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Chapter 1. INTRODUCTION

Over centuries, anthropogenic activities (mining, manufacturing, industrial activities, etc.)
have resulted in widespread metal(loid) contamination in urban areas that threatens the well-
being of residents and the environment (Alloway, 2013; Hooda, 2010). The principal increase
of potentially toxic elements (PTEYoccurred after their usage in various industrial products
(e.g., pipes, steel, glass, paint, battery, ammunition, etc.) due to their chemical and physical
characteristics. Continuous accumulation of heavy metal/metalloid contaminants changes the
physical, chemical, and biological properties of soils. The behaviour of PTE in the soil is
controlled by various environmental parameters, mainly pH and redox potential, presence of
Fe and Mn oxy-hydroxides, organic content, etc. (Wu, et al., 2017). Soil contamination is a
primary environmental concern because of its interactions with the hydrosphere, atmosphere,
and biosphere. Due to their high affinity for specific soil components (e.g., clay minerals, iron
and manganese oxides, organic matter), PTE can be retained by the soil matrix, or with high
solubility under oxidative conditions, they can be mobilized by particle and colloids to different
environments (lbanez et al.,, 2007; Lov et al., 2018; Hooda, 2010). Hence, in the
biogeochemical cycle, numerous PTE contaminants have remained within the biosphere and
continue to be an exposure source for organisms. Human exposure occurs mainly through the
food chain, drinking water, inhalation, and direct or indirect contact with contaminants
(Zachary et al. 2015; Zhang et al. 2010). Once PTESs enter the organism, they can cause a wide
range of physical and mental issues. At high levels of human exposure to one of the PTEs,
there is damage to nearly all organs and organ systems, most notably the central nervous system
and kidneys, that might result in death (Jaishankar et al., 2014; Park & Zheng, 2012).

Excess amount of metal(loid)s in soils also affect the soil microbial community which long-
term exposure can alter soil microbial community structure by restraining or killing the
sensitive members (Sheik et al., 2012; Yao et al., 2016). Even in small amounts, PTES can
accumulate in microorganisms that damage cell structure, disrupt metabolism, denatures
proteins, DNA, and other functional groups. However, the toxicity mainly depends on soil
inorganic ion content, the chemical forms of metal(loid)s and their solubility, soil fractions,
pH, temperature, soil organic matter composition, etc. (Caporale & Violante, 2016; Friedlova,
2010). Moreover, various species may respond to metal(loid)s in different ways, as the

metal(loid)concentrations may have a regulatory effect on microbes, such as high Hg

L In the current study As, Pb, Hg, and Cd were referred as PTE and metal(loid)s. Among them, As is metalloid,
Pb, Hg, and Cd are metals.
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concentration was reported to cause severe alpha diversity loss and increase of betta diversity
that shifts the community structure, whereas low Hg concentration increased microbial
diversity (Hall et al., 2020; Mahbub et al., 2017). Thus, understanding the changes in the
diversity and structure of soil microbial communities is essential to clarify their ecological
roles.

Soils with permanent metal(loid) contamination push communities to develop various
resistance mechanisms to cope with pollution and adapt to the environment (Gomathy &
Sabarinathan, 2015). Microorganisms can neutralize or transfer contaminants to a less harmful
state through adsorption, precipitation, or transformation processes. The process of using
metal(loid) resistance mechanisms of microorganisms to clean contaminated environments is
called bioremediation. The method is defined as a process of treating polluted environments to
regain a healthy state (Abbas et al., 2018). It is more efficient and environmentally friendly
than current physicochemical remediation methods, which are rather expensive and have

various drawbacks; Gaur et al., 2014).

Aims of the research

Our study aims to explore the spatial distribution and enrichment of As, Pb, Hg, and Cd in
urban soils from two former industrial cities of Hungary, Salgotarjan and Ozd. The overall
objectives of this research were the following:

1- Determine the concentration of As, Pb, Hg, and Cd (PTE) in the urban soils of
Salgotarjan and Ozd and identify the role of soil physicochemical parameters in their
distribution.

2- ldentify the enrichment and contamination of As, Pb, Hg, and Cd in urban soils and
determine their possible local sources.

3- Characterization of microbial community structure in Salgétarjan and Ozd soils
samples, and to reveal the influence of soil physicochemical parameters, as well as
selected toxic compounds on the composition of prokaryotic communities.

4- lIsolate and characterize PTE resistant/tolerant bacteria from selected contaminated
urban soil samples.

5- Health risk assessment of selected PTE to reveal exposure pathways and risky areas
and evaluate the possible impact of PTEs on residents in both cities.
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Chapter 2: LITERATURE REVIEW

2.1. Potentially Toxic Elements contamination in industrial cities

Potentially toxic elements (PTE) are natural constituents of the soil environment, however,
their concentration dramatically increased after industrialization, which resulted in an
alteration of the soil quality (Alloway, 2013; Dragovic¢ et al., 2008; Liao et al., 2018). Soil acts
as an interface between lithosphere, hydrosphere, atmosphere and biosphere, and plays a
crucial role in regulating natural biogeochemical cycles (Ibanez et al., 2007). Whereas the
further addition of the PTEs to the environment by anthropogenic activities, such as mining,
smelting, burning of fossil fuels, disturb the natural cycle and processes (Figure 1) (Ettler,
2015; Kelepertzis et al.,, 2016; Wei et al.,, 2011). Due to strong and direct-indirect
anthropogenic influence, urban soils differ from natural, “undisturbed” soils: considered as an
environmental sink of chemical emissions and therefore generally rich in metal(loid)s
(Argyraki et al., 2018).

Assessment of soil potentially toxic element concentration has been generally focused to reveal
the specific sources in the environment, but the accumulation and persistence nature of the
PTEs make them potentially good indicators of polluted environments (Ali et al., 2019;
Mohammad Ali et al.,, 2021; Okoro & Fatoki, 2012). According to the United States
Environmental Protection Agency (USEPA) and European Environmental Agencies (EEA),
soil metal(loid) pollution is a major global problem that threatens environmental health and
exceeds the environmental quality standards for PTE (EEA, 2007; US EPA, 2014)

