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High concentrations of non-essential heavy metals/metalloids (arsenic, cadmium, and
lead) in soils and irrigation water represent a threat to the environment, food safety, and
human and animal health. Microbial bioremediation has emerged as a promising strategy
to reduce the concentration of heavy metals in the environment due to the demonstrated
ability of microorganisms, especially bacteria, to sequester and transform these
compounds. Although several bacterial strains have been reported to be capable of
remediation of soils affected by heavy metals, published information has not been
comprehensively analyzed to date to recommend the most efficient microbial
resources for application in bioremediation or bacterial-assisted phytoremediation
strategies that may help improve plant growth and yield in contaminated soils. In this
study, we critically analyzed eighty-five research articles published over the past 15 years,
focusing on bacteria-assisted remediation strategies for the non-essential heavy metals,
arsenic, cadmium, and lead, and selected based on four criteria: i) The bacterial species
studied are part of a plant microbiome, i.e., they interact closely with a plant species ii)
these same bacterial species exhibit plant growth-promoting characteristics, iii) bacterial
resistance to the metal(s) is expressed in terms of the Minimum Inhibitory Concentration
(MIC), and iv) metal resistance is related to biochemical or molecular mechanisms. A total of
sixty-two bacterial genera, comprising 424 bacterial species/strains associated with fifty
plant species were included in our analysis. Our results showed a close relationship
between the tolerance level exhibited by the bacteria and metal identity, with lower MIC
values found for cadmium and lead, while resistance to arsenic was widespread and
significantly higher. In-depth analysis of the most commonly evaluated genera,
Agrobacterium, Bacillus, Klebsiella, Enterobacter, Microbacterium, Pseudomonas,
Rhodococcus, and Mesorhizobium showed significantly different tolerance levels
among them and highlighted the deployment of different biochemical and molecular
mechanisms associated with plant growth promotion or with the presence of
resistance genes located in the cad and ars operons. In particular, the genera
Klebsiella and Enterobacter exhibited the highest levels of cadmium and lead
tolerance, clearly supported by molecular and biochemical mechanisms; they were
also able to mitigate plant growth inhibition under phytotoxic metal concentrations.
These results position Klebsiella and Enterobacter as the best potential candidates for
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bioremediation and bacteria-assisted phytoremediation strategies in soils contaminated
with arsenic, cadmium, and lead.
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INTRODUCTION

Soil pollution by heavy metals represents a threat to the
environment and food security due to the fast growth of
industry and agriculture, and the disruption of natural
ecosystems by anthropogenic pressure linked to the growth of
human populations (Sarwar et al., 2017). Environmental
pollution and human exposure associated with heavy metals
are attributed to different anthropogenic activities that include
mining, industrial production, and the use of metal-containing
compounds in domestic and agricultural settings (Tchounwou
etal.,, 2012). Throughout the world, there are 5 million sites of soil
contaminated by heavy metals/metalloids with current
concentrations above the regulatory levels (Li et al, 2019).
Contamination by heavy metals poses many risks to the
ecosystem and humans and affects food chain safety, food
quality, and the ability to use the land for agricultural
production, which in turn affects food security and exacerbates
land tenure problems (Wuana and Okieimen, 2011).

Heavy metals are a group of elements with metallic properties
that include transition metals, metalloids, lanthanides, and
actinides (Singh et al, 2011). Some of them are essential
cofactors for different enzymes, while others are non-essential
(Theron et al., 2012). The first group includes the trace elements
cobalt, copper, iron, manganese, molybdenum, selenium, and
zinc, whose concentrations are closely regulated by interactions
with binding proteins since they represent potential risks to cell
function (Theron et al., 2012). The second group comprises
arsenic, cadmium, lead, mercury, plutonium, tungsten, and
vanadium; non-essential metals that constitute potent toxins
and enter the cells/tissues thanks to their physicochemical
properties, like ionic charge (Duce and Bush, 2010; Johri et al.,
2010). The latter, deserve special attention since they do not have
any essential function in living organisms, are highly toxic at low
exposure levels, and are considered as the main threat to life
forms (Atobatele and Olutona, 2015). According to the
Environmental Protection Agency (EPA), arsenic, cadmium,
lead, and mercury, are among the most toxic metals in the
environment (Goyer, 2004). Moreover, the United States
Agency for Toxic Substances and Disease Registry (ATSDR)
lists more than 20 heavy metals with pronounced toxicity but
four are of particular concern to human health; arsenic (As), lead
(Pb), cadmium (Cd) and mercury (Hg); out of these four, arsenic
is the most common cause of acute heavy metal poisoning and
hence ranked number 1 on ATSDR’s “top 20 list”, lead is number
2 on the list and cadmium ranks in seventh place (Fay and
Mumtaz, 1996; Flora et al., 2011); therefore, arsenic, cadmium
and lead are objects of study in this paper.

Arsenic (As) is a natural and abundant element of the Earth’s
crust that is chemically classified as a metalloid for its metallic and

nonmetallic properties (Nriagu et al., 2007; Kesici, 2016). In the
soil, As is present in both, organic and inorganic forms, being the
latter, a highly toxic form (Shrivastava et al., 2015). In well-
drained (oxic) surface soils, As occurs predominantly as
oxyanions of As®" (arsenate), whereas As>* (arsenite) species
are more abundant in reducing environments, such as
waterlogged soils (Roberts et al., 2010). The relative abundance
of As®" and As®" critically influences As mobility, toxicity and
environmental behavior, with inorganic As®" species generally
considered to be more mobile and toxic than inorganic As*
species (Shumlas et al., 2016; Johnston et al., 2019). As" is less
mobile than As>* because it forms complexes on mineral surfaces,
especially on hydroxides and oxides of iron (III) as well as on
calcite (Bowell, 1994; Guo et al., 2009). Under iron reducing
conditions arsenic is released from those surfaces into
groundwater and remains mobile after subsequent reduction
to As™* (Biswas et al, 2011; Maier et al., 2019). Moreover, by
binding to thiol or sulthydryl groups on proteins, arsenite can
inactivate over 200 enzymes while arsenate can replace
phosphate, which is involved in many biochemical pathways
(Tchounwou et al., 2012).

Cadmium (Cd) constitutes a non-essential element, and a
significant pollutant due to its high toxicity and solubility in water
(Pinto et al., 2004; Benavides et al., 2005). It is a metal that tends
to form stable dissolved complexes with inorganic and organic
ligands, which inhibits its sorption and precipitation (Kubier
et al., 2019). Furthermore, cadmium can interrupt enzyme
activities and inhibit the DNA-mediated transformation in
microorganisms; its primary anthropogenic sources in soils are
the direct input of waste material from mining, industry, and
agricultural application (Kabata-Pendias, 2010; Kubier et al,
2019).

Lead (Pb) is a toxic non-essential heavy metal, that is widely
distributed and induces a wide range of negative effects on living
organisms at morphological, physiological and biochemical level
since it is highly persistent in water and soil, accumulates in the
upper eight inches of the ground and is highly immobile (Zeng
etal., 2007; Pourrut et al., 2011; Tangahu et al., 2011). Although it
is a naturally occurring element, anthropogenic activities like
mining, fossil fuel burning, and manufacturing, contribute to its
increased concentrations in soils (Tchounwou et al., 2012).

