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Abstract: Heavy metal pollution of soil, particularly by mercury (Hg), is a problem that can seriously
affect the environment and human health. For this reason, it is necessary to take steps to remediate
these environments, prevent potential adverse effects, and restore these areas for subsequent use
in agriculture, industry, ranching, and forestry. The present study has selected 40 bacterial strains
from rhizosphere and bulk soil that grow naturally in high Hg-contaminated soils from the Almadén
mining district in Ciudad Real, Spain. With the objective of evaluating the potential use of these
strains in phyto-rhizoremediation, an evaluation and statistical analysis of their PGPR (Plant-Growth-
Promoting Rhizobacteria) activity at different levels of Hg was carried out as the first condition of
selection for their potential use in bioremediation. In addition, a Hg MBC (Maximum Bactericidal
Concentration) was performed with the aim of selecting the strains with high Hg tolerance. Finally,
strains with potential biotechnological use have been proposed according to the Bio-Mercury Re-
mediation Suitability Index (BMRSI) criteria, which consider indole-3-acetic acid (IAA) production,
acid 1- aminocyclopropane-1-carboxylic deaminase (ACCd) activity, phosphates solubilization, and
siderophore production measured in the presence of Hg, as well as its MBC to Hg. The strains
selected for further in vivo and in situ processes must reach at least an MBC (Hg) > 100 ug/mL and
BMRSI > 6.5.

Keywords: heavy metal pollution; bioremediation; PGPR; BMRSI; mercury

1. Introduction

Mercury (Hg) is an element with a high level of toxicity that poses a serious environ-
mental threat. It is possible for Hg to enter the food chain and consequently affect human
health, even at very low concentrations [1,2]. From a toxicological point of view, Hg is a
toxic metal without any specific biological function. This element has a high potential for
bioaccumulation and biomagnification due to the high solubility of Hg and methylmercury
in fat and muscle tissue. An accumulation of Hg can result in pathologies of the central
nervous system, such as Minamata’s Syndrome [3], as well as other health problems related
to development, growth, and fertility [4].

On a global scale, anthropogenic emissions add approximately 2500 Mg of Hg to the
atmosphere every year. In Europe, Lado et al. [5] developed a model of Hg distribution in
the soil in 28 countries. According to their research, the average amount of Hg in European
soil was around 40 ug kg~!. Soils in Northern Europe have a higher concentration of Hg
than soils in the countries of Central and Southern Europe due to the fact that cold, wet
weather promotes the accumulation of Hg in organic matter in soil [6]. Studies related to
Hg distribution in soils adjacent to the Hg mines in the Almadén mining district reveal
the presence of both high and extremely high levels of Hg (up to 8889 nug/g), while the
concentration in sediment and water reaches levels of up to 16,000 ug/g and 11.2 pug/L,
respectively [7].
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In 2003, after more than 2000 years of activity, the mines closed due to a decrease
in the demand for Hg, as well as changes in European regulations regarding this metal.
With the aim of providing alternative uses for the Almadén soil, the scientific community
has been working to develop strategies to mitigate the effects of Hg. Certain physico-
chemical methods have been developed that enable the elimination of this metal from
soil, but the current trend is to use biological methods that are more environmentally
friendly, based on biotechnological techniques such as bioremediation. This is the case
with phyto-rhizoremediation, which involves the synergistic collaboration of plants and
microorganisms for the purpose of remediating chemical compounds and pollutants from
the environment [8]. An example of this activity is the use of plant growth-promoting
rhizobacteria (PGPR) [9], which can be used in phyto-rhizoremediation aimed at the plant’s
root in order to aid its physiological development, as well as direct activity aimed at the
pollutant, while simultaneously increasing the effect of the plant itself on the pollutant.

Hg tolerance and Hg resistance of microorganisms can contribute to the reduction
and/or elimination of the different types of Hg in contaminated environments, which has
led to increased interest in the selection of bacterial strains with biotechnological potential,
as well as their use in bioremediation [10].

The Bio-Mercury Remediation Suitability Index (BMRSI) has proven to be a useful
tool for evaluating the Hg bioremediation potential of the bacterial strains, since it takes
into account not only the Hg resistance capability of the bacteria, but also their combined
PGPR capacity. For this reason, the present study proposes a BMRSI analysis of the best
forty bacterial strains obtained by Robas et al. [11] in the presence of Hg.

2. Materials and Methods
2.1. Bacteria Analyzed

This study was carried out with samples from the Almadén mining district in Ciudad
Real, Spain. An experimental plot was used (Plot M), as it has been classified as an area of
high Hg contamination with concentrations of 1710 mg/kg Hg [12]. The plants used for the
bacterial extraction from the rhizosphere were the following: Rumex induratus Boiss. and
Reut., Rumex bucephalophorus L., Avena sativa L., Medicago sativa L., and Vicia benghalensis
L., in addition to bulk soil. All the plant species were sampled in situ at Plot M during
the spring season, looking for the maximum biological activity in that region. The plant
samples were carried to the laboratory at 4 °C and processed before 24 h.

The bacteria selected for the study were isolated, characterized, identified, and selected
as effective Hg remediators by measuring their capabilities as PGPR in the absence of Hg,
by Robas et al. [11], as shown in Table 1. All the isolated strains were stored at —80 °C
before their use in the present study.

Table 1. Strains analyzed with their corresponding BMRSI values, obtained by Robas et al. [11].

