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Abstract: The phytoremediation of industrial crops is becoming popular for the revitalization of
land contaminated by trace elements (TEs). This approach combines biomass production with the
improvement of soil health. To implement phytoremediation and derive sufficient dry biomass,
crop production must be adequately supported by agricultural practices, including the application
of bioinoculants. The current study aims to test the influence of several plant growth-promoting
bacteria (PGPB), isolated from TEs-contaminated soil—i.e., Stenotrophomonas maltophilia KP-13, Bacillus
altitudinis KP-14, and Pseudomonas fluorescens KP-16 and their consortia on the phytoremediation
of the industrial crop M. x giganteus cultivated in the same TEs-contaminated soil. Contrary to
expectations, the effects of PGPB on the biomass harvest were low. The most significant increase was
detected in leaf biomass treated with a consortium of tested PGPBs. More significant effects were
detected in the uptake of individual TEs. The phytoparameters of translocation factor, comprehensive
bioconcentration index and uptake index were used to characterize the behavior of the TEs; Cr; Mn;
Ni; Cu; Zn; Sr; V; and Pb in the presence of isolates. Plants treated with PGPB strains accumulated
minimal concentrations of Cu and Pb in their aboveground biomass, while a tendency for Zn
accumulation in the leaves and stems, and Sr accumulation in the leaves was observed. The obtained
results reveal the combinations of isolates that lead to the minimal uptake of TEs into the stems
and the simultaneous increase in DW. This study provides more insight into the leading factors
of phytoremediation supported by PGPB and can be helpful when M. x giganteus is grown on
TEs-contaminated soils of different origins.

Keywords: M. x giganteus; bioinoculants; trace elements; comprehensive bioconcentration index

1. Introduction

Soils are often seriously degraded and polluted due to industrial, agricultural, and civil
activities [1]. The primary sources of soil contamination are waste disposal, industrial and
commercial activities, and storage [2]. Soil deterioration can damage several soil functions
and lead to the contamination of surface and groundwater; in parallel, soil pollution and
degradation pose constant risks to human health, food security, and the environment [3].
Land pollution has been recognized as a significant threat to soil health, affecting the
soil’s ability to provide ecosystem services and produce safe and sufficient food, thus
compromising global food security [1].
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The inventory established by the European Environmental Agency defined 2.8 million
potentially contaminated sites across Europe [4]. Trace elements (TEs) (34.8%), followed by
mineral oils (23.8%), and polycyclic aromatic hydrocarbons (PAHs) (10.9%), are the primary
pollutants detected in soil. TEs do not degrade by biological and physical processes and,
thus, are persistent in the soil and pose a long-term environmental threat [5]. They are
inadvertently introduced into soils by mining and military actions, smelting, warfare, fossil
fuel consumption, waste disposal, irrigation, and the application of agrochemicals [1]. The
standard remediation techniques for such contaminated soils are systematized as in situ and
ex situ methods [6]. These techniques involve physical, chemical, biological, electrical, and
thermal processes for rectifying soil contamination by containment (e.g., surface capping,
encapsulation, and landfilling), immobilization (e.g., solidification, stabilization), or ex-
traction (e.g., phytoextraction, electrokinetic, soil flushing, soil washing) [6]. Among these
methods, phytoremediation—the application of plants and associated microorganisms—is
considered a promising, environmentally friendly method for remediating large sites with
relatively low concentrations of contaminants at shallow depths [7]. Compared with other
techniques, phytoremediation is cost-effective and involves ecological benefits in addition
to experiencing high public acceptance; however, it is time-consuming and often not ef-
ficient. However, when the use of plants for remediation is combined with utilization of
their biomass for energy or bioproducts, the process becomes more attractive and profitable
and is commonly interpreted as phytomanagement [8].