Microorganisms play an important role in the biogeochemical
cycle of metals and the remediation of environments contaminated by
heavy metals (Spain and Alm, 2003). Despite the toxic effect they
exert, microorganisms can survive in their presence thanks to several
types of mechanisms to reduce or tolerate their toxicity (Spain and
Alm, 2003). According to Bruins et al. (2000) and Choudhury and
Srivastava (2001), there are five main mechanisms of resistance to
heavy metals in bacteria: 1) Extracellular barriers: the cell wall, plasma
membrane or capsule can prevent the entry of metal ions to the cell; 2)
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Active transport of metal ions (efflux): constitute a mechanism to
export toxic metals from the cytoplasm that include proteins
belonging to three families: P-type ATPases, CDF (Cation
Diffusion Facilitator) and RND (Resistance, Nodulation, Cell
Division); 3) Extracellular sequestration: consists on the
accumulation of metal ions by cellular components in the
periplasm, the outer membrane or complexation of metal ions as
insoluble compounds; 4) Intracellular sequestration: is based on the
accumulation of metals in not bioavailable forms within the cytoplasm
to prevent exposure to essential cellular components, two examples
exist for this form of metal resistance: metallothionein production in
Synechococcus sp. and cysteine-rich proteins in Pseudomonas sp.
(Rouch et al,, 1995; Silver and Phung, 1996) and 5) Reoxidation of
metal ions. Oxidation of metals such as Cu and As is also important
detoxification mechanisms, for instance, oxidation of Cu(I) to Cu(II)
by CueO, and oxidation of As(V) to As(III) then efflux A(III) out of
cells (Bruins et al, 2000; Choudhury and Srivastava, 2001; Barkay
et al.,, 2003; Viti et al,, 2003; Ianeva, 2009).

The mechanisms used by bacteria can be classified into
biochemical and molecular (Ma et al, 2016). Biochemical
mechanisms include those by which microorganisms interact with
extracellular soluble metal ions and have a role in microbe tolerance
through metal detoxification, mobilization, immobilization,
transformation, transport, and distribution (Ma et al., 2016; White
et al, 2016). Molecular mechanisms constitute the genetic
determinants of heavy metal resistance that can be localized either
on the chromosome or extrachromosomal genetic elements (Ianeva,
2009). In addition to biochemical and molecular mechanisms, heavy
metal tolerance by bacteria can be assessed in terms of the Minimum
Inhibitory Concentration (MIC), defined as the lowest concentration
of the metal that prevents the growth of bacteria (Parameswari et al,,
2010). Many studies have assessed the tolerance of heavy metals in
terms of the MIC of microorganisms (Mejias Carpio et al., 2018);
therefore, the present study will not be the exception.

The remediation of heavy metals in soils is essential to preserve
the environment and protect living organisms (Glick, 2010).
Traditional remediation methods include physical and chemical
techniques and engineering repair; which are fast but expensive
and deficient since they cause secondary pollution and negative
effects on soil properties (Singh and Prasad, 2015; Ullah et al.,
2015). Conversely, biological methods are considered as an
effective technique for heavy metal remediation, which include:
bioremediation, a process that makes use of microorganisms to
eliminate pollutants from soils, and phytoremediation, a process
that uses plants that can remove heavy metals (Doble and Kumar,
2005; Adams et al, 2015; Nakbanpote et al., 2016). Microbial
bioremediation is an efficient, economic, and environmentally
friendly procedure that reduces the cost of the cleanup process
associated with heavy metal contamination (Kumar Mishra, 2017).
The mechanisms behind microbial remediation of heavy metals
mainly encompass biosorption (which includes precipitation,
chemical adsorption, and ion exchange, surface precipitation,
the formation of complexes with organic ligands, and redox
reactions), biomineralization (that covers both bioleaching,
involved in the mobilization of heavy metal ions from insoluble
ores by dissolution or complexation), and bio-oxidation (Jin et al.,
2018). On the other hand, phytoremediation, often depends on the
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climate and water and soil conditions, proving to be a very slow and
seasonally effective method (Salt et al., 1995; Chintakovid et al.,
2008). Phytoremediation includes various processes in function of
the plant-soil-atmosphere interactions; for heavy metal
contaminated soil, four processes of phytoremediation are
known: phytoextraction, phytostabilization, phytovolatilization,
and rhizofiltration (Laghlimi et al, 2015). In this context,
microbial methods represent an advantageous alternative for the
remediation of heavy metals from soils.

Plant-microorganism interactions play a key role in the
adaptation to heavy metal polluted environments and thus,
can be investigated in depth to improve microbe-assisted
phytoremediation methods (Ma et al., 2016). Plant associated
microorganisms,  particularly, Plant  Growth-Promoting
Rhizobacteria (PGPR), play an important role in the
remediation of polluted soils and the enhancement of plant
growth by different mechanisms that include biological
nitrogen fixation, phosphate solubilization, phytohormone
production [Indole-3-acetic acid (IAA), cytokinins and
gibberellins], siderophore production, production of 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase,
among others (Goswami et al, 2016; El-Mehy et al.,, 2019).
PGPR represent important metal resistant bacteria and
phytoremediation  enhancing agents in heavy metal
contaminated soils, whose application can lead to a marked
improvement in metal mobilization or immobilization in soils
and plant biomass (Ma et al., 2011; Ma et al., 2016).

Despite that some bacterial strains with the potential to
remediate soils with heavy metals have been reported, three
key aspects need to be addressed: i) new microbial resources
are needed for application in bioremediation or bacteria-assisted
phytoremediation strategies, ii), most studies include strains
resistant to few metals, and polluted soils exhibit multi-
contamination with heavy metals (Tirry et al., 2018) and iii)
published information has not been comprehensively analyzed to
date to recommend the most efficient microbial resources for
remediation strategies in heavy metal contaminated soils.
Therefore, this study aims to characterize and select genera
associated with the plant microbiome with potential for
bioremediation or bacteria-assisted phytoremediation strategies
of soils contaminated with arsenic, cadmium, and lead, through a
literature review and an analysis of the metal-tolerance level of
bacteria in terms of the Minimum Inhibitory Concentration
(MIC) and the biochemical and molecular mechanisms they
use to deal with toxicity by these metals.

MATERIALS AND METHODS

Bibliographic Research and Data Collection
Data were collected from research articles selected from the Science
Direct, Taylor & Francis, Springer, and Google Scholar databases,
the search results are highlighted as a PRISMA flowchart (Liberati
et al,, 2009) in Figure 1 together with exclusions, and the reasons
for exclusion. The keywords used in the search were: “bacteria”,
“plant growth-promoting bacteria” and “minimum inhibitory
concentration”. “Arsenic”, “cadmium”, “lead”, and “heavy
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FIGURE 1 | PRISMA Flowchart showing the selection of the research
articles that met our selection criteria: The bacterial species studied are part of
a plant microbiome, exhibit plant growth-promoting characteristics, bacterial
resistance to the metals (arsenic, cadmium, and lead) is expressed in
terms of the Minimum Inhibitory Concentration (MIC) and metal resistance is
related to biochemical or molecular mechanisms.

metals” were also added as independent variables in the keywords
to refer to the stress factor. A total of eighty-five research articles
from 2005 to May 2020, met our selection criteria:

i. The bacterial species studied are part of a plant
microbiome, as this would allow its use in both
bioremediation and phytoremediation. Additionally,
these microorganisms could be considered as “naturally
occurring” by associating with plants (in the rhizosphere
or their tissues) as opposed to bacteria from other
environments, for example, extreme
environments. Together, these aspects would enhance
their potential use in heavy metal remediation strategies.

marine or
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ii. These bacterial species exhibit plant growth-promoting
characteristics because there is evidence that the capacity of
bacteria to promote the growth of plant species to which
they are associated is positively correlated with the efficiency
of phytoremediation; and as described in the previous
criterion, the interest of this work is to identify bacteria
with utility in both bioremediation and phytoremediation.

iii. Bacterial resistance to the metal(s) is expressed in terms of
the Minimum Inhibitory Concentration (MIC). Our goal
is to analyze the remediation capabilities of bacteria
quantitatively and for this we require a quantitative
indicator of bacterial resistance to heavy metals. MIC
has been extensively used in this area of study.

iv. Metal resistance is related to biochemical or molecular
mechanisms. Only publications that have included this
relationship were considered.

v. Studies had to be published as full research articles in
indexed journals (grey literature was not considered).