Metallurgical and smelting processes are highly polluting anthropogenic activities and emit
high quantities of various pollutants, including PTE (Ettler, 2015; Mcllwaine et al., 2017; Sajn,
2002). In the late 1980s, mining and smelting activities emitted 356 - 857 tonnes lead (Pb) into
the environment each year. Furthermore, Pirrone et al., (2010) reported that ore mining and
processing accounts for 13% of global mercury (Hg) emissions. The global average yearly
production of cadmium climbed from 20 tonnes in the 1920s to almost 24 000 tonnes in 2021
(Statista, 2022). Smelting and refining of nonferrous metals, as well as fossil fuel combustion,
account for roughly 85-90% of total airborne cadmium (Cd) emissions in the European Union
and worldwide. Even though Hg, Pb, and Cd emissions from the nonferrous metals industry
have declined in Europe during the last 50 years, as a result of the installation of efficient flue
gas cleaning systems (Pacyna et al., 2007). According to Kierczak et al., 2013, soils around
ancient smelters that operated during the 14th and 16th centuries are still extensively polluted
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with metal(loids), owing to the centuries-long breakdown of smelter wastes into the soils. They
concluded that the legacy of historic smelting sites, even those that have been inactive for
centuries, should still be considered a severe environmental issue today (Kierczak et al., 2013).
Another significant PTE contamination source in the environment is coal mining and
combustion. U.S. Energy Information Administration (EIA) reported that in 2016 the global
coal consumption reaches 8.5 bin tonnes (EIA, 2016). Coal is a heterogeneous material that
contains a variety of trace elements in its organic and mineral fractions. The geological
processes that create the coal beds and the depositional environment have an impact on the
presence of trace elements in coal. According to Noll (2003), the concentration of trace
elements in coal residues (such as ash) is extremely variable and depends on the composition
of the coal source, conditions during coal combustion, the effectiveness of emission control
devices, storage and treatment of the by-product. Potentially toxic elements which associate
with organic compounds and sulfides of coal, have a tendency to evaporate and subsequently

adsorb on the fine particles, when the flue gas temperature drops (Bhanarkar et al., 2008).
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Figure 1. Various sources of potentially toxic elements in the environment (Palansooriya et al.,
2020). The main natural sources are soil parent material and volcanic activities, whereas,
anthropogenic activities are quite diverse, such as mining activities, coal combustion, industrial
byproducts (e.g., slag), leaded gasoline, etc.
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Additionally, vehicle exhaust and fuel combustion are other main factors that play a significant
role in PTE contamination. The usage of lead in gasoline as an antiknock agent was introduced
to the market in the 1920s as leaded-gasoline. Until recently, lead from vehicle exhausts, in the
form of tetraethyllead, was a significant source of contamination. During the 1980s in Europe
and North America, engine Pb emissions rapidly dropped after the average Pb content of petrol
was decreased to 0.15 g/l (Bollhofer et al., 2001; Lofgren & Hammar, 2000), resulting in a
robust decline in Pb concentration in the atmosphere and hydrosphere (Zhu et al. 2010).
Spatial variability of PTE levels in soils is associated with greater atmospheric PTE emissions.
Because the PTEs are concentrated mostly in submicrometric particles, when released into the
atmosphere they could be transported long distances and deposited over large areas of the Earth
(llacqua et al., 2003; J. Wang et al., 2019).

Hungary is no exception where mining, ore processing, smelting, use of leaded gasoline and
other industrial activities, as well as coal-fired power plants affected the environment for
around 150 years. Salgotarjan and Ozd cities are two examples of mining and iron-steel
industries in Hungary. The ecological wounds of mining infrastructure (inclined shafts, mine
cars, loading platforms, ropeways, and railways with cuttings, embankments, and tunnels),
metallurgy, and their dumps drastically altered the landscape, exposed/contaminated both cities

with PTE for many decades and thus affected the urban residents, soil microorganisms, etc.

2.2. Behaviour of selected metal(loid)s in the environment (characterization of PTE)

2.2.1. Arsenic (As)

Arsenic (the atomic number is 33) is the twentieth most abundant element in the earth’s crust.
The main ores include arsenic sulfide - orpiment (As2S3), realgar (AsS/AssSs4), and arsenopyrite
(FeAsS), occurring primarily in hydrothermal and magmatic ore deposits (Alloway, 2013).
Arsenic dominantly exists in the form of arsenite (AsO3z *) and arsenate (AsO4>) in reducing
and oxidizing environments, respectively. In aerobic conditions As®* forms insoluble
precipitations (e.g., with Fe oxy/hydroxides) and has low mobility. However, soil redox
changes, for example, from oxic to anoxic circumstance As®* reduces to As®*, to the soluble
form of arsenic. In anoxic conditions, it bounds to sulfides and manganese-oxy-hydroxides in
the form of As®*, which plays a significant role in the mobility of toxic arsenic compounds.
The global arsenic production is 50 000 t/year and has a broad spectrum of applications,

including pesticides, herbicides, insecticides, fungicides (Cu-arsenates), etc. (White, 2018).
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The semiconductor industry, fossil fuels, mining, and smelting activities are the primary

anthropogenic contributors to As in the environment (Alloway, 2013; White, 2018).

2.2.2. Lead (Pb)

Lead (the atomic number is 82) is one of the most prevalent heavy metals in the Earth's crust and
is widely distributed and mobilized in the environment. Lead forms many useful compounds, and
due to its ductile and malleable nature, low melting temperature, and easy smelting, it was widely
used in industrial production (White, 2018). However, that resulted in severe environmental
contamination, evidenced by the increased lead concentration in all spheres. It forms insoluble
metal sulfides and oxides, whereas in high pH conditions soluble Pb complexes. In the
environment, Pb deposits/ores are found mainly in the form of galena (PbS-generally together
with Zn-sulfide), cerussite (PbCO3) and anglesite (PbSQO4) (Alloway, 2013; White, 2018). Lead
is known for its immobile feature as it strongly binds to soil fractions (humus/organic matter),
metal oxides, etc., and does not migrate much to groundwater. Pb is one of the oldest known
metals that has been used since ancient times in various products, such as pipes, toys, jewelry,
glass, paints, etc. (White, 2018). The main anthropogenic Pb pollution sources involve

industries (steelworks), mines, and leaded gasoline, which was used from 1920 until the 2000s.

2.2.3. Mercury (Hg)

Mercury (the atomic number is 80) is a non-essential metal that is liquid at room temperature
(White, 2018). The most common minerals in the environment are cinnabar (HgS) and
livingstonite (HgSbaSe) (Alloway, 2013). The atmospheric depositions, volcanos, mining, and
other industrial productions increase Hg concentration in the soil environment. Where in oxic
conditions, Hg is tented to bind to organic matter, whereas in anoxic conditions, it forms Hgs.
Due to its low melting and evaporation temperature, inorganic mercury is considered highly
volatile (it can easily evaporate). Inorganic mercury compounds can be converted to methyl-
Hg, one of the most toxic compounds, by soil microorganisms and bio-accumulate in soil/
aquatic environments (Petrus et al., 2015; Cheng et al., 2020). In the industry, mercury is
widely used for electrical equipment, such as batteries and semi-conductors, medical tools,
paints, etc. Mercury pollution is regulated by European Union based on the Minamata UN

convention, (2017), a universal environmental agreement to control mercury pollution sources

16



(Horvart et al, 2019). The agreement intends to ban all mercury-containing products, export,

and imports, since 2017 (Minamata UN convention, 2017).

2.2.4. Cadmium (Cd)

Cadmium (the atomic number is 48) is relatively rare in most soils. Its concentration is 0.1
mg/kg on the earth's crust and do not have an own ore mineral, except greenockite (CdS) which
is found together with ZnS (sphalerite). Additionally, it can be found rarely as CdCO3 (otavite).
In oxic environments, Cd is present as Cd?* and bound to Fe and Mn oxides, clays, sulfur, or
organic matter. Whereas in anoxic environments, it mainly exists as CdS. The pH changes
affect its mobility in the environment, as increases in low pH and saline conditions (forms
CdCl; in the saline environment). Cadmium production increased substantially in recent
decades, from 11000 t in 1960 to 25000 t in 2019 (USGS, 2020). It was mainly used in
semiconductors, nickel-cadmium batteries, different alloys, anti-corrosion in the steel industry,
pigments, and nuclear reactors (Alloway, 2013). Contamination of soil and water is caused
mainly by the mining and smelting industries, sewage sludge application, and fossil fuel
combustion (Alloway, 2013; Evangelou, 2008).