Phytotechnologies can offer environmentally friendly solutions for the revitalization
of soil, the improvement of food safety, carbon sequestration, and the development of
renewable energy sources, all of which contribute to sustainable, land use management [9].
In recent years, industrial energy crops have been proposed as effective agents of phy-
totechnology that can produce high-quality biomass and be cultivated in marginal lands
while simultaneously improving the soil quality [10,11]. Of these crops, Miscanthus spp. is
an effective plant with sufficient biomass for conversion to energy and different bioprod-
ucts [10,12-14]. The crop is characterized by high yield, cold tolerance, C4 photosynthesis,
non-invasiveness, and a low requirement for fertilizers and herbicides; easy to harvest
and handle [15]. Thus, this crop can be used in the application of phytotechnology to
marginal land that is slightly or moderately contaminated; simultaneously, it is assured that
commercial production can be carried out in a sustainable way [14]. The production has
to be intensified via the application of different agricultural practices [13], incorporation
of soil amendments [16], treatment of planting materials with plant growth regulators
(PGRs) [17], and bio-inoculants [18,19].

Plant growth-promoting bacteria (PGPB) can replace fertilizers and stimulate plant
growth and yield. Using microorganisms instead of synthetic chemicals provides a non-
hazardous approach to plant health for increasing agricultural productivity and limit-
ing the adverse effects of disease [20]. The beneficial effects of the interaction between
plant and PGPB can be direct and indirect [21]. A direct mechanism means that plant
growth-promoting substances mobilize mineral soil components [22], which influences
plant development [23]. An indirect mechanism reduces certain plant diseases caused by
pathogens, mitigates abiotic stress, or induces systemic resistance in the context of competi-
tion for nutrients and niches [24]. The most common and successful PGPBs belong mainly
to the genera Agrobacterium; Azospirillum; Azotobacter; Bacillus; Burkholderia; Pseudomonas;
Streptomyces; and Serratia [20].

Earlier, we studied the effects of a PGPB—Bacillus altitudinis strain KP-14—isolated
from soil contaminated by TEs post-mining in VSebofice, the Czech Republic, on the pro-
duction of M. x giganteus in the same soil, the experiment was carried out in greenhouse
conditions. The results illustrated the positive influence of bacteria on the biomass param-
eters of M. x giganteus at harvest [25]. Other PGPB strains were isolated from the same
soil, and differences in their abiotic stress tolerance were determined [25]; however, they
were not tested as a possible agent for enhancing the cultivation of M. x giganteus in TEs-
contaminated post-mining soil. We also hypothesized that these strains and their consortia
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could cumulatively affect the phytoremediation process. These were the hypotheses we
attempted to verify by the experimental study described in this paper.

Recently, a novel approach to the evaluation of data pertaining to the phytoremediation
potential was proposed [26], which allows the definition of the inter-factor effects on a
multi-component environment by using the comprehensive bio-concentration index (CBCI)
and a predictive index. The validation of this approach on a larger scale was another goal of
the current study. The acquired data were expected to reveal which are the leading factors
affecting the phytotechnology of Miscanthus spp. applied to TEs-contaminated soil assisted
by microbial isolates.

2. Materials and Methods
2.1. Soil Collection

The experimental soil was taken in Véeboftice, the suburb quarter of Usti nad Labem,
the Czech Republic (50°42/11.9” N 13°58'32.1” E). The locality is a former open, brown coal
mining site that operated between 1958 and 1980 and is currently used as a landfill site. The
soil sampling was carried out in a 5 m x 5 m testing square using the standard approach
DSTU 4287:2004 [27]; five soil samples were taken at a depth of 0-30 cm and mixed using
the envelope method. The collected soil was dried until a constant weight was reached and
then passed through a sieve with a pore diameter of 2 mm to remove plant material and
stones. The initial soil was stored at 4 °C until use in the pot experiment. The agrochemical
parameters of the initial soil are presented in Table S1 [28].