From the exhaustive search of the aforementioned databases, a
general report of the literature reviewed is presented in
Supplementary Table S1.

In each study the MIC values differed in their units, therefore,
it was necessary to convert them to a common unit: milliMolar
(mM), using the ENDMEMO calculation tool.

Analysis of Bacteria Tolerance Level

The data collected from the literature were analyzed through a
one-way analysis of variance (ANOVA) and Tukey’s post hoc test
with a level of significance of 95% (a = 0.05) in RStudio 3.5.1
(Allaire, 2012). Differences at p < 0.05 were considered
statistically significant. Supplementary Table S2 presents the
categorical and dependent parameters applied to the analyses.

Analysis of Metal Type and Minimum Inhibitory
Concentration Values
The first analysis involved the total of data collected from the
literature, 655 MIC values that belong to different strains/species
of bacteria (Supplementary Table S3). Information of strains/
species of bacteria used in the research articles is presented in
Supplementary Table S4. As shown in Supplementary Table S2,
these data were classified into four groups of heavy metals (arsenite,
arsenate, cadmium, and lead); the type of metal represented the
categorical parameter and the MIC data the dependent parameter.
Before the ANOVA, the assumptions of normality and
homogeneity of variances were corroborated through the
Shapiro and Bartlett tests, respectively, and since they were not
fulfilled, a natural logarithm conversion of the MIC data was
carried out to get a normal distribution (Supplementary Figure
S1). Finally, the ANOVA was performed to establish if there was a
significant effect of the metal type variable on bacterial tolerance in
terms of the MIC values, and the Tukey Post Hoc test was done to
identify which metals had the highest and lowest MIC values.
Since a variety of culture media for MIC evaluation were
reported in the studies finally included in the analyses
(Supplementary Table S5), we evaluated the influence of
media type on MIC. The influence of the growth medium on
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the MIC values is mainly determined by the chemical interactions
that are established between heavy metals, in cationic form, and
other components of the growth medium, which can reduce the
concentration of free metals and consequently result in the
overestimation of the MICs. These interactions are more
common in rich media enriched with different supplements.
Based on this, we collected information regarding the growth
medium from the eighty-five research articles reviewed and
classified the media as i) Minimum, those composed of salts and
only one carbon source, without the addition of amino acids, and ii)
Rich, those which provide salts, different sugars, and other
biomolecules. We performed an ANOVA with the 655 MIC
values, where the type of medium was the categorical parameter,
and the MIC data the dependent parameter (Supplementary Table
$6). As in the previous analyses, the assumptions of normality and
homogeneity of variances were not fulfilled; therefore, a natural
logarithm conversion of the MIC data was carried out to get a
normal distribution (Supplementary Figure S2), and finally, the
Tukey Post Hoc test was applied (Supplementary Table S7).
Additionally, the influence of the type of medium on the
reported MIC values for each metal was evaluated,
discriminating the MIC values by type of medium and type of
metal (arsenite, arsenate, cadmium, and lead). The discriminated
data were analyzed with a two-way ANOVA (Supplementary
Table S8), including again a natural logarithm conversion of the
MIC data (Supplementary Figure S3), and the Tukey Post Hoc test
(Supplementary Table S9). The results of these analyses did not
show a significant influence of the type of media on the MICs for the
heavy metals arsenite, arsenate, and cadmium, but for lead. The
subsequent analyses (MIC and bacterial genotypes) were conducted
with the full MIC data set and the influence of media type on
bacterial resistance to lead discussed in detail.

Analysis of Metal Resistance by Bacterial Genus and
Minimum Inhibitory Concentration Values

A second analysis that aimed to determine if different bacterial
genera have different metal resistance, was done using a sample of
the total data collected (655), in this case, 463 MIC values from
different bacterial genera (Supplementary Table S3). Out of
sixty-two genera collected from the literature, only those with
the highest amount of MIC values were used for the analysis,
which included: Acinetobacter, Agrobacterium, Arthrobacter,
Bacillus, Enterobacter, Klebsiella, Mesorhizobium,
Microbacterium, Pseudomonas, Rhizobium, Rhodococcus, and
Variovorax. As in the first analysis, the assumptions of
normality and homogeneity of variances were not fulfilled;
therefore, a natural logarithm conversion of the MIC data was
carried out to get a normal distribution (Supplementary Figure
S4). Finally, the ANOVA was performed using the bacterial
genera as the categorical parameter and the MIC values as the
dependent variable, and the Tukey Post Hoc test was done to
determine which genera had the highest MIC values.

Average Minimum Inhibitory Concentration of the
Most Resistant Bacterial Genera

To establish against which specific metal (arsenite, arsenate,
cadmium, and lead) each genus exhibited greater or less
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resistance, the average of the MIC values for each heavy metal
was calculated for the genera that showed differential resistance to
metals from the second statistical analysis.

Biochemical Mechanisms

Data Collection

We included all the reports regarding biochemical mechanisms
that contributed to explain the bacterial metal tolerance presented
in the selected articles. Most of the reported mechanisms were
associated with plant growth-promoting (PGP) traits such as
biological nitrogen fixation, phosphate solubilization, production
of auxins, biosurfactants, siderophores, exopolysaccharides,
hydrogen cyanide (HCN), indole acetic acid (IAA), and ACC
deaminase, as well as enzymatic mechanisms that included:
phosphatase, oxidase, catalase, amylase, pectinase, cellulase,
chitinase, protease, and lipase.

Analysis of Biochemical Mechanisms

After data collection, only the bacterial genera that showed
differential resistance to metals were included in the analysis,
as well as the most reported mechanisms in the articles which
included the PGP traits: nitrogen fixation, phosphate
solubilization, ACC deaminase, production of siderophores,
IAA, and enzymatic properties such as oxidase and catalase
(Supplementary Table S10). For the analysis, the quantitative
data were transformed into qualitative data (presence or absence)
and the percentage of strains with activity for the selected
mechanisms for each genus was calculated using Eq. 1.