2.3. Toxicity and health effects of the selected metal(loid)s

Heavy metals and metalloids are essential environmental contaminants that significantly affect
to all ecosystems (Dash et al., 2013; Kamunda et al. 2016; Gbogbo et al., 2018; Huseen and
Mohammed, 2019). The hazard is determined by their persistence, toxicity, and capacity to
bioaccumulate in the environment or organisms. Human exposure mainly occurs through food
and drinking water, ultimately reaching the human body and causing health threats.
Additionally, humans are exposed to soil pollution inadvertently through dermal contact and
intake of inhalable soil particles (Jaishankar et al., 2014; Pandey, 2014). Children were shown
to be the most susceptible group, and it is noteworthy that children suffer more from severe
poisoning than adults due to the characteristic ‘“hand-mouth-contact”. This results in
intellectual disability, learning difficulties, and brain damage due to faster metabolism, growth,
and developing nervous system (Matta & Gjyli, 2016; CDC, 2021). Exposure of people to PTE
results in thousands of deaths and millions of mental disabilities every year (Tchounwou et al.,
2013).
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In 2019, Agency for Toxic Substances and Disease Registry ranked As, Pb, Cd, and Hg as the
most toxic? chemicals and ranked them 1%, 2", 3 and 7" among the chemicals with great
public health concern (CDC, 2019). The list prioritizes the substances based on a combination
of their frequency, toxicity, and potential for human exposure. Arsenic, cadmium, lead and
mercury are highly toxic to most biological systems at any concentration however can result in
death above critical levels. Table 1 shows the maximum permitted PTE levels for humans in

various environments.

The toxicity of arsenic is determined by its valence, which arsenic 111 compounds are mobile
and therefore more poisonous than arsenic V compounds. The toxicity of arsenic is based on
the interaction with different proteins (sulfhydryl groups) as well as reactive oxygen radicals
can be formed. In the 1980s, arsenic and its compounds are classified as group 1 carcinogens
by the International Agency for Research on Cancer (IARC) (Hong et al. 2014), and arsenic
pentoxide, arsenic trioxide, and arsenate salts are classified as category 1 carcinogens by the
European Union (EU). Long-term exposure to inorganic arsenic can result in serious illnesses
such as skin and lung cancer, hypertension-related vascular diseases, stroke, respiratory
diseases, diabetes, liver, and kidney damage (Naujokas et al., 2013; Hong et al. 2014). Due to
its similar chemical characteristics to phosphorus, arsenic can replace phosphorus (P) in tissues
(e.g., teeth, bones) (Tawfik & Viola, 2012).

Lead can cause severe damage to the kidney, brain, and liver and accumulate in bones and
teeth. Exposure to the central nervous system is observed with lower 1Q, development
disturbance, and mental retardation; however, chronic high exposure can cause anemia, autism,
coma, and even death (Goyer, 1993; Flora et al. 2012). Lead is a biogeochemical analog to
calcium and zinc, the essential elements (Smith & Flegal, 1995). As a result, it integrates into
trophic and metabolic networks easily. Thus, most of the lead released into the environment
has persisted in the biosphere, which continues to be a source of exposure for organisms,
including people (Shotyk & Le Roux, 2005).

2 “Most toxic” substances are rather a prioritization of substances based on a combination of their frequency,
toxicity, and potential for human exposure
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Table 1. The maximum permitted PTE concentrations in drinking water, air, soil, and blood. The limit for workplace air is considered for 8-hour
shifts and 40 hours/week of work. The elements were ordered based on the substance priority list introduced by Agency for Toxic Substances and
Disease Registry (CDC, 2019).

PTE EPA regulatory limit | OSHA limit for workplace air | Soil Blood
for drinking water | (ng/m?3) (mg/kg) (mg/L)
(mg/L)

Arsenic (As) 0.01 10.0 15 0.05

Lead (Pb) 0.015 50 100 Hungarian regulation, 300 | 0.1

European Union regulation

Mercury (Hg) | 0.002 100 for organic and 50 for inorganic Hg | 0.5 0.01-0.03
Cadmium (Cd) | 0.005 5.0 1.0 0.005
References (US EPA, 2016) (OSHA, 1991) (CSTEE, 2000; HUGD, 2009) (CDC, 2021)
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Mercury toxicity occurs from inorganic and organic mercury contaminants. Metallic mercury
exposures most commonly occur when metallic mercury is spilled, exposing mercury to the air
or food chain (Park & Zheng, 2012). Long-term and/or acute exposures can cause the following
symptoms: insomnia, neuromuscular changes, headaches, etc. Mercury exposure can harm the
neurological system, kidneys, liver, and immune system, depending on the level of exposure.
Mercury fumes easily travel through the lungs and get into blood circulation, affecting the

neurological system, lungs, and kidneys (Park & Zheng, 2012; Teixeira et al., 2018).

Methylmercury is more dangerous than inorganic mercury due to its ease of acceptance by
organisms (Pandey et al. 2014). United States Centres for Disease Control and Prevention
(CDC) reported that in fact, everyone has a certain amount of methylmercury in their body as
a reflection of pervasive environmental occurrence. People are most typically exposed to
methylmercury when they consume seafood (such as fish) with high amounts of
methylmercury in their tissues (Hong et al. 2012). Severe exposure to methylmercury causes
Minamata disease, known with symptoms including sensory disturbances, ataxia, dysarthria,
auditory disturbances, and tremor (rhythmic shaking of one or more parts of the body). Higher
levels of exposure can potentially result in memory problems, brain and kidney damage,

respiratory failure, and death (Hong et al. 2012).

Cadmium toxicity occurs when a person inhales high levels of cadmium from the air, eats
cadmium-contaminated food, or cadmium-bearing drinks (Hallenbeck et al., 1984). It is
poisonous and non-essential and can lead to kidney disease, bone fragility, lung cancer, and
other diseases(Genchi et al., 2020; Schoeters et al., 2006). Exposure comes especially from
smoking, nutritional deficiency of essential elements (Zn, Ca, Fe), and remains in hazardous
environments, such as smelters and waste disposals. Long cadmium ingestion causes the most
severe form of chronic cadmium poisoning, called Itai-Itai (which means “it hurts” in Japanese)
disease. A kidney is the main target organ in this illness, with tubular and glomerular failure as
symptoms (Baba et al., 2013).

2.5. Soil microbial community and the metal(loid) resistance

The rapid development of industry has resulted in increased pollution of the environment by
heavy metal(loid), which causes a potential threat to ecosystems (\Wong et al. 2006; Sun and

Chen, 2016; Mohammad Ali et al., 2021). The accumulation of chemical and biological
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contaminants in soils alters the physicochemical and biological properties of soils and disturbs
the ecological balance (Akinola et al., 2021; Friedlova, 2010)

The elevated levels of metal(loid)s in soils have significant impacts on the structure and overall
activity of the soil microbial communities. However, it is quite difficult to predict how
microbial communities will react to metal(loid)s, as diversity (i.e., the richness and evenness
of species within a sample) and microbial biomass have been observed to decrease in some
cases, while they have shown no correlation in others (Sheik et al., 2012).