2.2. Design of Experiment
2.2.1. Selection of Bacterial Strains and Compatibility Testing

Three PGPB isolates, i.e., Stenotrophomonas maltophilia KP-13 (NCBI accession no:
DQ113454), Bacillus altitudinis KP-14 (NCBI accession no: MF511821), and Pseudomonas
fluorescens KP-16 (NCBI accession no: DQ178227) had earlier been isolated from VSebofice
soil and generally characterized [25]. The strains are publicly available in the Czech
Collection of Microorganisms (CCM; https:/ /ccm.sci.muni.cz/en (accessed on 6 March
2022)). Additionally, plant growth-promoting traits, i.e., P, K, and Zn solubilization, IAA,
ammonia, HCN, and siderophore production were measured and are presented in Table 1.
Compatibility tests were performed according to the method described by Sonkar et al. [29],
to ensure that individual bacterial growth was not affected by the presence of other bacteria
(Figure S1). These bacterial isolates were streaked adjacent to each other on nutrient
agar plates.

Table 1. Plant growth-promoting characteristics exhibited by the selected isolates: KP-13, KP-14, and
KP-16 (modified from Pranaw et al. [25]).

PGP Characteristics

P solubilization
K solubilization
Zn solubilization

1-Aminocyclopropane-1-Carboxylate

Deaminase activity

Ammonia (NHy)
Siderophore

Stenotrophomonas Bacillus altitudinis Pseudomonas fluorescens
maltophilia KP-13 KP-14 KP-16
Qualitative estimation, cm
1.9 3.7 1.8
2.0 0.0 0.8
0.0 0.0 0.9
+ + +
+ + +
+ + +

Hydrogen cyanide (HCN) - + +
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Table 1. Cont.

- Stenotrophomonas Bacillus altitudinis Pseudomonas fluorescens
PGP Characteristics maltophilia KP-13 KP-14 KP-16
Antifungal activity
Fusarium culmorum (CCF-1745) — + —
Botrytis cinerea (CCF-2361) - + +
Quantitative estimation, ug mL~!
P solubilization 88.4+0.8 130.0 £ 3.2 969 + 0.4
Indole acetic acid (IAA) 13.8 £ 0.4 27.8 £ 0.8 18.1 +£0.2
Note: “—" negative; “+” positive.

2.2.2. Treatment of M. x giganteus Rhizomes by Individual PGPB Isolates and
Their Consortia

The rhizomes were treated before planting, following the methodology explained
in detail in [25]. Briefly, one rhizome with two or more buds was soaked in a bacterial
suspension (108 cells mL~!) of selected isolate for 4-5 h. The rhizome was subsequently
removed from the suspension, soaked on filter paper, and immediately planted into the
pot. Distilled water was used in the control experiment.

A complete factorial pot experiment was designed with seven different PGPB rhizome
treatments, as follows:

Treatments Description

A -

M. x giganteus uninoculated (control);
M. x giganteus inoculated by Stenotrophomonas maltophilia KP-13;
M. x giganteus inoculated by Bacillus altitudinis KP-14;
D- M. x giganteus inoculated by Pseudomonas fluorescens KP-16;
M. x giganteus inoculated by the mixture of KP-13 and KP-14 in a 1:1 ratio;
M. x giganteus inoculated by the mixture of KP-14 and KP-16 in a 1:1 ratio;
M. x giganteus inoculated by the mixture of KP-13 and KP-14 and KP-16 in a
1:1:1 ratio.

Each variation of the treatment was replicated six times for a total of 42 pots; 5 kg of
soil was gently placed in the pots (each one had a volume of 7 L). The planting material
was M. x giganteus ].M. Greef and Deuter ex Hodkinson (Angiospermae: Poaceae). The
rhizomes were three years old and received from the firm HVG druzstvo Handels and
Vertriebsgenossenschaft, Cheb, the Czech Republic (https://agronaro.eu/ (accessed on
6 March 2022)).

Pots of planted rhizomes were kept outside under natural conditions in the open-
air laboratory of the Institute of Crop Production, Chomutov, the Czech Republic, until
harvest. Irrigation was conducted by providing tap water at regular intervals to maintain
soil moisture. The biological parameters of plant height and the number of shoots were
monitored monthly. The pot experiment started on 6 May 2020 and finished on 28 October
2020, when the plants became yellow.