Strain 1 9 10 11 18 20 21 23 31 35 37 43 48 50
BMRSI 6.68 656 742 769 788 756 721 697 740 502 707 769 6.62 7.09

69-  69-

Strain 55 56 57 58 I I 70 74 75 76 79 80 95 98
BMRSI 723 643 726 646 786 851 635 807 630 704 755 842 757 7.05
Strain 114 122 130 146 149 160 173 175 204 211 2} - 214 114 122

BMRSI 7.67 659 801 799 626 632 660 7.08 680 774 764 540 7.67 6.59

2.2. Testing PGPR Activity

Each PGPR activity was tested according to the protocols described in the bibliography.
These protocols were modified in an innovative way in order to test the PGPR capacity
of the isolates in the presence of different concentrations of Hg. The objective was to
validate this method of analyzing PGPR activity [11] in the presence of heavy metal by
using the BMRSL
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The concentrations of Hg tested in each protocol were 80 pg/mlL, 100 ug/mL, 120 ug/mL,
and 140 ug/mL of Hg Cl,.

To determine the production capacity of Indole-3-Acetic Acid (IAA) in vitro, a colori-
metric technique with the reagent Van Urk Salkowski from the Salkowski method was
used [13]. The isolated bacteria were grown in LB broth (Lennox) with the proposed
protocol modification and incubated at 28 °C for 48 h with the IAA concentration measured
at intervals of 12 h, 24 h, and 48 h. The results were quantified in pg/mL.

To determine the ability of the strains to degrade acid 1- aminocyclopropane-1-
carboxylic (ACC) through the activity of ACC deaminase, the protocol described by
Glick [14] was followed and modified, as described above.

The siderophore production was determined by the use of Chrome Azurol S (CAS)
agar described by Alexander and Zuberer [15] and modified by the addition of Hg.

The ability to solubilize inorganic phosphates was determined by the use of the
protocol described by de Freitas et al. [16] and modified, as in the previous case.

2.3. Maximum Bactericidal Concentration of Hg (MBC)

To study the Hg MBC, the selected bacteria were seeded on Miiller Hinton agar plates
of the commercial brand Pronadisa® (Eucast, 2017, Vdxjo, Sweden) following the protocol
and criteria established by Robas et al. [11].

2.4. Bio-Mercury Remediation Suitability Index (BMRSI)

To evaluate the bio-mercury remediation potential of the strains, the BMRSI proposed
by Robas et al. [11] was used. BMRSI measures the bioremediation potential of the strains
by the inclusion of different PGPR activities and its Hg MBCs in one formula:

BMRSI = [TAA (ng/mL) + ACCd (1/0) + SID (cm) + PO43’ (1/0)] + [MBC Hg (1g/mL)]
where: Presence = 1; Absence = 0.

2.5. Data Processing

Using the results of the auxin production, descriptive statistical analyses were carried
out using the SPSS v26.0 program (Version 26.0 IBM Corporation). The purpose of these
analyses was to ensure that the modification of the protocols for this study provides
statistical significance to the data obtained in the experiments. In order to determine
which group of IAA production data based on the Hg concentrations tested would be
subsequently included in the BMRS], a statistical ANOVA analysis was performed at each
of the intervals tested (12 h, 24 h, and 48 h). When a significance level of p < 0.05 was
obtained, a post hoc analysis was then carried out using the Bonferroni test.

3. Results

The selected strains were subjected to more extensive tests in order to identify the best
candidates for further uses in phyto-rhizoremediation based on their PGPR capabilities in
the presence of Hg.

For this purpose, only the data obtained in the Hg tests were analyzed due to the
fact that the final objective of this study was to analyze the remediation capability in the
presence of Hg, as well as the choice of the best strains for use in the bioremediation of
plots contaminated with this heavy metal.

Figure 1 shows the trend of IAA production at different Hg concentrations over time
(12 h, 24 h, and 48 h) in all the strains. Data measured at 12 h and 24 h were found to be
significantly higher than those measured at 48 h (p < 0.05). By analyzing the mean values,
it was found that during 12 h incubation period, the production of IAA was significantly
higher at concentrations of 80 ug/mL and 100 ug/mL than at 120 pg/mL and 140 pg/mL
of Hg (p < 0.05). However, in the incubation period of 24 h and 48 h, at concentrations of
80 ng/mL, 100 ng/mL, and 120 pg/mL, IAA production was significantly higher (p < 0.05
and p < 0.005, respectively), than at concentrations of 140 ug/mL Hg.
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Figure 1. Average IAA production trend of the forty strains studied in relation to Hg concentrations
at each of the measurement times. Letters a-b indicate the significance of p < 0.05, the black letters
indicate significance differences among those grouped by hours; the blue letters indicate significance
differences among the different concentrations of IAA measured at 12 h; orange letters indicate
significance differences among different concentrations of IAA measured at 24 h; grey letters indicate
significance differences among different concentrations of IAA measured at 48 h.

Therefore, it can be concluded that the average production value of the strains an-
alyzed is obtained between 12 h and 24 h at concentrations between 80 pg/mL and
100 ug/mL. To select the range of data to be used later, values corresponding to the 12 h
incubation period in mediums with a concentration of 100 pug/mL were used as a reference.

As shown in Table 2, only five strains (9, 48, 58, 122, and 173) exhibited ACCd activity.
All of these showed activity up to concentrations of 100 ug/mL, and two of them (strains 9
and 58), up to 120 ng/mL of Hg.

Table 2. Strains ordered by BMRSI descending values with all factors integrated, IAA: TAA production; PO~ solubilization
of phosphates; ACCd: degradation of ACC via ACC deaminase; MBC: maximum bactericidal concentration. 0/1 indicates

absence/presence. ND: not defined bacteria.