The most difficult problem associated with the contamination of soils with metal(loid)s is that
they cannot be naturally degraded like organic pollutants, and they can be accumulated in
different parts of the food chain (Huseen & Mohammed, 2019; Shahid, 2017). Metal(loid)s can
slow down the speed of growth and reproduction of living microorganisms, including
microbes, through functional disturbance, protein denaturation, or the destruction of the
integrity of cell membranes (Table 2; Ghorbani et al. 2002). Studies have shown that the
toxicity exerted by metal(loid)s may suppress or can kill sensitive members of the

microbial community and lead to a shift in community structure.

Table 2. Effect of the selected metal(loid) toxicity on microorganisms.

PTEs Effect on microbes Citation

Arsenic | Deactivation of enzymes, respiration, and | (Ghosh et al., 2004)

cellular functions

Lead Destroyed nucleic acid and protein, inhibiting | (Fashola et al., 2016)

enzyme actions and transcription

Mercury | Denature protein, inhibit enzyme function, | (Fashola et al., 2016)

disrupt the cell membrane

Cadmium | Denature protein, destroy nucleic acid, hinder | (Fashola et al., 2016;

cell division and transcription Sankarammal et al., 2014)

The toxicity is primarily concerned with the bioavailability of metal(loid)s, that is, the amount
of species that are eventually absorbed into the body by absorption, migration, and
transformation (Lu et al., 2017; Tamayo-Figueroa et al., 2019). The bioavailability of PTE and
associated toxicity to soil biota vary with time, soil type, speciation, aging, sources, organisms,
and other environmental factors. The available fraction of PTE (not the total concentration)

seems to correlate well with the toxicity parameters (Takac et al., 2009). Therefore, long-term
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metal(loid) contaminated soil will choose those who can specifically adapt to polluted soil by
developing various mechanisms to resist the pollution (Nies, 1999; Silver & Phung, 1996).
High concentrations of metal(loid)s on the toxicity of microorganisms may have two reasons,
metal(loid)s and microorganisms have a strong affinity, and it is easy to bind with some
biological macromolecules such as enzyme activity centre, and electron-donating groups,
which is resulting in the inactivation of them (Busenlehner et al., 2003; Kim et al., 2015).
Metal(loid) pollution leads to the degradation of microbiological diversity of those who lack
the pressure on the outside world, and at the same time leads to those who can adapt to the
increased pressure.

The development of molecular techniques facilitated the identification of microorganisms in
diverse environments. Ribosomal DNA gene analysis is the frequently used method and relies
on polymerase chain reaction (PCR) amplification and comparison with assigned taxonomic
groups of 16S rDNA sequences from ambient microorganisms. The advantage of using 16S
rDNA sequences is they exist in all bacterial cells with a high level of structural and functional
preservation. Thus, various regions of this gene allow them to be used in identifying closely
related organisms (Scholer et al., 2017).

2.6. Resistance mechanisms of bacteria to PTE

To define their interaction with the environmental components, especially metal(loid)s, it is
necessary to understand the bacterial resistance mechanisms. The main strategies through
which they resist high concentrations of metal(loid)s include efflux mechanisms, extracellular
sequestration, biosorption, precipitation, alteration in cell morphology, enhanced siderophore
production, intracellular bioaccumulation, etc. (Figure 2) (Naik & Dubey, 2013; Silver &
Phung, 1996; H. C. Yang & Rosen, 2016).

To maintain intracellular homeostasis, the level of toxic metal(loid) ions have to be strictly
controlled. This process is managed by an active efflux mechanism, which involves three
groups of proteins in the transport of metal(loid)s outside the cell membrane, and governs
bacterial metal(loid) resistance (Monchy et al., 2006; Naik & Dubey, 2013). Among them, P-
type ATPases and cation diffusion facilitator (CDF) transporters export metal(loid) ions from
the cytoplasm to the periplasm; meanwhile, CBA transporters (consisting of subunits C, B, and
A), chemiosmotic ion-proton exchangers extrude metal(loid)s from cytoplasm or periplasm to
outer membrane (Nicholls & Ferguson, 2013). All the three transporter proteins prevent over-

accumulation of highly toxic and reactive metal(loid) ions such as Pb?*, Cu*, Ag*, Zn?*, Cd?*,

22



Hg?*, As®*, etc. in prokaryotic cells. Passive diffusion, facilitated diffusion, and active transport
are three processes for metal transport into the bacterial cell. Metal selectivity is a feature of
active transport systems, however, toxic metal(loid)s use transporters that carry essential
elements to penetrate the cell (e.g., Cd use Zn transporters) (Nicholls & Ferguson, 2013).
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Figure 2. Possible microbial metal(loid) resistance mechanisms in the schematic cell. The
resistance mechanisms reported by Jarostawiecka & Piotrowska-Seget, 2014; Nies, 1999;
Silver & Phung, 1996, 2005.

One another essential and common metal(loid) resistance mechanism is bioaccumulation,
which involves specific metal(loid) binding proteins to sequester/bioaccumulate toxic
metal(loid)s in the cell (Wang, 2016). Those proteins are referred to as metallothioneins (MTs)
and play an important role in the immobilization of toxic metal(loid)s, thus protecting enzyme-
catalysed metabolic processes (Genchi et al., 2020; Leiva-Presa et al., 2004). Metallothioneins
are cysteine-rich (20-30%) polypeptides that can bind both essential (Zn) and non-essential
metal(loid)s. However, there are reports that certain microorganisms immobilize metal(loid)s
by bioprecipitation in extra and intracellular areas (Mugwar, 2015; Rene et al. 2017). For

example, when these microorganisms release high concentrations of HPO4% through
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phosphatase activity, a class of enzymes that catalyse phosphate donors for precipitation, such
as PbHPO4, CdHPOg, etc. (Mugwar, 2015). Additionally, intracellular accumulation and
precipitation of Pbz(PO.)> by Staphylococcus aureus grown in the presence of high
concentrations of soluble lead nitrate were reported (Nies, 1999).

The bioavailability of toxic metal(loid)s is also important in regulating metal(loid) toxicity.
Therefore, microorganisms apply a metal(loid) immobilization strategy to prevent the impact
of metal(loid)s, and this process is called extracellular sequestration (Naik & Dubey, 2013).
Several microbial biopolymers have already been discovered with their specificity and affinity
for metal(loid)s. Exopolysaccharides (EPS) are highly viscous carbohydrate polymers secreted
by microbial cells that contain various macromolecules/functional groups, such as hydroxyl,
carboxyl, amides, and phosphoryl that have a high affinity for metal(loid)s (Vicentin et al.,
2018; Xie et al., 2014). Thus, the mobile metal(loid) compounds can be attached to EPS matrix
to immobilize and protect the cells from metal(loid) toxicity.