Strains with Activity by Mechanism (%)

_ Number of Strains with Activity in the Genus>< 100

Total Strains by Genus
1)

Molecular Mechanisms

Gene Searching

Forty-five reference genome assemblies that included forty-
nine chromosomal and plasmid sequences of different strains/
species of bacteria from the most resistant genera were
downloaded from GenBank NCBI (Supplementary Table
S11). The analysis was carried out with the reference
genomes given the lack of genomic information for several
strains/species of the selected genera. For the gene analysis, the
feature table for the chromosomal or plasmid sequence of each
reference genome was downloaded from GenBank and
imported into NCBI Genome Workbench (https://www.ncbi.
nlm.nih.gov/tools/gbench/), where the Generic Tabular View
tool was used to search and query the genes of interest
belonging to the ars, cad and pbr operons for arsenic,
cadmium and lead resistance, respectively. For the search,
the keywords “ars”, “cad” and “pbr” were used and then
filtered to show only the query results which included the
genes of interest (Supplementary Table S12). Finally, the
percentage of total genes corresponding to each operon by
genus was calculated (Eq. 2), as well as the percentage of each
gene in each genus (Eq. 3).
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Total Genes in Each Operon by Genus (%)
Total Genes per Operon

= : 2)
Total Metal Resistance Genes by Genus
Genes by Genus (%)
_ Presence of Each Gene in the Genome 3)

~ Total Genomes Evaluated by Genus

Sequence Identity Confirmation

We did an additional analysis to confirm the sequence identity of
the ars and cad operon genes found in the 45 reference genomes.
To do this, we manually downloaded different protein sequences
corresponding to each gene for each genus (Agrobacterium,
Bacillus, Enterobacter, Klebsiella, Microbacterium, Pseudomonas,
and Rhodococcus) from the Uniprot database (including both
manually curated and no-curated sequences) and uploaded
them to the Galaxy Europe platform (Afgan et al, 2016); on
this platform, we used the MEME tool (Motif Discovery Tool)
(Bailey et al, 2006) to find a conserved region (a motif)
(Supplementary Table S13). Then, to confirm the identity of
the studied genes, we carry out a protein blast (BLASTP) with the
consensus sequences on the protein sequences of the reference
genomes (Supplementary Table S14). As the motifs are short
sequences (between 24 and 50 nucleotides), we modified two
parameters of the BLASTP algorithm: the expectation threshold
(10) and the word size (3).

RESULTS AND DISCUSSION

Effect of Media Composition on Minimum
Inhibitory Concentration Values Exhibited
by Bacteria Under Heavy Metal Stress

Different factors affect the form and toxicity of metals, these include
pH, the concentration of chelating agents, the concentration of
inorganic anions, and competition from other cations; moreover,
many natural and synthetic chelating agents can reduce the toxicity
of heavy metals and it has been theorized that MIC values vary with
the type of media used, since components of bacterial growth media
can form a complex with heavy metals, remove them from solution,
and reduce their concentrations in the media (Kumar et al., 2013;
Aljerf and AlMasri, 2018). Metals may also have their toxicity
reduced by components of nutrient media, for example, Leitdo
and Sa-Correia (1997) found that growth of Pseudomonas
aeruginosa in the presence of inhibitory concentrations of copper
was improved by increasing the concentrations of nutrients in the
medium. These interactions between the components of the medium
and the heavy metals would cause the MIC values to be
overestimated (as the bacteria would be subjected to lower
concentrations of heavy metals than reported) and therefore the
results obtained by different studies would not be comparable
(Dean-Ross and Mills, 1989).

The ideal solution to this problem would be to establish
international standards for the characterization of bacteria for
heavy metal remediation. However, to date, such standards do
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FIGURE 2 | Bacterial metal tolerance in terms of the logarithm of the
Minimum Inhibitory Concentration (MIC), as a function of the type of media
(Minimum and Rich) analyzed with ANOVA in RStudio 3.5.1. We present an
analysis of 655 MIC values obtained from different research articles of
different strains/species of bacteria associated with the plant microbiome. The
number of reports for each media is indicated in parentheses.

not exist, and assessments are conducted under a wide variety of
culture media. Although the culture media used varies in the
identity of its components, the effects caused by these are
common (complex formation, precipitation, etc.), and the
interactions of the heavy metal-culture media depend on the
pH and whether or not the media is rich in nutrients.

The research articles reviewed in this work used different types
of media (Supplementary Table S5), therefore, to make valid
comparisons, these were grouped into minimal and rich media;
minimum media is composed of salts and one carbon source,
generally without the presence of amino acids; whereas rich
media contain salts, different sugars and other biomolecules
from cell extracts (Mejias Carpio et al., 2018). We performed
an analysis of the effect of the culture medium (minimal vs. rich)
on the MIC values through statistical analysis and found that, as
theorized, the culture medium affects bacterial heavy metal
resistance (Figure 2). The results showed that there is a
statistically significant difference between the growth media at
a p-value of 1.03e-05. However, a detailed analysis of each heavy
metal (arsenite, arsenate, cadmium, and lead) revealed that the
effect is only significant for lead (Figure 3). Thus, for the rest of
the analyses presented in this study, the conclusions for arsenate,
arsenite, and cadmium are independent of the culture medium
used in the studies, while for lead; there could be an influence of
the growth medium on MIC.
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FIGURE 3 | Bacterial metal tolerance in terms of the logarithm of the
Minimum Inhibitory Concentration (MIC), as a function of the type of media
(Minimum and Rich) and the type of metal (As®**. As®*. Cd?*, Pb**) analyzed
with a two way ANOVA in RStudio 3.5.1. We present an analysis of 655

MIC values obtained from different research articles of different strains/species
of bacteria associated with the plant microbiome.

Relationship Between Bacterial Metal

Tolerance and the Type of Metal
The ability of microorganisms, such as bacteria, fungi, or algae to
remove heavy metals or to transform them into less toxic forms,
has attracted the attention of environmental scientists and
biotechnologists for years (Mustapha and Halimoon, 2015). It
is important to identify if bacterial metal tolerance is associated
with the type of metal evaluated since metals (cadmium and lead)
and metalloids (arsenic) are being considered in this study.
The first analysis showed a statistically significant difference
between the type of metal and bacterial tolerance with a p-value
<2e-16 (Supplementary Table S15). As presented in Figure 4,
cadmium and lead were the most toxic metals since they had the
lowest MIC values, and according to Tukey’s test, there is a
significant difference between them (p = 0.035). Conversely, the
least toxic metal was arsenic, being arsenate less toxic than arsenite
and showing a significant difference from each other (p = 0.00), as
well as between cadmium and lead with both arsenic forms
(Supplementary Table S16). These results coincide with the
reported by Mejias Carpio et al. (2018), who showed a
statistically significant difference between the metals studied (As,
Cd, Cr, Cu, Nj, Pb, Zn) and the overall microbial tolerance, being
cadmium one of the most toxic metals, while arsenic and lead
grouped showing the least toxicity. Nevertheless, for this study, lead
together with cadmium represented the most toxic metals.

Relationship Between Bacterial Resistance

and Bacterial Genus

After the analysis of the type of metal, it was evaluated whether the
bacterial genus affected the MIC values. According to the results,
there is a significant statistical difference between bacterial metal
tolerance and the bacterial genus (p = 0.000205) (Supplementary

Bioremediation and Bacteria-Assisted Phytoremediation

Table S17). Through Tukey’s post hoc test (Supplementary Table
S18) we found that the genera Agrobacterium, Bacillus,
Enterobacter, Klebsiella, Microbacterium, Pseudomonas, and
Rhodococcus showed statistically significant differences with
Mesorhizobium (Figure 5), a genus that has reported resistant
species to only one or two heavy metals (Zn, Cd, or As), including
M. metallidurans, Mesorhizobium sp. AH5, and M. amorphae (Fan
et al, 2018). Among the genera evaluated, they were the most
resistant to arsenic, cadmium, and lead, and were included in
subsequent analyses of the average MIC values and biochemical
and molecular mechanisms.