TAA MBC

. e 3
Strain Identification (ng/mL) PO, ACCd (ug/mL) BMRSI
9 Bacillus toyonensis 6.16 0 1 140 7.30
21 Pseudomonas moraviensis 7.06 0 0 140 7.20
98 Pseudomonas baetica 6.76 0 0 160 6.92
95 Brevibacterium frigoritolerans 6.40 0 0 140 6.54
37 Pseudomonas fluorescens 6.08 0 0 140 6.22
56 Pseudomonas b;jassicacearum subsp. 6.05 0 0 160 621
brassicacearum
58 Pseudomonas br‘assicacearum subsp. 470 0 1 160 5.86
brassicacearum
31 Pseudomonas bvfassicacearum subsp. 567 0 0 140 581
brassicacearum
122 Brevibacterium frigoritolerans 437 0 1 160 5.53
50 Bacillus toyonensis 4.15 1 0 350 5.50
173 Bacillus toyonensis 3.93 0 1 180 5.11
48 ND 3.91 0 1 140 5.05
57 Pseudomonas corrugata 3.61 1 0 350 4.96
55 Pseudomonas syringae pv. phaseolicola 4.80 0 0 140 494
69-11 Pseudomonas sp. 3.77 1 0 160 493
70 Pseudomonas corrugata 451 0 0 350 4.86
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Table 2. Cont.

TAA MBC

. e 3
Strain Identification (ug/mL) PO, ACCd (ug/mL) BMRSI
69-1 Pseudomonas syringae pv. phaseolicola 4.67 0 0 160 4.83
43 Bacillus toyonensis 4.59 0 0 160 4.75

1 Pseudomonas migulae 4.59 0 0 140 4.73
23 Pseudomonas moraviensis 4.42 0 0 140 4.56
76 ND 4.10 0 0 140 4.24
204 Brevibacterium frigoritolerans 4.04 0 0 160 4.20
149 Pseudomonas syringae pv. phaseolicola 4.02 0 0 140 4.16
211 Bacillus dendretensis 3.85 0 0 200 4.05
114 Pseudomonas syringae pv. phaseolicola 3.80 0 0 140 3.94
75 Pseudomonas syringae pv. phaseolicola 3.74 0 0 160 3.90
79 Pseudomonas syringae pv. phaseolicola 3.66 0 0 140 3.80
74 Xanthomonas oryzae pv. oryzae 3.66 0 0 140 3.80
35 Pseudomonas baetica 3.64 0 0 140 3.78
20 Pseudomonas fluorescens 3.64 0 0 140 3.78
175 ND 3.50 0 0 140 3.64
130 Pseudomonas corrugata 3.47 0 0 140 3.61
18 Bacillus toyonensis 3.45 0 0 140 3.59
11 Pseudomonas corrugata 3.34 0 0 200 3.54
146 Pseudomonas fluorescens 3.20 0 0 180 3.38
10 ND 3.09 0 0 140 3.23
160 Bacillus circulans 3.09 0 0 140 3.23
211 Bacillus dendretensis 2.88 0 0 200 3.08
214 Bacillus niacini 2.82 0 0 200 3.02
80 Pseudomonas syringae pv. phaseolicola 2.85 0 0 140 2.99

Only three strains (50, 57, and 69-1I) solubilize phosphates under the Hg conditions
studied.

The production of siderophores was not included in Table 2 since no strain is safe to
produce in the presence of Hg.

Regarding MBC, all strains resisted concentrations above 100 pug/mL. The minimum
concentration resisted by the 40 strains was 140 pg/mL. A total of 55% of the strains tested
resisted up to 140 ug/mL, but the other half had much higher resistance values. In the
remaining 45%, we found nine strains that resisted up to 160 pg/mL, two up to 180 nug/mL,
four up to 200 pg/mlL, and three of them resisted up to 350 pg/mL.

Finally, after the analysis was carried out for each of the variables, the BMRSI was
calculated using the data of the PGPR activity measured at 100 pug/mL in order to introduce
the least possible variability and obtain uniform data from the sample.

Table 2 shows the integrated data of the PGPR and MBC activities of the 40 strains
considered for evaluation using the BMRSIL

When the measurement is standardized at 100 pg/mL of Hg, it can be observed that
the datum with greater weight in the calculation is the amount of IAA produced by each
strain. Similarly, the production of siderophores for all the strains in the selected conditions
is 0. Therefore, strains with high IAA production that exhibit other PGPR activity will have
a higher BMRSI. Similarly, the taxonomic identification of the 40 selected strains can be
observed in Table 2 [11].

As such, a percentage comparison was made of the number of bacteria that exhibit
each of the PGPR activities at 0 ug/mL of Hg obtained by Robas et al. [11], compared to
those obtained using the selection criterion of 100 ug/mL of the present study, as shown in
Figure 2. As can be seen in Figure 2, a reduction in the PGPR capacity of the bacteria under
study occurs when these activities are analyzed in the presence of Hg.
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Figure 2. Percentage comparison of the data obtained by Robas et al. [11], contrasted with those obtained in the present
study of the number of strains with PGPR activity at 0 pg/mL and 100 ug/mL of Hg. IAA: auxin producers; ACCd: ACC
degraders; PO,3~: phosphate solubilizers; and SID: siderophore producers.

4. Discussion

The fraction of soil surrounding the plant roots (rhizosphere) provides an environ-
ment that enables the growth of a large number of microorganisms [17]. Among these
microorganisms, PGPRs have been shown to assist plant growth [18]. In addition, those
that were able to support plants in their phytoremediation activity against heavy metals,
including Hg [19-23], are of particular interest for the present study. In this research, we
have selected and classified PGPR strains based on their quantified remediation potential
using the BMRSI described by Robas et al. [11].