Using the metal(loid) resistance mechanisms of microorganisms to reduce, eliminate or
transform toxic compounds in soil, sediment, etc. is a type of bioremediation, and the method
requires the presence of favourable environmental conditions and enough nutrients (Gadd &
Pan, 2016; Omokhagbor Adams et al., 2020). Furthermore, successful remediation depends on
using microorganisms with remediation and survival capabilities in contaminated
environments (Lyon & Vogel, 2011; Omokhagbor Adams et al., 2020).
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Chapter 3. MATERIAL AND METHODS
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Figure 3. Graphic workflow; showing the sequence of the work and used methods. More details are given in the relevant section. (n=number of
given samples; used methods are given in brackets).
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Chapter 3. MATERIAL AND METHODS

3.1. Description of the study areas- Salgétarjan and Ozd

Sampling was performed (see section 3.2) in two former highly industrialized cities,
Salgotarjan and Ozd, located in a hilly area approx. 40 km distance from each other, where the
region was significant brown coal, iron, and steel supplier. High hills and valleys characterize
the region with several creeks, and the wind is dominantly northern directed. The elevation
ranges from 200 to 500 m.a.s.l. for Salgotarjan and 120-250 m.a.s.l. for Ozd, and the highest
elevations are framed at the northern margins of the cities. The forested area is covered mainly
by brown forest soil. Salgétarjan and Ozd cities cover 103 km? and 92 km? areas with
approximately 32,000 populations, respectively (Figure 5). The foundation and development
of ironwork started in the mid-18" century when brown coal deposits were discovered nearby
both cities. In Salgotarjan, behind the iron and steel manufacturing, glassworks, mining
machine factory, stove factory, and later ferroalloy factory functioned along the East-West and
North-South main roads. The city and its adjacent area were provided by energy from the coal-
fired power plant, which was supplied by the local brown coal mines (Figure 5B). In Ozd, the
iron and steelwork were established in the city centre, which was ~100 years later extended to
the north-eastern part of the city, and its activity continues even today as Ozd Steelworks Ltd.
(Figure 5C). Local brown coal deposits yielded the necessary supply for the energy-consuming
steel metallurgy. In the 1980s, industrial production started to decrease, and after the collapse
of the communist system, the shutdown of coal mines and industries (exception of the stove
factory in Salgétarjan and the small and recent modern Ozd Steelworks Ltd. In Ozd)
dramatically changed the whole region in employment rate, life standard, and population. This
economic and social shift resulted in remarkable changes in the landscape of the cities, where
the reconstruction of commonwealth establishments (particularly buildings of schools and
Kindergartens), and open recreation areas (playgrounds and parks) have been started. However,
the footprint of the significant and long-term (at least 150 years) anthropogenic industrial
activities (coal mining, heavy industry, and later road and train transportation) can be
recognized even today in both cities due to the presence of potential contamination sources

(e.g., ruins of former smelters, coal mines, coal-fired power plant, slag hill, fly ash cone, etc.).
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3.2. Urban soil geochemical analysis

3.2.1. Sample collection

The urban areas for sampling were selected for this study due to the industrial activities, and
productions occur mostly in urban areas, and the byproducts (contaminants) are deposited in
the surrounding areas. The abundance of industrial sources requires certain studies to identify
potential sources which pose a high risk to the residents and the environment.

Urban soil samples® were collected in residential areas of Salgétarjan (STN) and Ozd (1),
including samples from surrounding sites, like steel factories, coal mines, dumps, coal-fired
power plants, and forests (Figure 4 and Figure 5). A ‘zig-zag’ sampling strategy (Alloway,
2013) was followed from each 1x1 km grid for both cities, where randomly picked points based
on the availability of desired site categories as kindergarten, playground, park, and ‘other’ (i.e.,
roadsides, cemeteries, soccer pitch, and gardens) were selected for urban soil sampling. A total
of 39 urban soils from Salgdtarjan and 64 urban soils from Ozd, including coal, slag, and local
geochemical background (control) samples, were collected from 5-15 cm depth to study.

A local coal ash sample from the cone of the former coal-fired power plant in Salgétarjan
(Figure 5A), and three smelter slag samples from former and the recent smelter dumps in Ozd
(Figure 5B) were taken. Moreover, brown coal samples from the same Neogene geological
formations were acquired from the former coal mines (i.e., Inasz0, part of Salgétarjan, and
Farkaslyuk, a former part of Ozd, from the collection of the Department of Physical and
Applied Geology of Eo6tvos Lorand University, Budapest. Brown forest soils as local
geochemical background samples, brown forest soils, were taken from the nearby forest area,
far (~7 km away) from all potential contamination sources (e.g., former iron and steel works,

road systems) in both cities.

3 Each sample represents sampling site (location) and shown by STN/OZD and relevant sample numbers.
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Figure 4. Collection of urban soil samples at roadside (A), kindergarten (B), park (C), and
playground (D). E, G- sampling sites containing oxidized slag below surface. F- slag deposit
in Ozd city
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3.2.2. Sample preparation

Our urban soil sampling followed the EuroGeoSurveys Geochemistry Expert Group Sampling
Protocol (Demetriades & Birke, 2015). Cross-contamination was avoided during the sampling,
and samples were collected and delivered to the laboratory in plastic bags. The urban soils
were air-dried in the laboratory and passed through 2-mm sieves to obtain a representative
portion. For homogenization, the coning and quartering procedures were applied (Hooda,
2010). Visible organic materials (e.g., worms, grasses, roots) and urban debris (e.g., bricks,
concrete, waste) were removed before grinding at E6tvos Lorand University. The rest of the
sample preparations (such as mortaring, pulverization, etc.) were performed at Bureau Veritas

Global Company*in Canada (described below) (Bureau Veritas, 2021).

3.2.3. Elemental analysis

The modified aqua regia digestion (1:1:1 HNOgz: HCI: H20) method was used at 95 °C on 15 g
of < 0.075 mm milled aliquots for low to an ultra-low determination of As, Pb, Hg, and Cd
(additionally, Fe and Mn to identify their role in PTE mobility) in soils (Reimann et al., 2009)
and were analysed by quadrupole-based ICP-MS (detection limit is 0.01 mg/kg) at the Bureau
Veritas Global Company in Canada (Bureau Veritas, 2021). For homogeneity and
heterogeneity identification of the measurements, a total of 10 (7 from Salgétarjan and 3 from
Ozd) urban soil duplicate samples were used. The analytical quality was controlled using
certified reference materials (DS11, NIST981, and NIST-983). To correct mass bias and dead-
time effects, calibration against reference materials was performed after every sample. In all
cases, the relative standard deviation (RSD) for elemental concentration measurements was
<3% RSD.

3.2.4. Grain size analysis

Prior to the particle analysis, around 0.5 g of urban soil was mixed with an optimal amount of
Na-pyrophosphate (NasP207) to disaggregate particles (Abdulkarim et al., 2021) which was
further performed by applying to ultrasonic cleaner. The mixture was kept overnight so that
the aggregates were detached and then was analysed by Laser Scattering Particle size
distribution analyser PARTICA 950-V2 LA instrument at the Research and Instrument Core
Facility of Sciences, E6tvos Lorand University, to identify soil texture. Laser diffraction is the

most often used technology to identify size and size distribution of particles quickly and

4 A global leader in Testing, Inspection and Certification of geochemical, geo-analytical and mineral analysis
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accurately with diameters ranging from tens of nanometres to a few millimetres. Based on
measurements, urban soil particle sizes were assessed in three size categories: <8 um (clay), 8-
63 um (silt), and >63 um (sand) (Konert & VVandenberghe, 1997).