Analysis of the Average Minimum Inhibitory
Concentration Values for the Most

Resistant Genera

Once the statistical analyses were carried out, we proceeded to
identify towards which metal the most resistant genera had
greater or less tolerance by obtaining the average of the MIC
values for arsenite, arsenate, cadmium, and lead for each genus. In
the first place, for arsenite, Figure 6A shows that the genus with
the highest resistance was Agrobacterium (38.5 mM) followed by
Bacillus (25.3 mM) while the others exhibited MIC values ranging
from 12.9 to 20.7 mM. The lowest MIC (12.9 mM) was exhibited
by Pseudomonas. For arsenate (Figure 6B), Rhodococcus
(4233 mM) followed by Pseudomonas (328.6 mM) and
Enterobacter (212.3 mM) presented the highest averages while
the others exhibited values below 200 mM; the lowest MIC
(89.8 mM) was exhibited by Bacillus.

For cadmium (Figure 6C), the genera with the highest
resistance were Klebsiella (15.8 mM) and Enterobacter
(10.1 mM), while the others showed MIC values below 5 mM.
Similarly, for lead (Figure 6D), Klebsiella (13.1 mM) followed by
Enterobacter (9.2 mM) showed the highest values and the other
genera exhibited average values below 5 mM. Among the genera,
Rhodococcus had the lowest average for cadmium (0.5 mM),
while for lead, no MIC values were reported for this genus
according to the literature reviewed.

Analysis of Biochemical and Molecular
Mechanisms

Regarding the biochemical mechanisms, the percentage of strains
with activity for the different PGP traits (nitrogen fixation,
phosphate solubilization, and production of ACC deaminase,
siderophores, and TAA) and enzymatic properties (oxidase and
catalase) is presented in Figure 7 for the most resistant genera.

Plant growth-promoting traits are involved in plant growth
promotion and mitigation of the toxic effects on plants exerted by
heavy metals (Tirry et al, 2018). PGP mechanisms have been
grouped traditionally into direct and indirect mechanisms: any
mechanism that increases plant growth by producing growth
regulators or providing nutrients are considered direct
mechanisms (Goswami et al, 2016). On the contrary,
mechanisms that help the plant to grow healthfully under
different environmental stresses are portrayed as indirect
mechanisms (Goswami et al, 2016). Among the five PGP

Frontiers in Environmental Science | www.frontiersin.org

April 2021 | Volume 9 | Article 604216


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Gonzalez Henao and Ghneim-Herrera

Bioremediation and Bacteria-Assisted Phytoremediation

(149) (110)

»

log(MIC,mM)
N

-2

(282) (114)

As 3+ As 5+

Metal

FIGURE 4 | Bacterial metal tolerance in terms of the logarithm of the Minimum Inhibitory Concentration (MIC), as a function of the type of metal (As®*. As®*. Cd?*,
Pb?*) analyzed with ANOVA in RStudio 3.5.1. We present an analysis of 655 MIC values obtained from different research articles of different strains/species of bacteria
associated with the plant microbiome. The number of reports for each metal is indicated in parentheses.

Cd 2+ Pb 2+

bacterial genera (Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Enterobacter,

articles. The number of reports for each genus is indicated in parentheses.

7.5 (11) (24) (16) (121) (28) (12) (20) (15) (164) (21) (12) (19)

5.0

s

g

(&) .

z 25

>

: =

olb: ’ —_

K & R £ £ R & o 0

= : ov"(} 00\‘2«‘\\) ov,bo@ .6\\\\)" @,o'bc’@ é\é\o ,\1530\0 00@(“) ,06\00’5 o‘;\‘)& °°°o° ~‘0&".
» & ’ o 0

vy‘”‘ }Q‘O" RO s\e&{o “\\o@v oy ““' qp°° «

Genus
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Rhodococcus, and Variovorax), analyzed with ANOVA in RStudio 3.5.1. The data presented correspond to a total of 463 MIC values obtained from the selected research

Klebsiella, Mesorhizobium, Microbacterium, Pseudomonas, Rhizobium,

traits  studied, biological nitrogen fixation, phosphate
solubilization, and IAA belong to the direct mechanisms;
conversely, siderophore and ACC deaminase production are
indirect mechanisms of PGPR (Goswami et al., 2016). The
enzymatic mechanisms studied (oxidase and catalase),
represent important properties in heavy metal resistance since

these environmental pollutants produce oxidative stress in most
soil bacteria causing an alteration of the cellular redox status;
nonetheless, the antioxidant enzymes are capable of maintaining
the cellular redox state and alleviate the damages by counteracting
the detrimental effects of Reactive Oxygen Species (ROS) (Behera
et al., 2014).
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For the molecular mechanisms, Figure 8 shows that the genes
associated with the ars operon were present in all the genera. The
ubiquitous distribution of arsenic compounds in the environment
has constituted a selective pressure for microorganisms,
therefore, they have acquired or evolved multiple arsenic
resistance genetic systems that include the ars operons; groups
of genes widely present in species of bacteria and archaea (Ben
Fekih et al., 2018). For this operon the best-characterized genes
include arsR, arsA, arsB, arsC, arsD, arsH, and arsM: the arsR
gene encodes an As(III)-responsive transcriptional repressor,
arsA and arsB form an oxyanion-translocating complex, in
which arsA functions as an ATPase, while arsB is a membrane
efflux transporter, arsC encodes a arsenate reductase, that
converts arsenate to arsenite, arsD functions as an arsenic
metallochaperone transferring As(III) to arsA and increases
the rate of arsenic extrusion, arsH encodes an NADPH-flavin
mononucleotide oxidoreductase and arsM encodes an arsenite
S-adenosylmethionine methyltransferase that contributes to
arsenic detoxification in bacteria (Wang et al., 2009). Similarly,
the cad operon was present in all genera studied (Figure 8). The
cad operon is a two-component operon that essentially harbors
two genes: cadA and cadC (Zheng et al., 2019). The CadA protein
constitutes an ATPase that transports cadmium outside the cells,
whereas the CadC protein is a transcriptional regulator that up-

regulates cadA expression (Nucifora et al., 1989; Endo and Silver,
1995). In addition to cadA and cadC, the cadB and cadD genes
contribute to cadmium resistance (Nies, 1992; Crupper et al.,
1999; Zheng et al., 2019).

As presented in Figure 8, the lead operon was absent in all the
genera. The absence of pbr genes in the bacterial genomes can be
explained by the fact that the molecular mechanisms behind lead
resistance have not been studied in depth (Borremans et al., 2001;
Hynninen et al., 2009; Hynninen, 2010). One of the few lead
resistance systems reported was found in Cupriavidus
metallidurans CH34, and it is a system involved in uptake,
efflux, and accumulation of Pb** that harbors four main
resistance genes: 1) a pbrT gene, that encodes a Pb>" uptake
protein; 2) a pbrA gene, encoding for a Pb** efflux ATPase; 3) a
pbrB, that encodes an integral membrane protein and 4) a pbrC,
encoding for a prolipoprotein signal peptidase (Borremans et al.,
2001). Hynninen et al. (2009) examined the metal specificity and
functions of pbrABCD in a C. metallidurans strain DN440 and
showed that the activity of pbrA (an efflux transporter for Zn**,
Cd*", and Pb**) and pbrB (a C55-PP phosphatase) is required to
effectively detoxify Pb**, which is accomplished by transporting
Pb** ions out of the cell with pbrA and sequestering them with
phosphate ions produced by pbrB. It has been suggested that lead
detoxification by ATPases and phosphatases is a widespread

Frontiers in Environmental Science | www.frontiersin.org

April 2021 | Volume 9 | Article 604216


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Gonzalez Henao and Ghneim-Herrera

Bioremediation and Bacteria-Assisted Phytoremediation

Enterobacter, Microbacterium, Pseudomonas and, Rhodococcus).