Most of the studies that have focused on the search for metallotolerant PGPR bacteria
have generally been oriented toward specific bacterial genera, such as Bacillus [24], Azoto-
bacter [25], or Pseudomonas [26], among others. The source of isolation is usually plants for
agricultural use [27-29] since wild plants are rarely studied for isolation [19]. In the study
herein, native plants from the Almadén mining district were used as a source of isolation,
thereby maximizing the probability of selecting strains with potential biotechnological use
due to the selective pressure of the heavy metal and the co-evolution/coadaptation with
the plant.

Of all PGPR activities, the production of auxins, which regulate cell germination
and elongation, as well as root formation, is important. However, as indicated by Mirza
et al. [30], the production of IAA by PGPR bacteria may vary among species and strains, as
well as among conditions of cultivation, growth stage, and substrate availability. In this
study, diverse concentrations of Hg might affect the growth of bacteria and the production
of exogenous substances, which is something that has already been observed by Shokri and
Emtiazi [31]. In their characterization of A A-producing Gram-negative bacteria, including
the genera Agrobacterium, Rhizobium, Klebsiella, and Azotobacter, they found maximum
yields between 4.90 ug/mL and 5.2 ug/mL, which is a range of mean values similar to
those found in this study. Surprisingly, some strains produce higher values (9, 21, 31, 37,
56, 95, and 98). However, authors of such studies do not measure IAA production in the
presence of specific metal and, therefore, do not take into account the possible biochemical
alterations resulting from the presence of a toxic metal, which may have a negative impact
on JAA production.

Bacterial siderophores are molecules secreted in conditions of iron deficiency in order
to sequester metal from their environment [32]. This paper compares the production
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capacity of these compounds in conditions with various concentrations of Hg, in contrast
to the results obtained by Robas et al. [11], and the findings show a total inhibition of
siderophore production at concentrations of 80 pg/mL and higher. Other studies [33,34]
have highlighted the importance of siderophores in protecting bacteria and plants from
the hyper-accumulation of toxic metals. According to such studies, the production of
some siderophores is induced by the presence of low concentrations of Hg in the medium
(5 ug/mL), establishing analogous competition between Fe and Hg. The results described
in this paper do not rule out the possibility that the bacteria tested have not produced
siderophores due to the fact that there was a maximum concentration of up to 7 ug/mL of
exchangeable Hg in the edaphic medium from which they were isolated [35].

Another PGPR strategy is to decrease ethylene levels in plants. Ethylene regulates
plant growth linked to abiotic stress through the activity of the enzyme ACC deaminase
(ACCd), which deaminates the immediate precursor of ethylene, the ACC [36]. ACCd
levels vary widely in microorganisms since their regulation can occur at the enzymatic
level or according to gene expression [37]. Studies such as those by Mendoza-Hernandez
et al. [38] show that certain bacteria decrease their ACCd activity when subjected to the
presence of heavy metals, which could be the case of our study herein, in which there are
high concentrations of Hg.

Finally, phosphate-solubilizing microorganisms facilitate the access of plant rhizo-
spheres to these salts, which are absorbed by the plant, improving its growth and pro-
ductivity [39]. In the presence of Hg, a decrease in the number of phosphate solubilizing
strains can be observed. However, those strains that retain this activity are able to solubilize
phosphates even with high concentrations of Hg, making them very good candidates for
later use as adjuvant bioremediation PGPRs.

Authors such as Emami et al. [40] or Bomfim et al. [41], suggest that promoting
successful growth must be linked to the diverse mechanisms that operate synergistically
during plant development, not just to one of them. Successful remediation by the selected
strains will be a result of the combined activities of the microorganism. Therefore, in this
study, the quantification of the remediation potential of the strains has been used through
the application of BMRSI [11].

The genera Bacillus and Pseudomonas are described as especially abundant in the
composition of edaphic bacterial communities in numerous studies. This microbiota is
greatly affected by seasonal factors, as well as others, since its prevalence increases in spring
and autumn when the level of moisture and photosynthates is high [42—44]. Following
the criteria established by Robas et al. [11], strains with BMRSI values > 6.5 and IAA
production > 5.5 pg/mL. were selected, and four of the strains met the selection criteria.

Strain 9 has been identified as Bacillus toyonenesis. Recent studies have described
the use of this bacterium as a PGPR through the production of IAA [45]. Likewise, other
studies have been published, such as those of Naguib et al. [27], regarding its tolerance to
Hg. This strain has one of the highest BMRSI values in the sample (7.30), making it a good
candidate for further use in bioremediation.

Tolerance to Hg has also been reported with Brevibacterium frigoritolerans in a study
of the microbial community in sediments of the Aussa River. Khezrinejad et al. [46] have
proposed the use of this bacterium as a PGPR due to its strength in producing IAA. For this
reason, Strain 25 is noteworthy, as it has a BMRSI of 6.54 and an IAA production capacity
of 6.30 ug/mL.

In 2006, in the area of Huelva, Lépez et al. [47] isolated five strains from wedge sole
(Dicologlossa cuneata), which were producing disease in a human adult. Among the isolated
species, a new species was found, known as Pseudomonas baetica. Strain 98 is also worthy of
mention, as it has a high tolerance to Hg (160 pg/mL) and a high level of auxin production
(6.76 ug/mL), giving it the third-highest BMRSI value in the sample. This makes it one of
the best candidates to be analyzed for its capability in promoting growth in model plants.