3.2.5. Eh-pH analysis (redox potential and acidity)

The air-dried urban soil samples were mixed with 10 ml of distilled water for Eh-pH analysis.
The mixture was kept rotating for 30 min. Soil pH and conductivity (Eh) were tested in a
prepared solution in a 1:10 soil-water ratio with a digital Eijkelkamp 18.52.01 Multimeter
instrument (Yu & Rinklebe, 2015) at E6tvos Lorand University.

3.2.6. Organic content (SOC) analysis

The organic content (total organic carbon, total nitrogen, ammonia, nitrate) of the urban soil
samples was analysed at the Institute for Soil Sciences and Agricultural Chemistry, Budapest.
The analysis was performed by the method of Hargitai/Tyurin (Molnar et al., 2019) and the
method of Kjeldahl (Alfred R. Conkinlin, 2014) for organic carbon and nitrogen species,
respectively.

3.3. Enrichment factor analysis

The enrichment factor (EF) of each PTE to estimate the enrichment levels of the selected
hazardous four metal(loid)s in the urban soil samples was calculated by the following equation
(Dragovi¢ et al., 2008; Z. Wang et al., 2018):

_ (ci/Cref)sample
EF= (Ci/Cref)background® (eq. 1)

where C; is the hazardous metal(loid) concentration in mg/kg and Crer is the content of the
reference element in mg/kg. Because of their low variability in urban soil samples, K, Al, Fe,
Mn, Ti, and Sr are usually applied as reference elements in EF calculations (Cui et al., 2014;
Gasiorek et al., 2017). Considering the industrial production in Salgétarjan and Ozd contained
a huge amount of Fe and other transitional metals, the reference aluminium (Al) was considered
the best candidate. The enrichment levels of toxic metal(loid)s in the samples were classified
as follows: deficiency to minimal enrichment (EF<2), moderate enrichment (2<EF<5),

significant enrichment (5<EF<20), very high enrichment (20<EF<40), and extremely high

® In the thesis the term background is equivalent of control/non-contaminated
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enrichment (EF>40) based on the calculated EF values (Khademi et al., 2019) which can reflect

the origin of the toxic metal(loid)s as well (Gasiorek et al., 2017; Zachary et al., 2015).

3.4. Microbiological analysis

3.4.1. Sample collection for microbiological studies

Based on the urban soil elemental analysis (see section 3.2), the most PTE-contaminated areas
(sometimes for only one selected element) were identified and subjected to microbiological
analysis (Figure 6). The samples were obtained by scraping away the upper 5 cm surface of the
soil (due to plant roots and residues) with a sterile knife, and the samples were placed into
sterile plastic tubes (from the upper 10 cm) and transported to the laboratory at 4°C and then
kept at -20°C until the analysis (described below) at Department of Microbiology, E6tvos
Lorand University.
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Figure 6. Simplified map of Salgétarjan (A) and Ozd (B) showing sampling sites for
microbiological study and positions of the local anthropogenic sources (industries, slag dumps,
coal mines). Sample STN37- brown forest soil and OZD02 — agricultural soil are considered
as uncontaminated or control samples.

3.4.2. Isolation and identification of bacteria

Bacterial strains were cultivated on nutrient agar medium (5g/L peptone, 3g/L meat extract, 10
g/L Agar; DSM medium 1) supplemented with 200 pug/ml of respective metal salt compounds
(CdSOg4, HgClz, Pb(NO3)2). The number of metal tolerant bacteria determined CFU values after

the dilution series method. Bacterial strains were randomly isolated from all plates.

After purification, bacterial strains were identified based on 16S rRNA gene sequencing: the
genomic DNA of the isolates was extracted using a DNA extraction kit (DNeasy Power Lyzer
Microbial Kit, Qiagen, Germany). The 16S rRNA gene of the bacterial strains was amplified
(PCR) from the extracted genomic DNA wusing the wuniversal primers 27f (5'-
AGAGTTTGATCCTGGCTCAG-3") and 1492r (5'-GGCTACCTTGTT ACGACTT-3") (LGC

Genomics, Berlin, Germany). The 16S rRNA gene sequence of the strains was compared with
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references in the EzTaxon database (Yoon et al., 2017) to identify closely related bacteria. The
obtained 16S rDNA gene sequences were deposited in the National Centre for Biotechnology
Information (NCBI) under accession number MT765153 - MT765173.

3.4.3. Minimum Inhibitory Concentration (MIC) analysis

In order to obtain metal(loid) resistant isolates, a minimum inhibitory concentration (MIC)
analysis was performed (Maity et al., 2019; Neethu et al., 2015). Bacterial strains were
transferred to elevated concentrations of metal(loid) salts (CdSOs4, HgClz, Pb(NOs3), and
As203) on the nutrient agar medium (DSM medium 1) that contains 200 pg/ml, 500 pg/ml, 800
pg/ml, 1000 pg/ml, 1500 pg/ml, 2000 pg/ml, 2500 pg/ml, 3000 pg/ml, 5000 pg/ml, 10000
pg/ml, 15000 pg/ml of Pb, Cd, Hg and As. Besides the individual effect, isolates were exposed
to the complex effect of metal(loid) salts (900 pug/ml Pb, 600 pg/ml Cd, and 600 pg/ml Hg) to
check their multi tolerance, as well. Additionally, MIC values were checked by low phosphate
Tris-salt mineral medium supplemented with heavy metal(loid) salt additives (CdSO4, HgClo,
Pb(NO:s3),, or As2QO3,) in various concentrations (500 - 800 pg/ml for Pb, 500 - 1500 pg/ml for
Cd, 300 - 500 pg/ml for Hg, 100 - 220 pg/ml for As).

3.4.4. Next-Generation Sequencing (NGS)

Soil community analysis were performed on the selected eleven sampling sites (including
control samples) to be able to compare the effect of the metal(loid) contamination on the
microbial community. The isolation of the community DNA from the soil samples was
conducted according to the manufacturer’s instructions via Ultraclean® PowerSoil DNA Kit
(MoBio, Carlsbad, CA, USA). The cell walls were destroyed mechanically by Retsch Mixer
Mill MM400 (Retsch, Germany), shaking at 30 Hz for 2 min. The Bacteria and Archaea
communities were identified based on the partial 16S rDNA gene sequence after the PCR
amplification of VV3-V4 regions by universal primers (S-D-Bact-0341-b-S-17 forward (5 -CCT
ACG GGN GGC WGC AG-3) and S-D-Bact-0805-a-A-21 reverse (5 -GAC TAC HVG GGT
ATC TAA TCC-3) for Bacteria, and S-D-Arch-0519-a-A-19 (5° — CAG CMG CCG CGG
TAA - 3°) and S-D-Arch-0787-a-A-20 (5> - TCC CCC GCC AAT TCC TTT AA - 3’) for
Archaea in triplicate and the mixture was used for sequencing (Srinivasan et al., 2012). The
DNA sequencing was fulfilled at the Michigan State University (USA) by Genomics Research
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Technology Support Facility (RTSF). Identification of genomic bases and FastQ format
conversion were performed by lllumina Real-Time Analysis (RTA) v1.18.54 and Illumina

Bcl2fastq v2.19.1, respectively.