2.3. Samples Collection at Harvest

M. x giganteus aboveground biomass (AGB) and roots were harvested at the end of
vegetation. The samples were collected following DSTU ISO 11464:2007 [30]. The roots were
thoroughly washed with running tap water to get rid of soil particles and then air-dried at
room temperature until a constant weight; the cut AGB was dried similarly to the roots. The
dry biomass weight (DW) was calculated for leaves, stems, and roots separately, following
the procedure described in [16]. Each leaf, stem, and root sample was separately collected
in a labelled plastic zip-lock bag and stored at room temperature until the chemical analysis
was undertaken.
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2.4. Analysis of TEs Content in Soil and Biomass

The soil samples were prepared for analysis according to DSTU ISO 11464:2007 [30]
and explained in detail in [31]. Briefly, the soil sample was dried at 105 °C to a constant
mass. The dry sample was put on a clean sheet of paper, and small stones, plant particles,
and other inclusions were removed; larger soil clods were ground in a porcelain mortar
and mixed with the main soil. Thoroughly mixed soil was placed on clean, square paper
and divided into four equal parts using a spatula. Two opposing parts were discarded, and
the remaining two were combined, remixed, and taken for further analysis. This average
sample was additionally sieved (0.25 mm pore size), and larger particles were milled if
necessary. The preparation of biomass samples (roots, stems, and leaves) was achieved
following the standard DSTU ISO 11465-2001 [32].

The measurement of TEs content in soil and biomass was carried out using X-ray
fluorescence analysis via an Elvax Light SDD Analyzer, Elvatech, Kyiv, Ukraine. The
biomass samples were combusted at 400 °C for 4 h, cooled for 1 h in desiccators, weighed,
and processed for analysis.

The device can detect chemical elements in a range of 'Na to °U with high accuracy
(0.01%). The time of data collection was 2 x 180 s for all samples. The limits of the absolute
measuring error were £0.05-0.2% (with the time for one measurement being 180 s). Three
parallel measurements were undertaken for each sample. The concentration of TEs in the
soil samples was determined in mg kg ~!. The concentration of TEs in the biomass samples
was determined in mass units in the ash and then recalculated into mg kg ! based on the
ash content of the initial biomass material. The concentration of TEs in the samples was
expressed in mg kg~ ! dry weight. For soil analysis, the samples (~2 g) were placed on ultra-
thin (4 um) polypropylene film (supplied with the device), which is transparent to X-rays,
and accurately transferred into the device, where measurement was performed. For the
biomass, combusted samples (ash) of roots, stems, and leaves (~0.5 g) were placed inside a
plastic ring with a diameter of 1.25 cm, which was located on a similar thin polypropylene
film, compacted using a glass rod, and then transferred into the device for measuring.

The measured concentrations of TEs in the research soil are presented in Table 2, and
in the biomass in Table S1. A comparison of the TEs concentrations in the soil used in the
current experiment (2020) and the previous experiment (2019) [31] is presented in Figure S2.

Table 2. TEs’ concentrations in the research soil; depth of soil sampling: 0-30 cm.

TEs MPC EU [33,34], mg kg1 Mean + SD, mg kg1
A% 100 338.3 £14.5

Cr 100 193.5 +£9.7

Mn 1500 4702 £225

Ni 50 91.3 £ 4.0

Cu 100 69.1 £3.5

Zn 200 185.4 + 8.8

Sr 150 327.0£153

Pb 60 571+ 2.8

2.5. Estimation of Phytoremediation Coefficients

The translocation factor (TLF) is the ratio of TE concentration in the plant aboveground
biomass (AGB) (leaves and stems) to TE concentration in the roots and was calculated
using the following equation [35]:

TE concentration in plant AGB (mg kg71>

TLF = 1)

TE concentration in plant roots (mg kg_l)
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The comprehensive bioconcentration index (CBCI) is a predictive index used to assess
the capacity for multi-TE accumulation of plants. The index was calculated using the
following equation [26]:

1 & BCF; — BCF; min

CBCI = —
n 1:21 BCF; max — BCF; min

@

where n is the total number of TEs, and i is a particular TE.
The bioconcentration factor (BCF) requested for CBCI estimation was calculated using
the following equation [36]:

TE concentration in plant tissues (mg kgfl)
BCF =

. - ®)
TE concentration in soil (mg kg )