100
. 80
£
g
>
s ae B ACC deaminase
<
< B Phosphate Solubilization
i e ® Siderophore Production
c
g Nitrogen Fixation
L M |AA Production
I II I m Oxidase
0 L ]
m Catalase
X { ) ) ]
N N X &8 i,\@\\ (\Q@ < B
o & o &0 & N o(‘0
& & ¥ o RS &
Vg\o & @‘\(,‘0 ) S
Genus

FIGURE 7 | Percentage of strains with activity for the most commonly reported PGP traits (ACC deaminase, phosphate solubilization, siderophore production,
nitrogen fixation and IAA production) and enzymatic properties (oxidase and catalase) in function of most resistant bacterial genera (Agrobacterium, Bacillus, Klebsiella,

100
80
)
s
6
2
2 60
(o]
=
v
o
w
@ -
S 40 mars
G}
= M cad
I
2 W pbr
20
. ]
o < o © o
(\\@ C\\\o & é,@\ (\\,d\ < <
¢ & & & o o o«
o & N & & S
& & & o &
v < $\'\(/ o <«
Genus

FIGURE 8 | Total percentage of genes by operon: ars, cad, and pbr for arsenic, cadmium, and lead resistance, respectively, in function of the most resistant
bacterial genera (Agrobacterium, Bacillus, Klebsiella, Enterobacter, Microbacterium, Pseudomonas, and Rhodococcus).

mechanism for lead tolerance in these microorganisms
(Hynninen et al., 2009), therefore, more studies are needed to
elucidate these metal resistance genes and systems in different
bacterial genera.

Figure 9, shows that most cadmium resistance genes
corresponded to cadA, a gene encoding for a cadmium efflux
pump (a Cd**/ATPase protein transporter) that can be found in
the plasmid or the chromosome (Oger et al, 2001); which
according to the results presented by Oger et al. (2001), can

increase its copy number in bacteria after exposure to a high
concentration of dissolved cadmium. In addition to cadA, several
genes belonging to the ars operon were found in the different
genera studied (Figure 9); among them, the arsBC genes are of
great importance since a main microbial arsenic detoxification
mechanism involves the reduction of arsenate to arsenite through
a cytoplasmic arsenate reductase (arsC) and a membrane-
associated arsB efflux pump, which after reduction of arsenate,
will extrude As®* (Selvi et al., 2014).
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Analysis of Biochemical and Molecular

Mechanisms for the Most Resistant Genera
Agrobacterium and Bacillus

Biochemical Mechanisms

Agrobacterium and Bacillus displayed the highest resistance to
arsenite and in general, low resistance to the other metals.
Figure 7 shows that Agrobacterium exhibited the highest
percentage of strains with activity for siderophore production
(73.68%) among the genera studied, while Bacillus reported
strains with activity for all the PGP and enzymatic properties,
being particularly high the percentage of strains with activity for
TAA (54.64%) and siderophores (51.55%).

According to the reported results by Gu et al. (2018), Agrobacterium
and Bacillus were the most highly arsenite-resistant bacteria (MIC >
45 mM) among genera of bacterial endophytes isolated from the roots
of Pteris vittata L, which also displayed high levels of IAA and
siderophore production. IAA can directly promote root growth by
increasing cell division or plant cell elongation, and therefore, can
improve the absorption of arsenic by the roots (Wang et al,, 2011).
Siderophores, on the other hand, constitute organic molecules with a
high affinity for Fe’* ions that form complexes with other metals, and
thus, are involved in the mobilization of nutrients and the availability of
metals for plants (Schalk et al, 2011). Regarding these molecules,
Romén-Ponce et al. (2018) assayed the ligands production of Arsenic
Resistant Endophytic Bacteria (AREB) and proposed the term
“arsenophore” [arseno from (arsenic) + phore (carry)], referring to
the ability of a ligand to chelate arsenite and arsenate.

Molecular Mechanisms
Regarding the molecular mechanisms (Figure 9), Agrobacterium
reported the cadA gene and Bacillus the cadAC genes for

cadmium resistance. For arsenic, both genera exhibited various
genes: Agrobacterium showed the arsBCH genes, while Bacillus
presented arsBCR.

In the literature, there are reports of Agrobacterium’s high
resistance to arsenite as well as the presence of different ars genes
(Cai et al.,, 2009). Cai et al. (2009) identified arsenite-oxidizing
bacteria from Agrobacterium, Achromobacter, and Pseudomonas
that showed high arsenite tolerance levels, and found out that the
bacteria carrying an arsenite oxidase (aoxB) and an arsenite
transporter gene (ACR3 or arsB) exhibited higher arsenite
resistance than those with just an arsenite transporter gene.
On the contrary, regarding the Bacillus genus, Bhat et al.
(2011), reported the presence of two functional chromosomal
encoded ars gene clusters in Bacillus sp. CDB3 strain. According
to the authors, cluster 1 exerted a much higher resistance to
arsenic than cluster 2, and it seems to be the largest cluster
characterized so far in bacteria (Bhat et al., 2011). Moreover, in a
related study that investigated the presence, diversity, and
phylogenetic relationships of genes associated with arsenic
resistance, the detection of the arsB and arsC genes in 21 of
the 37 Bacillus strains analyzed was correlated with arsenic hyper
resistance values that corresponded to 32 and 128 mM of arsenite
and arsenate, respectively (Prieto-Barajas et al., 2018).

Enterobacter and Klebsiella

Biochemical Mechanisms

Enterobacter and Klebsiella were the genera with the highest
resistance against cadmium and lead and reported a high
percentage of strains with activity for all PGP traits and
enzymatic properties (Figure 7). Particularly, among the
genera studied, Enterobacter presented the highest percentage
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of strains for IAA production (94.12%), phosphate solubilization
(70.59%), and catalase activity (23.53%). Conversely, Klebsiella
displayed the highest percentage of strains with ACC deaminase
(66.67%) and nitrogen fixation (33.33%), as well as the highest
percentage for oxidase (33.33%) and catalase (50%) activity.

Regarding the Enterobacter genus, Pramanik et al. (2018)
isolated a potent cadmium resistant PGPR bacteria identified
as Enterobacter aerogenes K6; a strain that exhibited a high degree
of resistance to cadmium, lead, and arsenite according to the MIC
values reported: 36, 18 and 20 mM, respectively. Moreover, it
showed several important PGP traits even under high cadmium
stress, including IAA and phosphate solubilization activity
(Pramanik et al., 2018). IAA improves nutrient acquisition by
increasing root development and is capable to alleviate cadmium
toxicity in plants by stimulating antioxidant enzymes
(Chmielewska-Bak et al., 2014). On the other hand, the
phosphate solubilizing activity constitutes an ability of bacteria
that enhances plant growth in polluted soils by providing
phosphorus; these bacteria dissolve inorganic phosphates by
secreting organic acids that increase phosphate solubility and
in particular, organic acid anions that can form complexes with
metal cations like cadmium and release phosphate phosphorus
(Ahemad, 2015; Yang et al., 2018; Belimov et al., 2019).