The bioinformatic analysis of raw sequencing reads was executed with MOTHUR v.1.40.5
software (Kozich et al., 2013) using the MiSeq SOP protocol (accessed in 2019). After a quality
trimming (deltag=10) the raw reads were dereplicated, and the sequences were aligned against
SILVA template alignment; then, the desired aligned region was screened. Following filtering
gaps, the potentially chimeric sequences were detected via chimera.vsearch tool and removed.
Additional reduction of sequence noise with pre-clustering followed the taxonomic
classification using the SILVA taxonomy database

(https://mothur.org/wiki/silva_reference files/) with a greater than 80% bootstrap support

value considered for the successful classification.

Species richness and diversity indices were assessed with inverse Simpson (1/D) (Simpson,
1949), Shannon-Weaver (Shannon, 1948), Chaol(Anne Chao, 1984), and ACE (Hughes et al.,
2016) indices, as well as depicted with rarefaction curves based on the subsampled reads from
MOTHUR. The sequence raw reads were deposited under the BioProject PRINA643801

accession number in the NCBI SRA database.

3.4.5. Whole-genome sequencing (WGS)

The whole genome sequence of bacterial strain S14E4C (NCBI GenBank accession
MK660715) was analysed. The BLAST search results based on EzTaxon and GenBank
databases both indicated that strain S14E4C belongs to the genus Cupriavidus and it is 100%
identical to Cupriavidus campinensis WS2 (Goris et al., 2001). The whole-genome shotgun
and paired-end sequencing were performed by the Genomics Research Technology
Support Facility (RTSF), Michigan State University (USA), on an Illumina MiSeq platform
using the MiSeq standard v2 chemistry. Sequence read quality was checked by the FastQC
tool, and the low-quality reads, with excess “N” and low-quality scores, duplication reads, and
adaptor contamination was filtered out from the sequence set. Subsequently, the de-novo
assembly of high-quality reads was made using the SPAdes v3.10.0 assembler (Bankevich et
al., 2012) in careful mode, and the existence of plasmids in the genome was identified by the
plasmid SPAdes (v3.5.0) tool. The assembly quality and coverage value were calculated by
QUAST v2.3 (Gurevich et al., 2013), and contigs shorter than 500 bp were removed from the
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assembly, which resulted in 52 contigs with 6,322,653 bp lengths (66.3 % GC), 290,832 bp
N50 value, and 78.3 x genome coverage. The possible genome contamination was checked
based on the 16S rRNA on the ContEst16S platform (Yoon et al., 2017). The replicons were
identified by the PlasmidSPAdes v.3.5 software that the algorithm using contigs’ read coverage
information, estimates median coverage, builds assembly graph and generates plasmidic
contigs (Antipov et al., 2016). To validate the obtained results, the draft genome sequence (52
contigs) and putative plasmids of the S14E4C strain were aligned by Mauve v.2.4 software
(Darling et al., 2004) with the whole genome, chromosome, and plasmid sequences of the
known Cupriavidus species (mainly C. metallidurans).

The nearly full-length 16S rRNA gene sequence of strain S14E4C obtained by the Sanger
method was compared with the obtained 16S rRNA gene sequence from the genome assembly
and showed 100% similarity. The Whole Genome Shotgun project of strain S14E4C has been
deposited at DDBJ/ENA/GenBank under the accession VCIZ00000000 (the described version
is VCI1Z01000000). The strain S14E4C has been accessioned into the National Collection of

Agricultural and Industrial Microorganisms under the accession number NCAIM B.02650.

3.4.6. Genome annotation and analysis

Genome annotation, prediction of genome features, and functions were analysed by RAST
(Rapid Annotation using Subsystem Technology), PATRIC 3.5.38, and DDBJ Fast Annotation
and Submission Tool (DFAST) web interfaced pipelines (Brettin et al., 2015; Tanizawa et al.,
2018). The annotation results of different tools were combined to cover all parts of the genome.
Additionally, after submission, the NCBI Prokaryotic Genome Annotation Pipeline (PGAP)

(https://www.nchi.nlm.nih.gov/genome/annotation prok/) was ordered to annotate the

genome. Functional genes that were looked into for potential involvement in metabolic
pathways were examined by the KEGG database on PATRIC 3.5.38. Phylogenetic
classification of proteins encoded in the S14E4C genome was based on clusters of orthologous

groups (COG) functions.

3.4.7. Phylogenetic and phylogenomic analysis

To determine the phylogenetic relationships among Cupriavidus species, the public and
completed 16S rRNA gene sequences of the corresponding Cupriavidus type strains were
gathered from the Arb-Silva database (Yilmaz et al., 2014) and aligned by SINA 1.2.11 aligner
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in SILVA ACT (Alignment Classification and Tree Service) service before creating Maximum
Likelihood (ML) tree. A rooted phylogenetic tree based on 16S rRNA gene sequence similarity
of the genus Cupriavidus was created using CIPRES Science Gateway’s MrBayes tool
(Ronquist et al., 2012) and the closely related bacterium Polynucleobacter cosmopolitanus CIP
109840T (AJ550672) was used as an outgroup. The phylogenetic tree was visualized by
FigTree v1.4.4 (Patricio et al., 2012). In addition, PATRIC (Wattam et al., 2017) presents the
reference and representative genomes and uses them as part of the Comprehensive Genome
Analysis in phylogenomic analysis. The closest reference and representative genomes have
been identified by Mash/MinHash (Ondov et al., 2016). The phylogenetic position of the
genome was identified by PATRIC based on chosen global protein families (PGFams) (Davis
et al., 2016) from these genomes. Then these protein sequences were aligned with MUSCLE
(Edgar, 2004), and the nucleotides were plotted to the protein alignment of each sequence. The
amino acid and nucleotide alignments were linked into a data matrix and the RaxML tool
(Stamatakis, 2014) was used to analyse this matrix using quick bootstrapping (Stamatakis et

al., 2008) and produce support values in the tree.

3.5. Human health risk assessment

Non-carcinogenic and carcinogenic human health risk assessment based on the geochemical
dataset (Table S1 and S2) was calculated by a health risk model suggested by the US
Environmental Protection Agency (RAIS, 2017; US EPA, 1989b, 1989a). The study covers the
ingestion, inhalation, and dermal pathway exposure for PTE, which can result from hand-to-
mouth action, dropped food, direct soil or dust consumption and inhalation, dermal contact,

etc.

The non-carcinogenic risk assessment was done by the following equations (RAIS, 2017):

ADI childrenadutts = (C*EF*ED*IR*CF) / (AT*BW)  (eq. 2)
HQ' =ADI'/ RfD! (eq. 3)

ADI represents the average daily intake of metal(loid)s; C - concentration of PTE at sampling
site (mg/kg); EF - exposure frequency, 350 days/year; ED - exposure duration that is considered
6 years for children and 30 years for adults; IR - ingestion rate that is 200 mg/kg for children
and 10 mg/kg for adults; AT - average time = 365*ED; BW - average body weight which is
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15 kg for children and 70 kg for adults. Hazard quotient (HQ)>1 indicates possible adverse
health effects, whereas HQ<1 means no adverse health effect. The oral reference dose (RfD)
of PTEs is shown in Table 3 (RAIS, 2017; US EPA, 1989a, 1989D).