Strain 21 was identified as Pseudomonas moraviensis. This species was first isolated
by Tvrzova et al. [48] in an experiment involving the selective enrichment of soil with
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nitroaromatic compounds. Strains of this species have also been shown to have PGPR
capabilities [49,50]. Strain 21 obtained the second-highest BMRSI score of the study with
7.20 points and the highest level of auxin production (7.06 nug/mL), making it one of the
best candidates as well to be studied and approved for bioremediation.

5. Conclusions

1. The presence of Hg in culture mediums directly affects the capability of PGPR bac-
teria by decreasing their effectiveness. Such bacteria are affected in the following
order, from highest to lowest affected: Siderophores > Phosphate production > ACC
deaminase > IAA production.

2. The Bio-Mercury Remediation Suitability Index (BMRSI) has proven to be a useful
tool for evaluating strains in an integrated way based on their PGPR capabilities in
the presence of Hg. MBC (Hg) > 100 ng/mL and BMRSI > 6.5 are proposed as a
strain selection criterion for later bioremediation of Hg-contaminated soils.

3. Based on the criteria described, the strains Bacillus toyonensis (9), Pseudomonas moraviensis
(7), Pseudomonas baetica (26), and Brevibacterium frigoritolerans (95) have been selected as
good candidates for further phyto-rhizoremediation trials of Hg-contaminated soils.

Author Contributions: Conceptualization, D.G., A.P. and P.A.].; methodology, D.G., M.R., A.P,, and
P.AJ.; software, D.G,; validation, D.G.; formal analysis, D.G., A.P, and P.A.].; investigation, D.G.
and M.R;; resources, A.P. and P.A.].; data curation, A.P.; writing—original draft preparation, D.G.;
writing—review and editing, D.G., M.R., A.P, and P.A J; visualization, D.G.; supervision, A.P.,, and
P.A.].; project administration, A.P.; funding acquisition, A.P., and P.A.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research has been funded by FUNDACION UNIVERSITARIA SAN PABLO CEU and
BANCO SANTANDER, grant number FUSP-BS-PPC01/2014.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Department of Genomics, Complutense University of Madrid; Professor Santi-
ago Angulo of the Department of Statistics, CEU San Pablo University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bjerklund, G; Tinkov, A.A.; Dadar, M.; Rahman, M.M.; Chirumbolo, S.; Skalny, A.V.; Skalnaya, M.G.; Haley, B.E.; Ajsuvakova,
O.P; Aaseth, J. Insights into the Potential Role of Mercury in Alzheimer’s Disease. |. Mol. Neurosci. 2019, 67, 511-533. [CrossRef]

2. Das, S.; Dash, H.R.; Chakraborty, ]. Genetic Basis and Importance of Metal Resistant Genes in Bacteria for Bioremediation of
Contaminated Environments with Toxic Metal Pollutants. Appl. Microbiol. Biotechnol. 2016, 100, 2967-2984. [CrossRef] [PubMed]

3. Marumoto, M.; Sakamoto, M.; Marumoto, K.; Tsuruta, S.; Komohara, Y. Mercury and Selenium Localization in the Cerebrum,
Cerebellum, Liver, and Kidney of a Minamata Disease Case. Acta Histochem. Cytochem. 2020, 53, 147-155. [CrossRef] [PubMed]

4.  Gil-Hernandez, F; Gémez-Fernandez, A.R.; la Torre-Aguilar, M.].; Pérez-Navero, ].L.; Flores-Rojas, K.; Martin-Borreguero, P.;
Gil-Campos, M. Neurotoxicity by Mercury Is Not Associated with Autism Spectrum Disorders in Spanish Children. Ital. |. Pediatr.
2020, 46, 1-7. [CrossRef]

5. Lado, L.R; Hengl, T.; Reuter, H.I. Heavy Metals in European Soils: A Geostatistical Analysis of the FOREGS Geochemical
Database. Geoderma 2008, 148, 189-199. [CrossRef]

6.  Ballabio, C.; Jiskra, M.; Osterwalder, S.; Borrelli, P.; Montanarella, L.; Panagos, P. A Spatial Assessment of Mercury Content in the
European Union Topsoil. Sci. Total Environ. 2021, 769, 144755. [CrossRef]

7. US Environmental Protection Agency. 2010 Biennial National Listing of Fish Advisories; US Environmental Protection Agency:
Washintong, DC, USA, 2011.

8.  Hao, X,; Xie, P; Johnstone, L.; Miller, S.J.; Rensing, C.; Wei, G. Genome Sequence and Mutational Analysis of Plant-Growth-
Promoting Bacterium Agrobacterium Tumefaciens CCNWGS0286 Isolated from a Zinc-Lead Mine Tailing. Appl. Environ. Microbiol.
2012, 78, 5384-5394. [CrossRef] [PubMed]

9.  Kloepper, ].W. Plant Growth-Promoting Rhizobacteria on Radishes; INRA: Agers, France, 1978; Volume 2, pp. 879-882.

10.  Zhao, M.M.; Kou, J.; Chen, Y.; Xue, L.; Fan, T.T.; Wang, S. Bioremediation of Wastewater Containing Mercury Using Three Newly

Isolated Bacterial Strains. J. Clean. Prod. 2021, 299, 126869. [CrossRef]


http://doi.org/10.1007/s12031-019-01274-3
http://doi.org/10.1007/s00253-016-7364-4
http://www.ncbi.nlm.nih.gov/pubmed/26860944
http://doi.org/10.1267/ahc.20-00009
http://www.ncbi.nlm.nih.gov/pubmed/33437101
http://doi.org/10.1186/s13052-020-0780-1
http://doi.org/10.1016/j.geoderma.2008.09.020
http://doi.org/10.1016/j.scitotenv.2020.144755
http://doi.org/10.1128/AEM.01200-12
http://www.ncbi.nlm.nih.gov/pubmed/22636006
http://doi.org/10.1016/j.jclepro.2021.126869

