compared to CS and CS
+ 5% BC treatments (Fig. 3A,B). Moreover, a significant
decrease of 28% (on average) in the shoot and root length
as well as leaf area was also observed (Fig. 3C,D). In the
absence of Cu, BF enhanced the aboveground and under-
ground fresh biomass by an average of 1.9 times as com-
pared to control and only BC treated plants (Fig. 3A,B).
Simultaneously, shoot and root length did not change
(Fig. 3C), while the leaf surface area increased significantly
(by 47%) compared to CS and BC (Fig. 3D). When Cu
was applied together with BF, the fresh shoot biomass was
increased almost by 2-fold (Fig. 3A), while the dry shoot
biomass upsurge only by 30% (Fig. 3B), compared to CS
and CS + Cu. At the same time, an almost quadruple in-
crease in underground biomass for both fresh and dry was
observed (Fig. 3A,B). The addition of BF along with Cu did
not have a significant effect on the shoot and root length
compared to the CS, however, it was 1.4 times higher than
CS + Cu (Fig. 3C). Simultaneously, the leaf area increased
by 1.4 and 1.7 times compared to CS and CS + Cu, respec-
tively (Fig. 3D).

3.4 Physiological and Biochemical Characteristics of B.
napus Plants

The rate of CO5 assimilation in the control plants de-
creased by 40% in the presence of copper (Fig. 4A), while
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Fig. 2. Effect of 5% biochar (BC) and biofertilizer (BF) based on PGPR Buttiauxella sp. strain EA20 and BC on plant appearance
and copper accumulation in shoot and root of B. napus after 36 days of vegetation without Cu (0Cu) and with the addition of 200
mg Cu/kg of soil (200Cu). (A) Plant appearance. (B) Copper content. CS, control substrate. Data are presented as Means £ SE (n=5).
Significant differences between treatments are denoted by distinct lowercase (a—d) and uppercase (A—C) alphabetical letters at p < 0.05
according to the Kruskal-Wallis H-test. DW, dry weight.

Table 2. Effect of 5% biochar and biofertilizer (BF) based on PGPR Buttiauxella sp. EA20 and BC on total nitrogen (N),

phosphorus (P), and potassium (K) content in shoot and root of B. napus after 36 days of vegetation.

. Treatments without Cu Treatments with 200Cu
Organ  Nutrients (mg/g DW)
CS 5% BC 5% BF CS 5% BC 5% BF

N 32.28 + 1.64%¢  36.98 4+ 1.82°  44.854+220% 29.87 4+ 1.16° 3471 +£1.91% 4922 +3.71¢
Shoot P 1.98 £ 0.11° 2.13 £0.19° 2.57 £0.18 1.67 £ 0.08¢ 2.09 +0.12° 2.89 £ 0.20¢

K 29.25 4 1.88%¢ 33454+ 1.31°  42.64 +£2.16 27.67+1.40¢ 32.89 £2.02® 38.10 & 1.87¢

N 26.12 £1.34% 26374+ 1.98% 2978 £ 1.96% 22.76 + 1.12¢  26.21 + 1.50°  33.15 £+ 2.10®
Root P 1.21 +0.10° 1.35+0.11° 2.18 £0.13¢ 1.02 4 0.88% 1.30 4 0.10° 2.04 £0.10¢

K 33.874+ 1.14> 35404+ 1.80® 45.16+2.81¢ 31.69 + 1.30° 34.65+ 1.66°  44.68 +2.32¢

Data are presented as Means + SE (n = 5). CS, control substrate.

Significant differences between treatments are denoted by distinct

superscript (¢-¢) alphabetical letters at p < 0.05 according to the Kruskal-Wallis H-test.

the content of photosynthetic pigments remained more sta-
ble (Fig. 4B). Similar trend was observed for 5% BC treated
plants. The addition of BF (both with and without copper)
had a positive effect on photosynthetic activity and pigment
content in rapeseed leaves which increased them by 1.4- and
1.8-fold, respectively (Fig. 4).
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The application of copper contributed to a significant
(37%) increase in the MDA content of control rapeseed
plants (Fig. 5A). In BC + Cu and BF + Cu treated plants,
the MDA content increased to a lesser extent (by 17% from
CS on average). In the presence of copper, a significant in-
crease of 25% in water saturation deficit was observed for
control plants (Fig. 5B). BC and especially BF caused a sig-
nificant decrease in water deficit after its application.
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Fig. 3. Effect of 5% biochar (BC) and biofertilizer (BF) based on PGPR Buttiauxella sp. strain EA20 and BC on biometric growth
parameters of B. napus after 36 days of vegetation without Cu (0Cu) and with the addition of 200 mg Cu/kg of soil (200Cu). (A)
Shoot and root fresh biomass. (B) Shoot and root dry biomass. (C) Shoot and root length. (D) Leaf area. CS, control substrate. Data are

presented as Means + SE (n = 20). Significant differences between treatments are denoted by distinct lowercase (a—d) and uppercase
(A—C) alphabetical letters at p < 0.05 according to the Kruskal-Wallis H-test.