Uptake index (UI) is the total content of the TEs in the plant tissues (in milligrams)
and was calculated using the formula [37]:

Ul, mg = TE concentrations (mg kg_l) x Dry weight (kg) 4)

2.6. Statistical Analysis

Statistical data processing was conducted using RStudio software (version 1.3.959, R
Studio PBC, 2020). First, a Two-Way repeated-measures analysis of variance (Two-Way
RM ANOVA) was carried out to compare the changes in the growth dynamic (height) of
sample groups during the experiment. One-Way ANOVA was performed to determine the
significant difference between the plant’s physiological parameters (dry weight of leaves,
stems, roots), TEs’ concentrations in soils, and TEs’ concentrations in plant tissues under
different treatments. Then, when ANOVA identified a significant difference, Tukey HSD
tests were performed for pairwise comparison of means. Finally, based on the Tukey HSD
test, treatments were categorized (by letter, in descending gradation), and graphs were
created. Significance was declared at p < 0.05.

3. Results and Discussion
3.1. Plant Physiological Parameters

The growth dynamics of M. x giganteus in TEs-contaminated soil in the presence of
PGPB isolates and their consortia are presented in Figure 1. The graph shows that the
majority of isolates did not significantly affect plant height, except P. fluorescens KP-16 (D
treatment), which had an inhibiting effect. In the presence of S. maltophilia KP-13 (B), the
consortium of B. altitudinis KP-14 and Pseudomonas fluorescens KP-16 (F), and a consortium
of all studied isolates (G), the dynamics of growth for the inoculated plants were similar
to those of non-inoculated plants. When the plant was treated with a consortium of
S. maltophilia KP-13 and B. altitudinis KP-14 (E), its growth was linear, with equal increases
in height. Up to September, the same linear growth tendency was observed under treatment
D (P. fluorescens KP-16); however, in October, the growth slightly increased (Figure 1).

Nonetheless, the visible discrepancy related to the effectiveness of using the selected
PGPB isolates for the enhancement of biomass was as expected. Usually, when PGPB
isolates are upscaled from lab to field experiments, their utilization encounters several
obstacles [38—41]. Biological and environmental factors, such as soil acidity, the application
of pesticides and fertilizers in the background field, and the presence of salts and toxic
elements, begin to have a greater impact. Additionally, new influencing factors appear, such
as waterlogging and drought, extreme annual and diurnal variations in soil temperature,
and adaptability to native soil microflora. In order to select isolates that are potentially
more applicable under field conditions, an outdoor semi-field experiment was arranged
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using pots that were larger than those in the lab experiment [26]. This permitted us to
mimic field conditions and evaluate the quality and efficacy of all isolated PGPBs (Table 2).
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Figure 1. The growth dynamic of M. x giganteus in TEs-contaminated soil supported by PGPB
isolates. Different letters indicate the significant difference between treatments.

The values of M. x giganteus DW (in leaves, stems, and roots) after PGPB treatment are
shown in Figure 2. It can be concluded that upon individual application (B, C, and D), the
leaf biomass increased compared with the control (A) and was the highest under treatment
C (Figure 2a). Upon treatment with the consortia of PGPBs (E, F, and G), the increase in leaf
DW was greater in comparison with individual treatments (B, C, and D). The most effective
combination was treatment E (a consortium of S. maltophilia KP-13 and B. altitudinis KP-14).
However, the treatment of plants either with individual PGPB or their consortia did not
significantly affect the stem biomass, except for the consortium of S. maltophilia KP-13 and
B. altitudinis KP-14, in which there was inhibition (Figure 2b).

Opposing results were recorded for the DW of roots (Figure 2c). The strongest effect
was observed with combination G, and combination F showed a strong influence compared
with individual treatments and the control. Treatment C increased the DW of M. x giganteus
leaves (Figure 2a) but decreased the DW of roots (Figure 2c).
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Figure 2. M. x giganteus biomass productivity (DW) in the TEs-contaminated soil in the presence
of PGPB strains for: (a) leaves; (b) stems; (c) roots. Different letters within one plant part indicate a
significant difference between treatments.