Int. J. Environ. Res. Public Health 2021, 18, 9867 90of 10

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Robas, M.; Jiménez, P.A.; Gonzalez, D.; Probanza, A. Bio-Mercury Remediation Suitability Index: A Novel Proposal That Compiles
the PGPR Features of Bacterial Strains and Its Potential Use in Phytoremediation. Int. J. Environ. Res. Public Health 2021, 18, 4213.
[CrossRef]

Millan, R.; Carpena, R.; Schmid, T.; Sierra, M.; Moreno, E.; Pefialosa, J.; Gamarra, R.; Esteban, E. Rehabilitacion de Suelos
Contaminados Con Mercurio: Estrategias Aplicables En El Area de Almadén. Rev. Ecosistemas 2007, 16, 56—66.

Ehmann, A. The Van Urk-Salkowski Reagent—A Sensitive and Specific Chromogenic Reagent for Silica Gel Thin-Layer Chro-
matographic Detection and Identification of Indole Derivatives. J. Chromatogr. A 1977, 132, 267-276. [CrossRef]

Glick, B.R. The Enhancement of Plant Growth by Free-Living Bacteria. Can. J. Microbiol. 1995, 41, 109-117. [CrossRef]
Alexander, D.; Zuberer, D. Use of Chrome Azurol S Reagents to Evaluate Siderophore Production by Rhizosphere Bacteria. Biol.
Fertil. Soils 1991, 12, 39-45. [CrossRef]

De Freitas, ].; Banerjee, M.; Germida, J. Phosphate-Solubilizing Rhizobacteria Enhance the Growth and Yield but Not Phosphorus
Uptake of Canola (Brassica Napus L.). Biol. Fertil. Soils 1997, 24, 358-364. [CrossRef]

Vives-Peris, V.; de Ollas, C.; Gomez-Cadenas, A.; Pérez-Clemente, R.M. Root Exudates: From Plant to Rhizosphere and Beyond.
Plant. Cell Rep. 2020, 39, 3-17. [CrossRef]

Manoj, S.R.; Karthik, C.; Kadirvelu, K.; Arulselvi, PI.; Shanmugasundaram, T.; Bruno, B.; Rajkumar, M. Understanding the
Molecular Mechanisms for the Enhanced Phytoremediation of Heavy Metals through Plant Growth Promoting Rhizobacteria: A
Review. J. Environ. Manag. 2020, 254, 109779. [CrossRef]

Mariano, C.; Mello, L.S.; Barros, B.M.; da Silva, G.F,; Terezo, A J.; Soares, M.A. Mercury Alters the Rhizobacterial Community in
Brazilian Wetlands and It Can Be Bioremediated by the Plant-Bacteria Association. Environ. Sci. Pollut. Res. 2020, 27, 13550-13564.
[CrossRef]

Nazli, F.; Mustafa, A.; Ahmad, M.; Hussain, A.; Jamil, M.; Wang, X.; Shakeel, Q.; Imtiaz, M.; El-Esawi, M.A. A Review on
Practical Application and Potentials of Phytohormone-Producing Plant Growth-Promoting Rhizobacteria for Inducing Heavy
Metal Tolerance in Crops. Sustainability 2020, 12, 9056. [CrossRef]

Arregui, G.; Hipdlito, P; Pallol, B.; Lara-Dampier, V.; Garcia-Rodriguez, D.; Varela, H.P.; Zaniani, P.T.; Balomenos, D.; Paape, T.;
de la Pefia, T.C. Mercury-Tolerant Ensifer Medicae Strains Display High Mercuric Reductase Activity and a Protective Effect on
Nitrogen Fixation in Medicago Truncatula Nodules under Mercury Stress. Front. Plant Sci. 2020, 11.

Sharma, A.; Kumar, V.; Handa, N.; Bali, S.; Kaur, R.; Khanna, K.; Thukral, A K.; Bhardwaj, R. Potential of Endophytic Bacteria in
Heavy Metal and Pesticide Detoxification. Plant Microbiome Stress Response 2018, 307-336.

Gontia-Mishra, I; Sapre, S.; Sharma, A.; Tiwari, S. Alleviation of Mercury Toxicity in Wheat by the Interaction of Mercury-Tolerant
Plant Growth-Promoting Rhizobacteria. J. Plant Growth Regul. 2016, 35, 1000-1012. [CrossRef]

Chari, K.D.; Reddy, R.S.; Triveni, S.; Trimurtulu, N.; Rani, C.V.D.; Sreedhar, M. Isolation and Characterization of Abiotic Stress
Tolerant Plant Growth Promoting Bacillus Spp. from Different Rhizospheric Soils of Telangana. Biosci. Biotechnol. Res. Asia 2018,
15, 485-494. [CrossRef]

Hindersah, R.; Nurhabibah, G.; Asmiran, P; Pratiwi, E. Antibiotic Resistance of Azotobacter Isolated from Mercury-Contaminated
Area. |. Agric. Stud. 2019, 7, 70-81. [CrossRef]

Kang, S.-M.; Asaf, S.; Khan, A.L.; Khan, A.; Mun, B.-G.; Khan, M.A ; Gul, H.; Lee, I.-]. Complete Genome Sequence of Pseudomonas
Psychrotolerans CS51, a Plant Growth-Promoting Bacterium, under Heavy Metal Stress Conditions. Microorganisms 2020, 8, 382.
[CrossRef]