The content of free proline in rapeseed leaves signif-
icantly increased (by 30% on average) when BF was ap-
plied, especially in the presence of copper (Fig. 6A). The
Cu addition led to a significant increase in the content of
soluble phenolics in the CS-plants, and especially (almost
1.5 times) flavonoids (Fig. 6B). The application of BF also
activated the synthesis of soluble phenolics, while the pro-
portion of flavonoids increased by almost 2-fold compared
to the control. The copper in the presence of BF stimulated
the synthesis of phenolics even more, however the propor-
tion of flavonoids decreased.

4. Discussion

The present research work aimed to assess the mor-
phophysiological traits of B. napus at individual and com-
bined application of copper and BF based on the metal-
tolerant PGP-rhizobacteria Buttiauxella sp. strain EA20

and wood biochar. Utilizing BF based on PGPR represents
a promising avenue in agricultural biotechnologies, partic-
ularly in techniques focused on enhancing crops with es-
sential micro- and macronutrients [41,42]. Rapeseed is one
of the important agricultural plants and the largest source of
edible oil in the world [43,44]. In the present study, the cop-
per treatment (200 mg/kg) caused a decrease in leaf area,
shoot and root length as well as fresh and dry biomass of
B. napus. Due to excess Cu, similar deleterious changes
in the growth parameters of rapeseed and other crops of
Brassicaceae were also reported earlier [43,45]. In contrast,
Kumar et al. [17] also reported the positive effect of cop-
per (100 mg/kg) which stimulated rapeseed root growth and
caused a significant increase in their biomass.

Increasing the amount of MDA in B. napus leaves with
the addition of 200Cu indicated a violation in the integrity
of cell membranes. This was also confirmed by a signifi-
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Fig. 5. Effect of 5% biochar (BC) and biofertilizer (BF) based on PGPR Buttiauxella sp. strain EA20 and BC on the content
of malondialdehyde (MDA) and water saturation deficit in the leaves of B. napus after 36 days of vegetation without Cu (0Cu)
and with the addition of 200 mg Cu/kg of soil (200Cu). (A) MDA content. (B) Water saturation deficit. CS, control substrate. Data
are presented as Means & SE (n = 5). Significant differences between treatments are denoted by distinct uppercase (A—C) alphabetical
letters at p < 0.05 according to the Kruskal-Wallis /-test.

cant increase in water saturation deficit. A water deficiency  velopment of the absorbent surface of the roots. Moreover,
in metal-stressed plants can be explained by reduced water ~ metals can inhibit water transport both in the symplast and

uptake. These changes in copper-stressed plants are con- in the apoplast, which negatively affects the water supply of
sistent with the results of other authors who investigated  the shoot. Water deficiency often occurs due to a decrease
the impact of abiotic stress caused by increased Cu con- in the size of xylem cells, as well as due to the inhibition
centration [9,46—48]. An excess of HMs causes osmotic of transpiration, because of the reduction of leaf area and
disturbances in plants due to the negative impact on the de- decreasing stomatal density under metal stress [49,50]. A
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are presented as Means + SE (n =5). Significant differences between treatments are denoted by distinct lowercase (a—d) and uppercase
(A-D) alphabetical letters at p < 0.05 according to the Kruskal-Wallis H-test.

decrease in the rate of CO- assimilation in copper-stressed
plants was also noted earlier. Excess copper is known to
disrupt the photosynthetic apparatus by affecting pigment
complexes and chloroplast structure. This disruption leads
to a decrease in the net photosynthetic rate, limits the ac-
tivity of Rubisco, and inhibits the photosynthetic electron
transport chain [8,11,12].

Application of BF increased shoot length, leaf surface,
and biomass of B. napus indicating its positive effect on the
growth and development of plants. Since, the use of only
BC did not have a significant influence on growth param-
eters, it can be assumed that namely, rhizobacteria Butti-
auxella sp. strain EA20 had this positive action due to its
growth promoting attributes like No-fixation, IAA synthe-
sis, phosphate solubilization, and siderophore production.
To date, information on endophytic and rhizospheric bac-
teria of the genus Buttiauxella is limited. Previously, the
endophytic bacteria Buttiauxella agrestis was found in the
orchid Epipactis helleborine [51]. Ruangsanka [52] noted
that bacteria of the genus Buttiauxella increase the avail-
ability of phosphates for plants. It has been also reported
that the strain Buttiauxella sp. SaSR13 is cadmium resis-
tant and capable of producing IAA, siderophores, and in-
hibiting ethylene production (due to 1-aminocyclopropane-
1-carboxylic acid deaminase, ACCD). Inoculating Sedum
alfredii plants with strain SaSR13 increased biomass when
treated with Cd, enhancing the phytoextraction of cadmium
[53].