Pramanik et al. (2017) reported the most resistant PGPR strain
to cadmium so far described: Klebsiella pneumoniae K5, a strain
that displayed a MIC value of 36 mM for cadmium, exhibited
several PGP traits and demonstrated multiple resistance to heavy
metals such as lead and arsenite with MIC values of 19 and 20 mM,
respectively. In the study, the strain showed high enzymatic
hydrolysis of ACC by ACC deaminase, an essential property for
promoting plant growth under cadmium stress and tolerance
toward this metal (Pramanik et al, 2017). ACC is a precursor
of ethylene, a plant hormone that under stress conditions, such as
heavy metal pollution, increases its concentration and inhibits
plant growth, however, microorganisms possessing the ACC
deaminase enzyme, can hydrolyze ACC to ammonia and
a-ketobutyrate and in this way, reduce the hormone’s
concentration in plants and counteract its detrimental effect
(Glick et al., 1994; Belimov et al,, 2019). Like K. pneumoniae
K5, Klebsiella michiganensis MCC3089 represents a strain with
high resistance to cadmium and a considerable extent to lead and
arsenic and exhibits various PGP traits such as nitrogen fixation
capacity, a common mechanism in this genus since Klebsiella
species are known to be free-living nitrogen fixers (Mitra et al,,
2018). Furthermore, in the study, the authors reported that the
strain enhanced the growth of rice seedlings under cadmium stress
and decreased oxidative stress (Mitra et al., 2018). As noted before
(Figure 7), this genus reported high enzymatic activity (oxidase
and catalase), an advantageous mechanism that plays a
fundamental role against the oxidative stress generated by heavy
metals (Hussein and Joo, 2013).

Molecular Mechanisms

Regarding the molecular mechanisms (Figure 9), Enterobacter
only showed the cadR gene (found in the plasmid), while
Klebsiella reported the highest number of cad genes among the
genera studied with cadABC (found on the bacterial chromosome).

Bioremediation and Bacteria-Assisted Phytoremediation

In the literature search, we found very few articles that report
molecular mechanisms regarding the cad operon to explain
cadmium resistance in Enterobacter and Klebsiella. Conversely,
mostly biochemical mechanisms such as those previously
described, are reported as a source of resistance against
cadmium toxicity in these genera. Among the few studies found,
Haq et al. (1999) detected the presence of resistance genes for
cadmium in plasmids of Klebsiella sp. and Enterobacter cloacae
strains that displayed high removing capacity of cadmium; these
results are by those reported in our study since the cadR gene was
detected in the plasmid for the Enterobacter genus. In a related
study, a heavy metal translocating ATPase gene (hmtp) was
identified in an Enterobacter strain, a gene that may be involved
in bacterium heavy metal resistance since its overexpression could
increase zinc and cadmium tolerance (Chien et al., 2013). Moreover,
for Klebsiella, the presence of the cad operon containing the cadABC
genes has been reported in Klebsiella pneumonia participating in the
organism adaptation to intestinal colonization and gastrointestinal
stress (Hsieh et al.,, 2010).

As seen in Figure 9, Enterobacter and Klebsiella also reported
multiple genes for the ars operon. For Enterobacter the
arsABCDHR genes were identified at the chromosomal level
while the arsBCH genes were reported for Klebsiella, and
among them, arsCH were found in the plasmid. Unlike the
cad operon, the ars operon is well established in these genera
(Selvi et al, 2014). Selvi et al. (2014) proposed the use of
Enterobacter strains as candidates for bioremediation processes
and the efficient removal of arsenic from contaminated sites
based on the presence of the ars operon encoding an arsenite
oxidizing gene (aoxA) and arsenate reducing gene (arsC). For
Klebsiella, the arsC gene has been detected on both, the
chromosome as well as on the plasmid in Kiebsiella
pneumonia (Daware and Gade, 2015) which coincides with the
results presented here.

It is worth noting that these genera were the only ones in
which resistance genes for the heavy metals studied were found at
plasmid level: arsCH for Klebsiella and cadR for Enterobacter,
according to the available information. The localization of metal
resistance genes on plasmids suggests that these genes could be
transferred between bacteria by Horizontal Gene Transfer (HGT)
(Taneva, 2009). Plasmids play an important role in HGT since
they increase bacterial adaptation by transferring important traits
between strains and species (Harrison and Brockhurst, 2012). In
the literature, it is suggested that when the oxygen appeared in the
atmosphere, the arsC gene (arsenate reductase) was added to the
original ars operon (arsRB) and that subsequent HGT and
sequence divergence, gave rise to the different arsC classes that
exist in the present day (Rosen, 2002; Jackson and Dugas, 2003).

Microbacterium

Biochemical Mechanisms

Microbacterium exhibited low resistance to cadmium, lead, and
arsenate and moderate to arsenite. Moreover, this genus reported
the least percentage of strains with activity for PGP traits, which
only included ACC deaminase (23.08%), phosphate
solubilization (7.69%), siderophore (30.77%), and IAA
production (30.77%) and did not report enzymatic properties
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(Figure 7). Nevertheless, there is evidence that strains of this
genus may exhibit different mechanisms of resistance to arsenate
and arsenite, which would involve differences in the competition
between PO,*” and As”* for the phosphate anion transporters,
and also differences in the impact of PO,>~ on As®" reduction.
Romén-Ponce et al. (2018) evaluated the reciprocal impact of
PO,’” and As”" on their uptake rates in two endophytic strains of
arsenate-resistant Microbacterium sp. called NE2E2 and NE2E3,
which exhibited similar metal resistances (>100 mM As’",
>20mM As’*); for NE2E2 they found that PO,’” uptake
decreased with the increase of As’* concentration in the
medium, while reduction of As’" to As®* was decreased as
PO,’" concentration increased, as reported for other arsenic
resistant bacterial genera. For NE2E3, however, they observed
completely opposite patterns. Although no mechanical
explanation is given for these differences, the authors suggest
that some strains of the genus Microbacterium mitigate the toxic
effects of arsenite by increasing intracellular phosphate
concentration.

Molecular Mechanisms

Due to the lack of genomic information for Microbacterium, it
was only possible to study the presence of genes in one reference
genome (M. paraoxydans), which had a single gene for arsenic:
arsB, as well as for cadmium: cadA (Figure 9). Achour-Rokbani
et al. (2010) reported a set of arsenic resistance genes in
Microbacterium sp. strain A33, an ars system with notable
characteristics that include: 1) the presence of genes required
to provide electrons for the reduction of arsenate in a single
operon, 2) an arsenate reductase and 3) an ArsRC2 fusion protein
that functions as an arsenic-dependent transcriptional repressor.