Naguib, M.M,; Khairalla, A.S.; El-Gendy, A.O.; Elkhatib, W.F. Isolation and Characterization of Mercury-Resistant Bacteria from
Wastewater Sources in Egypt. Can. J. Microbiol. 2019, 65, 308-321. [CrossRef]

Kour, D.; Rana, K.L.; Yadav, N.; Yadav, AN.; Kumar, A.; Meena, VS,; Singh, B.; Chauhan, V.S.; Dhaliwal, H.S.; Saxena,
A K. Rhizospheric microbiomes: Biodiversity, mechanisms of plant growth promotion, and biotechnological applications for
sustainable agriculture. In Plant Growth Promoting Rhizobacteria for Agricultural Sustainability; Springer: Berlin/Heidelberg,
Germany, 2019; pp. 19-65.

Abbas, S.Z.; Yee, C.J.; Hossain, K.; Ahmad, A.; Rafatullah, M. Isolation and Characterization of Mercury Resistant Bacteria from
Industrial Wastewater. Desalin Water Treat. 2019, 138, 128-133. [CrossRef]

Mirza, M.S.; Ahmad, W,; Latif, F.,; Haurat, J.; Bally, R.; Normand, P.; Malik, K.A. Isolation, Partial Characterization, and the Effect
of Plant Growth-Promoting Bacteria (PGPB) on Micro-Propagated Sugarcane in Vitro. Plant Soil 2001, 237, 47-54. [CrossRef]
Shokri, D.; Emtiazi, G. Indole-3-Acetic Acid (IAA) Production in Symbiotic and Non-Symbiotic Nitrogen-Fixing Bacteria and Its
Optimization by Taguchi Design. Curr. Microbiol. 2010, 61, 217-225. [CrossRef] [PubMed]

Dybas, M.].; Tatara, G.M.; Criddle, C.S. Localization and Characterization of the Carbon Tetrachloride Transformation Activity of
Pseudomonas Sp. Strain KC. Appl. Environ. Microbiol. 1995, 61, 758-762. [CrossRef]

Baldi, F.; Gallo, M.; Battistel, D.; Barbaro, E.; Gambaro, A.; Daniele, S. A Broad Mercury Resistant Strain of Pseudomonas Putida
Secretes Pyoverdine under Limited Iron Conditions and High Mercury Concentrations. Biometals 2016, 29, 1097-1106. [CrossRef]
[PubMed]

Pérez-Cordero, A.; Pérez-Espinosa, A.; Vitola-Romero, D. Lead Resistance by Bacillus Cereus 1DH1LIM Isolated from Contami-
nated Environments with Mercury. Indian J. Sci. Technol. 2018, 11, 38.


http://doi.org/10.3390/ijerph18084213
http://doi.org/10.1016/S0021-9673(00)89300-0
http://doi.org/10.1139/m95-015
http://doi.org/10.1007/BF00369386
http://doi.org/10.1007/s003740050258
http://doi.org/10.1007/s00299-019-02447-5
http://doi.org/10.1016/j.jenvman.2019.109779
http://doi.org/10.1007/s11356-020-07913-2
http://doi.org/10.3390/su12219056
http://doi.org/10.1007/s00344-016-9598-x
http://doi.org/10.13005/bbra/2653
http://doi.org/10.5296/jas.v7i3.14834
http://doi.org/10.3390/microorganisms8030382
http://doi.org/10.1139/cjm-2018-0379
http://doi.org/10.5004/dwt.2019.23279
http://doi.org/10.1023/A:1013388619231
http://doi.org/10.1007/s00284-010-9600-y
http://www.ncbi.nlm.nih.gov/pubmed/20526603
http://doi.org/10.1128/aem.61.2.758-762.1995
http://doi.org/10.1007/s10534-016-9980-y
http://www.ncbi.nlm.nih.gov/pubmed/27848043

Int. J. Environ. Res. Public Health 2021, 18, 9867 10 of 10

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Moreno-Jiménez, E.; Vazquez, S.; Carpena-Ruiz, R.O.; Esteban, E.; Pefialosa, ].M. Using Mediterranean Shrubs for the Phytore-
mediation of a Soil Impacted by Pyritic Wastes in Southern Spain: A Field Experiment. J. Environ. Manag. 2011, 92, 1584-1590.
[CrossRef]

Glick, B.R.; Penrose, D.M; Li, ]. A Model for the Lowering of Plant Ethylene Concentrations by Plant Growth-Promoting Bacteria.
J. Theor. Biol. 1998, 190, 63-68. [CrossRef]

Glick, B.R. Using Soil Bacteria to Facilitate Phytoremediation. Biotechnol. Adv. 2010, 28, 367-374. [CrossRef] [PubMed]

Carlos, M.-H.J.; Stefani, P-V.Y,; Janette, A.-M.; Melani, M.-S.S.; Gabriela, P.-O. Assessing the Effects of Heavy Metals in ACC
Deaminase and IAA Production on Plant Growth-Promoting Bacteria. Microbiol. Res. 2016, 188, 53-61. [CrossRef] [PubMed]
Liang, J.-L.; Liu, J; Jia, P; Yang, T.; Zeng, Q.; Zhang, S.; Liao, B.; Shu, W.; Li, J. Novel Phosphate-Solubilizing Bacteria Enhance Soil
Phosphorus Cycling Following Ecological Restoration of Land Degraded by Mining. ISME ]. 2020, 14, 1600-1613. [CrossRef]
[PubMed]