When copper was added together with BC and BF, the
level of MDA decreased, indicating the prevention of ox-
idative stress. The application of BC alone and especially
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with PGPR mitigated the negative effect of copper on water
status of plants. This may be due to the ability of biochar
to retain moisture in its porous structure [22,23]. The use
of BF significantly increased the rate of CO, assimilation
and the content of photosynthetic pigments in B. napus. It
also mitigated the toxic effects of copper on these important
physiological characteristics. The positive effect of biofer-
tilizers based on different species of PGP-bacteria on the
photosynthetic apparatus of plants was also previously re-
ported by other researchers [47,54]. Moreover, it was ob-
served that the PGP-bacteria help to protect plants from the
HMs toxicity [17,46,54].

One of the non-specific protective reactions of plants
to abiotic stress is the increased synthesis of low molec-
ular weight antioxidants [10,55]. Combined application
of BF and 200Cu alleviated the Cu impact by synthesiz-
ing non-enzymatic antioxidants (carotenoids, free proline
and soluble phenolic compounds including flavonoids). To
date the information concerning the influence of associa-
tive PGP-bacteria on antioxidant status of stressed plants is
limited. In what way diverse bacteria species activate plant
tolerance strategies is yet not properly explicated. How-
ever, various studies revealed stimulating effects of bacte-
ria on plant antioxidant systems under abiotic stress. Chen
et al. [46] found that rhizobium inoculation in Medicago
sativa enhanced copper tolerance by influencing copper up-
take, regulating antioxidant enzyme activities, and modu-
lating the ascorbate-glutathione cycle. Additionally, they
observed an impact on the expression of genes related to
phytochelatin biosynthesis in M. sativa seedlings. Applica-
tion of BF based on Bacillus altitudinis strain TF16a and BC
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increased the soluble phenolics content in B. napus plants
and mitigated copper stress [17]. Bacterial inoculation with
Paenibacillus polymyxa and Bacillus circulans also caused
mitigation of Cu-stress in maize due to increase of antioxi-
dant enzyme activity [47]. Ansary et al. [56] reported that
different strains of Pseudomonas sp. enhanced the free pro-
line content in maize under water deficit stress.

It was noted that BF based on PGPR Buttiauxella sp.
strain EA20 and wood biochar increased Cu accumulation,
especially in rapeseed root, compared to single metal ap-
plication. A similar trend was noted in prior investigations
when examining the influence of the copper-tolerant endo-
phyte Pseudomonas lurida strain EOO26 on the growth of
Helianthus annuus and its accumulation of Cu under cop-
per exposure [11]. Nevertheless, in the present study, Cu
concentration in aboveground rapeseed biomass (about 25
mg/kg DW) remained within the physiological norms [57].
It is established that copper ranks among the seven vital
mineral elements in food crops essential for the human diet
[13,14]. Therefore, the use of biofertilizer based on PGPR
Buttiauxella sp. strain EA20 and biochar can compensate
for the deficiency of this essential micronutrient. Further-
more, the application of BF, both with and without copper,
led to a significant increase in the concentration of crucial
macronutrients such as nitrogen, phosphorus and potassium
in rapeseed biomass.

Altogether, our research leads us to conclude that
combined application of BF based on metal-tolerant PGPR
Buttiauxella sp. strain EA20 and biochar with copper is an
effective strategy for enhancing the growth as well as in-
creasing the content of Cu and NPK in rapeseed plants. The
use of biofertilizer also contributed to the biofortification of
rapeseed with important antioxidants such as carotenoids,
free proline and soluble phenolic compounds, including
flavonoids, which is of particular importance in the produc-
tion of functional foods.

5. Conclusions

The positive effect of biofertilizer (BF) based on metal
tolerant PGPR Buttiauxella sp. strain EA20 and wood
biochar (BC) for Brassica napus growth and biofortifica-
tion at copper action was reported for the first time. Single
copper treatment (200 mg/kg) caused a decrease in rape-
seed leaf area, shoot and root length, fresh and dry biomass,
activated lipid peroxidation, and increased water saturation
deficit. The application of BF as well as single BC miti-
gated these harmful effects of copper. Biofertilizer, regard-
less of Cu addition, augmented B. napus biomass with a si-
multaneous increase in the leaf area and photosynthetic pig-
ment content, especially chlorophylls. Moreover, plant bio-
fortification with copper and essential macronutrients such
as nitrogen, phosphorus and potassium was observed. In
addition, BF treatment enhanced the antioxidant activity of
rapeseed due to the accumulation of such non-enzymatic
antioxidants as carotenoids, free proline and soluble phe-
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nolics, including flavonoids, which can probably increase
plant resistance and their biological value. Future perspec-
tive includes evaluation of the potential for using the result-
ing biofertilizer to improve the growth and biofortification
of other crops.
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