3.2. Phytoremediation Potential of M. x giganteus

Miscanthus spp. can be successfully cultivated in pure marginal soils, including those
contaminated with TEs [11,42-44], oil products [16], pesticides [45], and a mixture of
contaminants [46]. Various agricultural practices are utilized for enhancing plant devel-
opment in pure soil, which include the incorporation of soil amendments (biochar [47];
biosolids and phosphates [48]; EDTA and citric acid [49]; and mycorrhizal fungi [50]),
and the treatment of initial planting materials with plant growth regulators [17,51,52] and
bioinoculants [25,26,53]. M. x giganteus growth in contaminated soil is accompanied by
plant stress [54], and incorporating PGPBs can facilitate the adaptation of the plant to
suboptimal soil conditions and promote plant advancement [25]. PGPBs produce different
chemicals, amino acids, proteins, and antibiotics, which assist plants by resisting TEs’
toxicity [55,56] and can influence the phytoremediation process [57]. In our earlier study;,
we tested [28] the impact of the strain KP-14 on the phytoremediation of M. X giganteus in
TEs-contaminated soil additionally enriched with Pb. This inoculant was selected based on
its strong resistance to Pb [25].
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Besides KPP-14, other PGPB strains were isolated from VSebofice soil [25], and these
can potentially impact the phytoremediation prospects, whether present individually or in
the consortium (and thus possessing a cumulative effect).

3.2.1. Influence of PGPBs on Phytoremediation Parameters of Individual TEs

The calculated values of the coefficients: TLFs, Uls, and CBClIs for the studied TEs,
ie., Cr; Mn; Ni; Cu; Zn; Sr; V; and Pb, when M. x giganteus phytoremediation was
conducted in the presence of inoculants are presented in Table S1. The results show that
the Cu, Sr, and Mn accumulation in leaves significantly increased under treatment with
individual PGPB and their consortia, while Zn and Pb accumulation decreased. In the
case of Cu accumulation in leaves, a statistically significant increase (12%) was observed
under treatment C, while the treatment with other PGPBs hardly affected the accumulation.
Zn accumulation in the leaves significantly decreased by 16% and 15% in treatments F
and G, respectively. Treatments B and D significantly increased the accumulation of Sr
in leaves (by 13% and 16%, respectively). It can be assumed that B. altitudinis KP-14
can inhibit Sr accumulation in leaves since under consortia treatments (E, F, and G), no
increased accumulation of this element was observed (Table S1). The Pb accumulation
in leaves significantly decreased under individual treatments B and D, and consortium
treatment F (by 17%, 20%, and 19%, respectively), while under treatment C, it slightly—
but not significantly—increased, by 9%. This can explain why, in the presence of all
three PGPBs (G), the Pb accumulation in leaves significantly increased by 16% (Table S1).
The accumulation of Mn in leaves increased under individual treatment B and consortia
treatment (F and G) by 28%, 21%, and 10%, respectively (Table S1).

The accumulation of Zn and Mn showed a similar tendency in both stems and leaves,
which was opposite to that of Cu and Sr accumulation in stems (Table S1). The accumulation
of Cu, Zn, and Sr in stems significantly decreased in almost all treatments (by 14-27%,
17-31%, and 23-49%, respectively), except for treatments F and D (for Cu only) (Table S1).
Conversely, Mn accumulation in stems significantly increased in treatment D (by 14%),
while a slight but not significant decrease was observed for this element in treatments B
and E (Table S1).