Emami, S.; Alikhani, H.A.; Pourbabaei, A.A.; Etesami, H.; Sarmadian, F.; Motessharezadeh, B. Effect of Rhizospheric and
Endophytic Bacteria with Multiple Plant Growth Promoting Traits on Wheat Growth. Environ. Sci. Pollut. Res. 2019, 26,
19804-19813. [CrossRef]

Bomfim, C.S.G.; da Silva, V.B.; Cursino, L.H.S.; da Silva Mattos, W.; Santos, ].C.S.; de Souza, L.S.B.; Dantas, B.E,; de Freitas, A.D.S.;
Fernandes-Junior, PI. Endophytic Bacteria Naturally Inhabiting Commercial Maize Seeds Occupy Different Niches and Are
Efficient Plant Growth-Promoting Agents. Symbiosis 2020, 81, 255-269. [CrossRef]

Diaz-Garza, A.M.; Fierro-Rivera, ].I; Pacheco, A.; Schiiller, A.; Gradilla-Hernandez, M.S.; Senés-Guerrero, C. Temporal Dynamics
of Rhizobacteria Found in Pequin Pepper, Soybean, and Orange Trees Growing in a Semi-Arid Ecosystem. Front. Sustain. Food
Syst. 2020, 4, 220. [CrossRef]

Cano, M.A. A Review of Interaction of Beneficial Microorganisms in Plants: Mycorrhizae, Trichoderma Spp. and Pseudomonas Spp.
Rev. UDCA Actual. Divulg. Cientifica 2011, 14, 15-31. [CrossRef]

Palomino, M.R.; Garcia, J.L.; Ramos, B.; Manero, EG.; Probanza, A. Seasonal Diversity Changes in Alder (Alnus glutinosa)
Culturable Rhizobacterial Communities throughout a Phenological Cycle. Agric. Ecosyst. Environ. Appl. Soil Ecol. 2005, 29,
215-224. [CrossRef]

Zerrouk, I.Z.; Rahmoune, B.; Auer, S.; Rofler, S.; Lin, T.; Baluska, F.; Dobrev, PI.; Motyka, V.; Ludwig-Miiller, J. Growth and
Aluminum Tolerance of Maize Roots Mediated by Auxin-and Cytokinin-Producing Bacillus Toyonensis Requires Polar Auxin
Transport. Environ. Exp. Bot. 2020, 176, 104064. [CrossRef]

Khezrinejad, N.; Khodakaramian, G.; Shahryari, F. Characterization of Potential Plant Growth-Promoting Rhizobacteria Isolated
from Sunflower (Helianthus annuus L.) in Iran. Biol. Futur. 2019, 70, 268-277. [CrossRef]

Lopez, ].R,; Dieguez, A.L.; Doce, A.; De la Roca, E.; De la Herran, R.; Navas, ].I.; Toranzo, A.E.; Romalde, J.L. Pseudomonas Baetica
Sp. Nov,, a Fish Pathogen Isolated from Wedge Sole, Dicologlossa cuneata (Moreau). Int. J. Syst. Evol. Microbiol. 2012, 62, 874-882.
[CrossRef]

Tvrzova, L.; Schumann, P; Sproer, C.; Sedlacek, I.; Pacova, Z.; Sedo, O.; Zdrahal, Z.; Steffen, M.; Lang, E. Pseudomonas Moraviensis
Sp. Nov. and Pseudomonas vranovensis Sp. Nov., Soil Bacteria Isolated on Nitroaromatic Compounds, and Emended Description
of Pseudomonas asplenii. Int. |. Syst. Evol. Microbiol. 2006, 56, 2657-2663. [CrossRef]

Miller, N.T.; Fuller, D.; Couger, M.; Bagazinski, M.; Boyne, P.; Devor, R.C.; Hanafy, R.A.; Budd, C.; French, D.P.; Hoff, W.D. Draft
Genome Sequence of Pseudomonas moraviensis Strain Devor Implicates Metabolic Versatility and Bioremediation Potential. Genom.
Data 2016, 9, 154-159. [CrossRef] [PubMed]

Vyas, P,; Rahi, P; Gulati, A. Stress Tolerance and Genetic Variability of Phosphate-Solubilizing Fluorescent Pseudomonas from the
Cold Deserts of the Trans-Himalayas. Microb. Ecol. 2009, 58, 425-434. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jenvman.2011.01.022
http://doi.org/10.1006/jtbi.1997.0532
http://doi.org/10.1016/j.biotechadv.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20149857
http://doi.org/10.1016/j.micres.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27296962
http://doi.org/10.1038/s41396-020-0632-4
http://www.ncbi.nlm.nih.gov/pubmed/32203124
http://doi.org/10.1007/s11356-019-05284-x
http://doi.org/10.1007/s13199-020-00701-z
http://doi.org/10.3389/fsufs.2020.602283
http://doi.org/10.31910/rudca.v14.n2.2011.771
http://doi.org/10.1016/j.apsoil.2004.12.003
http://doi.org/10.1016/j.envexpbot.2020.104064
http://doi.org/10.1556/019.70.2019.30
http://doi.org/10.1099/ijs.0.030601-0
http://doi.org/10.1099/ijs.0.63988-0
http://doi.org/10.1016/j.gdata.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27583206
http://doi.org/10.1007/s00248-009-9511-2
http://www.ncbi.nlm.nih.gov/pubmed/19319589

	Introduction 
	Materials and Methods 
	Bacteria Analyzed 
	Testing PGPR Activity 
	Maximum Bactericidal Concentration of Hg (MBC) 
	Bio-Mercury Remediation Suitability Index (BMRSI) 
	Data Processing 

	Results 
	Discussion 
	Conclusions 
	References