Pseudomonas

Biochemical Mechanisms

Pseudomonas was the most commonly reported genus in the
literature reviewed with 164 strains. It was the second genus most
resistant to arsenate, the least resistance to arsenite, and showed
low tolerance for cadmium and lead. As seen in Figure 7, this
genus displayed a percentage of strains with activity for all the
mechanisms represented (PGP and enzymatic). The results of this
study coincide with the reported by Wevar Oller et al. (2013),
where Pseudomonas strains were highly resistant to arsenate,
displayed different PGP traits such as siderophores, phosphate
solubilization, IAA production, and ACC utilization, and was the
most represented genus, which is explained by the fact that
Pseudomonas constitute ubiquitous bacteria with great
adaptability to various environments (Wevar Oller et al,
2013). In a related study, the authors isolated Pseudomonas
strains for their tolerance to different heavy metals (As>™
As>*, Cr**, Hg**, and Cd**) and PGP properties, and showed
that the isolates reported maximum tolerance to arsenate and
least tolerance to Mercury (Adhikary et al., 2019).

Molecular Mechanisms

Since it was the most representative genera, it was possible to
evaluate the presence of resistance genes in various reference
genomes, such as cadA and cadR for the cad operon (Figure 9).

Bioremediation and Bacteria-Assisted Phytoremediation

Sequence analysis carried out by Lee et al. (2001), revealed two
divergently transcribed genes, cadA, and cadR, from
Pseudomonas putida 06909. Furthermore, the mutational
analysis revealed that cadA and cadR were completely
responsible for cadmium resistance, and cadmium transporter
ATPase homologs were detected in many Pseudomonas species
(Lee et al., 2001).

Pseudomonas also showed a high percentage of arsenic
resistant genes: arsABCHR (Figure 9). In Pseudomonas
fluorescens MSP3, the authors observed an ATP-dependent
efflux mechanism of detoxification encoded from an operon
consisting of an arsenite inducible repressor that regulates
arsC expression and an inner membrane arsenite export
system encoded by arsB (Prithivirajsingh et al., 2001). Cénovas
et al. (2003) reported two highly homologous ars operons in
different locations in the genome of Pseudomonas putida
KT2440, specifically, two copies of an arsRBCH operon, whose
presence suggests that each copy could be active over different
arsenic exposure levels. Similarly, in a related study, the authors
presented evidence that the operons of P. putida KT2440 (arsl
and ars2) encode arsenic regulatory genes and extrusion systems
that confer resistance to arsenite and arsenate, and identified that
the arsl operon, seems to only occur in the KT2440 strain,
whereas the ars2 operon, is part of the core genome of P.
putida (Fernandez et al., 2014).

Rhodococcus

Biochemical Mechanisms

Rhodococcus showed high resistance to arsenic since it was the
most resistant genus to arsenate and the third most resistant to
arsenite. As seen in Figure 7, this genus reported a high
percentage of strains with activity for IAA production
(88.89%) and in lower percentage for ACC deaminase
(33.33%) and siderophores (44.44%), while for the enzymatic
mechanisms only reported strains with catalase activity (11.11%).
Wevar Oller et al. (2013), showed that Enterobacter,
Pseudomonas, and Rhodococcus strains grew in the presence of
high concentrations of arsenite and arsenate; arsenite was used at
concentrations from 12 to 38 mM, whereas arsenate resistance
was tested in the range of 400-700 mM and the bacterial strains
showed resistance to concentrations of up to 24 mM for arsenite
and up to 400 mM of arsenate. Rhodococcus erythropolis AW3
was the most arsenic resistant strain since it was able to remove
and accumulate the greatest amounts of the metalloid; moreover,
the strain reported catalase activity but did not display PGP traits
(Wevar Oller et al., 2013). In a related study that investigated the
potential of arsenic resistant bacteria to improve arsenic
phytoremediation, a Rhodococcus strain exhibited IAA, ACC
deaminase, and siderophore production, and was resistant to a
high concentration of arsenite (Mesa et al., 2017).

Molecular Mechanisms

Figure 9 shows that Rhodococcus displayed various arsenic
resistance genes: arsABCD, while for cadmium, only reported
the cadA gene. Bacterial strains of Rhodococcus can cope with
increased concentrations of toxic metalloids like arsenic,
however, the molecular systems behind arsenic resistance have

Frontiers in Environmental Science | www.frontiersin.org

April 2021 | Volume 9 | Article 604216


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Gonzalez Henao and Ghneim-Herrera

not been studied in depth (Firrincieli et al., 2019). Among the few
studies, Firrincieli et al. (2019) reported that Rhodococcus
aetherivorans BCP1 tolerated high concentrations of arsenate
(up to 240 mM); a remarkable feature attributed to three gene
clusters implicated in arsenic resistance that include three
arsenate reductase genes (arsC1/2/3).

A Caution About Minimum Inhibitory
Concentration Values, Culture Media, and In
Vitro Studies of Heavy Metal Tolerance in

Bacteria

Several biotic and abiotic factors can affect the toxicity of
metals to microorganisms; biotic factors include tolerance, size
and life stages, species, and nutrition-related to the test
organisms, whereas abiotic factors include organic
substances, pH, temperature, alkalinity and hardness,
inorganic ligands, interactions, sediments, and others
(Wang, 1987). Also, the chemical species and the
availability of metal can be influenced markedly by physical
and chemical conditions, which include conditions in the field
and of the experimental assay under controlled conditions.
Thus, researchers using microorganisms to assess the toxicity
of heavy metals should specify the experimental conditions in
detail, and they should be very similar to in situ conditions
(Cooney and Pettibone, 1986).

As we have warned in the initial sections of this article, the
studies analyzed used different culture media and this variability
could influence the reported MIC values, specifically for the heavy
metal lead, for which our analyses showed an influence of the type
of media (minimum vs. rich). Beyond the context of this study,
such variability in experimental conditions invites researchers in
this area to reflect on the need to work together in establishing
standards for the characterization of microorganisms with
bioremediation and phytoremediation potential. This type of
effort would contribute to the generation of valuable
information for the design of bioprospecting studies, but
above all for the effective use of microorganisms. Examples of
such joint efforts exist for different areas of scientific research,
including microbiology.

CONCLUSION

The Minimum Inhibitory Concentration (MIC) is an
important parameter in the evaluation of bacterial heavy
metal tolerance, however, when studying this parameter, it
is relevant to take into account the culture medium since it can
influence bacterial heavy metal resistance. In this study, after
an analysis of the MIC values retrieved from the literature, it
was shown that the most resistant bacterial genera against
arsenic, cadmium, and lead were Agrobacterium, Bacillus,
Klebsiella, Enterobacter, Microbacterium, Pseudomonas, and
Rhodococcus. Among these, Klebsiella and Enterobacter
exhibited the highest resistance to cadmium and lead,
Rhodococcus showed the highest resistance to arsenate, and
Agrobacterium to arsenite. Moreover, the genera displayed

Bioremediation and Bacteria-Assisted Phytoremediation

different biochemical and molecular mechanisms that
included the presence of PGP properties and enzymatic
mechanisms, as well as groups of genes associated with the
cad operon for cadmium resistance and a high diversity of ars
genes in the different genera, showing that arsenic is among
the non-essential heavy metals most tolerated by the bacteria
studied.

Microorganisms have evolved different strategies to cope with
heavy metal toxicity, and their multiple mechanisms of microbial
detoxification can be applied to design different remediation
strategies. In the present study, based on the high resistance to
the most toxic non-essential heavy metals studied (cadmium and
lead) and the presence of various biochemical and molecular
mechanisms, we propose Klebsiella and Enterobacter as the best
candidates for  bioremediation and  bacteria-assisted
phytoremediation strategies in soils contaminated with arsenic,
cadmium, and lead. Additionally, more studies are needed to
elucidate the molecular mechanisms behind cadmium and lead
resistance in these genera.
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