All TEs initially present in the soil were detected in M. x giganteus roots (Table S1).
Treatment with PGPBs mainly reduced TEs” accumulation in the root system, an effect
that was observed for V, Ni, Cu, Sr, and Mn (Table S1). Treatment C did not influence
V accumulation in the roots, and its value was the same as for the control (A), though
a significant decrease (by 26-55%) was detected for other treatments. Treatments D, F,
and G increased Cr accumulation in the roots (by 85%, 88%, and 52%, respectively). In
contrast, the accumulation of Sr under the same treatments was significantly decreased (by
33%, 27%, and 30%, correspondingly) (Table S1). Treatment D increased the accumulation
of Ni in the roots (by 144%); however, treatments with consortia where P. fluorescens
KP-16 was present (F and G) significantly decreased Ni accumulation (by 54% and 67%,
respectively) (Table S1). All studied PGPBs reduced the Cu accumulation in the roots, but
the most significant difference was observed under the treatments with consortia (E, F,
and G) compared with non-inoculated plants (A) (28%, 35%, and 34%, respectively). The
accumulation of Zn in the roots showed contrasting tendencies: treatment E (a consortium
of S. maltophilia KP-13 and B. altitudinis KP-14) significantly increased Zn accumulation
by 32%, while treatment G (a consortium of three PGPBs) decreased Zn accumulation by
41% (Table S1). Pb accumulation in the roots was not significantly affected by the treatment
with PGPBs compared to the control (A); nevertheless, some differences were observed
between treatment C (higher Pb accumulation compared to control) and treatments E and
G (lower accumulation compared to control). Treatments with individual PGPBs and their
consortia significantly decreased Mn accumulation in the roots by 20% to 51% (Table S1),
with the exception being treatment B.
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3.2.2. Comparison of Phytoremediation Parameters

The comparison of the phytoremediation assessed in the current study (2020 experi-
ment) and an earlier study (2019 experiment) [25] is illustrated in Figure S2. The results
show that the TLF values were higher in the 2020 experiment for almost all the TEs, while
the levels of soil contamination by TEs were similar. The major differences between the
designs of the 2020 and 2019 experiments were pot size. In 2019, a mesocosm study was
conducted using pots containing 2 kg of soil (25 cm in height and 20 cm in diameter),
whereas, in 2020, the pots contained 5 kg of soil (26 cm in height and 23 cm in diameter).
Roots play a major role in the phytoremediation potential of any plant, and root develop-
ment is typically impeded in small pots with low soil quantities [58,59]. When the plants
were inoculated with PGPBs, their phytoremediation abilities were directly facilitated by
increased root density [60,61]. In the 2020 experiment, the root biomass development was
improved in the larger pots; as a result, it was around 3—4.5 times higher than in the 2019
experiment. This may be one of the main reasons for the increase in TLF values in the 2020
experiment.

The treatment of M. x giganteus with PGPBs and their consortia forced Cu, Sr, and
Mn translocations from roots to leaves (Figure 3a). In the case of Zn translocation, when
PGPBs were applied individually, three different behaviors were examined: treatment
B increased the element translocation while treatment C had no effect, and treatment D
caused a decrease. The most significant decrease in Zn translocation was observed under
the treatment with the consortium (E); however, applying the same isolates separately
did not cause a reduction. The translocation of Pb to leaves decreased in treatments A-D;
however, it increased under the E and G treatments (by 1.3 and 1.6 times, respectively).
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Figure 3. TLFs of TEs accumulated in the AGB of M. x giganteus during growth in TEs-contaminated
soil in the presence of PGPB strains for (a) leaves and (b) stems. Different letters within one TE
indicate a significant difference between treatments.
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Cu translocation into stems was slightly enhanced in treatments C (B. altitudinis KP-14)
and D (P. fluorescens KP-16), while the application of these isolates in the consortium (F) in-
creased translocation 1.8-fold. Contrarily, S. maltophilia KP-13 did not affect Cu translocation
from roots to stems under any treatment in which this strain was presented, and it inhibited
the influence of other PGPBs (Figure 3b). Zn translocation was reduced or remained the
same under all treatments except G, wherein a slight increase was detected. Treatment D
enhanced Sr translocation to AGB (Figure 3a,b), and Mn translocation increased gradually
from A to G treatments.

3.2.3. Accessing Multi-Accumulation of TEs

The predictable comprehensive bioconcentration indexes (CBCI) were calculated
following [26] to assess the capacity for multi-TEs accumulation in M. X giganteus under
various PGPB treatments. The results, presented in Figure 4, show that in the case of
treatments B, C, and E, it was possible to obtain less contaminated stem biomass, and this,
therefore, has the potential to be utilized in bioproducts [62].

B3 leaves B Swems B Rooss

e a

" ah

e e ede

044 g2 ==

0.48 ede cde ede
041 [
== .38 ef
: 038 v

038

CBCL
=
:
i
B
s,
:
:
_
W
g
.
e
:
§

M 032

A B L & n E F G

Figure 4. Comprehensive bio-concentration indexes of M. x giganteus grown in TEs-contaminated soil
in the presence of PGPB strains. Different letters indicate a significant difference between treatments.

For assessment of the ability of M. x giganteus to remediate contaminated soil at the
field scale, the Ul values were determined; the obtained results are presented in Table S2.
The following tendencies were observed: treatment with individual PGPBs and their
consortia increased the TEs’ accumulation in leaves and decreased it in stems. As such,
the studied PGPBs can be utilized to enhance the phytoextraction of multi-TEs in the
leaves with simultaneous production of less-contaminated stems. The potential quantity
of TEs that can be extracted from one hectare of V3ebofice soil in one year of cultivation
was estimated and is presented in Figure 5. The results show that M. x giganteus seldom
accumulates elements in its AGB; for studied TEs only, Zn accumulated in leaves and stems,
and Sr accumulated in leaves. In contradiction to this, the plant accumulated minimal
concentrations of Cu and Pb in its AGB, which was well developed, and as such, when
Pb and Cu were the predominant contaminants in the target soil, the produced biomass
can be safely recommended for conversion into bioproducts. The optimal treatment with
PGPBs, resulting in enhanced phytoextraction and the production of less-contaminated
stem biomass, is treatment E (a consortium of S. maltophilia KP-13 and B. altitudinis KP-14)
(Figure 5).
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Figure 5. The quantity of TEs potentially extracted by M. x giganteus from 1 ha in 1 year of cultivation
for (a) leaves and (b) stems. Different letters within one TE indicate a significant difference between
treatments.

4. Conclusions

Three PGPBs—Stenotrophomonas maltophilia KP-13, Bacillus altitudinis KP-14, and Pseu-
domonas fluorescens KP-16—isolated from TEs-contaminated soil in VSebofice, the Czech
Republic, were tested individually and in consortia to determine their influence on the
phytoremediation potential of M. x giganteus when crops were cultivated in the same
contaminated soil. It was shown that the treatment of plants with a PGPBs’ consortium,
comprising three test strains, enabled an increase in the produced biomass, and the effect
was particularly apparent on the biomass of leaves and roots; however, this effect was only
demonstrated to be statistically significant for the leaves. The phytoremediation behaviors
of TEs detected in the soil—Cr; Mn; Ni; Cu; Zn; Sr; V; and Pb—were analyzed in terms
of translocation factor, accumulation factor, and uptake by M. x giganteus. The treatment
of plants with PGPBs and their consortia increased TEs” accumulation in the leaves and
decreased it in stems. When rhizomes were inoculated with Stenotrophomonas maltophilia
KP-13, Bacillus altitudinis KP-14, and their consortia, less contaminated stem biomass was
obtained. In the presence of the isolates, M. x giganteus showed a tendency to accumulate
Zn in its leaves and stems, and Sr in its leaves. At the same time, plants treated with
the strains accumulated minimal concentrations of Cu and Pb in their AGB, which were
suitable for their processing into bioproducts. These results must be verified under the field
conditions that prevail when M. x giganteus is produced commercially on a large scale.



Agronomy 2022, 12,771 13 of 16

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy12040771/s1. Figure S1: Compatibility test to ensure
that individual bacterial growth was not affected by the presence of other bacteria; Figure S2:
Comparison of the TEs concentrations in control soil and soil treated with Bacillus altitudinis KP-14
from the 2019 and 2020 experiments. Different letters within one TE indicate a significant difference
between experiments, Table S1: Measured TEs concentrations (mg kg~!) in M. x giganteus leaves,
stems, and roots; Table S2: Uptake index of TEs (mg) in M. x giganteus leaves, stems, and roots
calculated for a single plant.
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