The non-carcinogenic effect on the population for n number of PTEs is the sum of all the HQs
owing to individual heavy metal(loid)s. According to the USEPA, this is referred as the Hazard

Index (HI) and is represented by the following equation:
HI=Y?_, HQk (eq. 4)

where HQx is a value of heavy metal(loid) k. The exposed population is unlikely to suffer
negative health impacts if the HI value is less than one. If the HI value is more than one, there

may be cause for concern about non-carcinogenic effects (US EPA, 1989a).

The carcinogenic risk was assessed by the equations below for a probable appearance of any
kind of cancer when PTE was orally ingested in an individual lifetime (LT=70) (RAIS, 2017;
US EPA, 1989a, 1989b):

C+EF+CF *RBA EDxIngR

LADDing= ~—————* (=) (eq.5)

OralRisk=LADDing* CSF (eq. 6)

where RBA is the relative bioavailability factor (1 for all metals and 0.6 for As); CSF is the
oral carcinogenic slope factor, and values for PTE are shown in Table 3. The carcinogenic risk
levels considered as < 10 very low, 10 — 10 low, 10°° — 10* medium, 10 — 10" high and
> 107 very high level (US EPA, 1989a, 1989b).

Table 3. Reference dose (RfD) and cancer slope factor (CSF) values (US EPA, 1991, 2011).

Ingestion Dermal Inhalation Ingestion

RfD RfD RfD CSF
As | 3.00E-04 3.00E-04 3.00E-04 1.50E+00
Pb | 3.60E-03 - - 8.50E-03

Hg | 3.00E-04 3.00E-04 8.60E-05 -
Cd | 5.00E-04 5.00E-04 5.70E-05 -
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3.6. Statistical analysis
3.6.1. Mapping of PTE distribution

The spatial distribution maps of PTE in Salg6tarjan and Ozd urban soils were created by the
Inverse Distance Weighting (IDW) method, which is considered to be interdependent on the
basis of distance (Achilleos, 2011) and generated by ArcGIS v10.3 software. The method
transforms the values from the erratically distributed sampling points to regular grid-based
variograms. Class divisions for PTE distribution colour maps are based on a manual
classification to compare elemental data in the cities and indicate the internationally accepted
soil PTE threshold values (Table 4).

3.6.2. Basic and descriptive statistics

Using descriptive statistics, the minimum, maximum, average, standard deviation, standard
skewness, and standard kurtosis were determined on urban soil PTE. The summary statistics
were performed by using original data. The elemental data were analysed and displayed by R
v4.0.2 (R Core Team, 2020) and Past4 software.

3.6.3. Hypothesis tests

Since environmental data series often display nonnormality, heterogeneity, and outliers, the
Shapiro-Wilk hypothesis test (Shapiro & Wilk, 1965) was performed to assess the normality
and lognormality of the elemental data. The p-value less than 0.05 rejected the null hypothesis
and indicated the data was not normally distributed. Normalization and transformation (Box-
Cox) of the data were fulfilled by PAST4 software to minimize redundancy, and the obtained
data was used in further statistical analysis. The Mann-Whitney (Wilcoxon) homogeneity test
(Neuhé&user, 2011) based on the comparison of medians confirmed differences between sample
groups at the 95 % confidence level.

3.6.4. Univariate analysis

Spearman’s correlation coefficient (Spearman, 1904) was conducted to examine the
relationships between the potentially toxic elements (non-linear), as well as their relationship
with community structure and diversity indices (see section 4.2.2). Correlations = or > 0.7 were

considered important and in all cases p<0.05 was considered significant.
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3.6.5. Multivariate analysis

To extract a reduced number of independent PTE components in soils, principal component
analysis (PCA) was performed. PCA eligibility for the analysis of the dataset (soil
physicochemical parameters and PTE) was determined by the Kaiser-Meyer-Olkin measure
(Kaiser, 1974) of sampling adequacy and the Bartlett test (Arsham & Lovric, 2011) of
sphericity. In both cases, the data met the threshold requirements (0.65 and p<0.001,
respectively). The relationship between soil microbial community and PTE/physicochemical
parameters was examined and illustrated by R 2.5.1 (R Core Team, 2020) via vegan (Oksanen
et al., 2019) and ggplot2 packages (Wickham, 2010). The dissimilarity of the bacterial
communities (using OTU data) was visually interpreted by non-metric multidimensional
scaling (NMDS) based on the Bray-Curtis similarity method. The relationship between
operational taxonomic units (OTU®) and environmental factors was analysed by the Envfit
function using the vegan package (Oksanen et al., 2019). Differences in the environmental
factors (soil organic content, soil texture, Eh-pH) and PTE in sampling areas were checked by
one-way ANOVA (p<0.05 considered significant). The OTU dissimilarities between sampling
sites/cities were analysed by the Simper test on PAST4 software. Community structure
differences were checked by the PERMANOVA test, using Adonis with 9999 permutations on
the vegan package (Anderson, 2001).

6 An Operational Taxonomic Unit (OTU) classifies organisms at any taxonomic level based on their sequence similarity.
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Chapter 4. RESULTS

4.1. The concentration and spatial distribution of PTE in the soil samples

The statistical characteristics of the urban soil PTE content are listed in Table 4 (details in Table
S1land Table S2). There is a heterogeneous distribution of PTE in both cities. The concentration
ranges for As, Pb, Hg, and Cd are 3.7-73.6 mg/kg, 8.5-1692 mg/kg, 0.03-0.5 mg/kg, 0.1-1.6
mg/kg in Salgotarjan, and 2.7-35.9 mg/kg, 6.6-1673.5 mg/kg, 0.015-4.9 mg/kg, and 0.11-62.89
mg/kg in Ozd samples, respectively. In Salgétarjan, 50% of samples for As, 75% for Pb, 61%
for Hg, and 64% for Cd, whereas in Ozd, 58% for As, 91% for Pb, 55% for Hg, and 98% for

Cd exceeded their corresponding local geochemical background values (Table 4).

The spatial distribution of As, Pb, Hg, and Cd in urban soils is shown in Figure 7. It can be
observed that except for Hg in Salgotarjan, all the selected PTE in both cities exceeded the
maximum permissible soil values for PTEs (Table 4) which indicates significant PTE
contamination in the cities (Figure 9). Among them, the concentration of 20% of the samples
for As and 6% for Pb and Cd in Salgdtarjan exceeded the assigned Hungarian pollution limit
(Table 4). In Ozd samples, these values are less than 10% for selected PTEs.

Due to its multi-industrial background, Salgotarjan urban soils depicted irregular distribution
of PTE. In certain parts of the city, however, there was a similar pattern of elevated As and Hg,
as well as Pb and Cd concentration (Figure 7). Therefore, the identified patterns might suggest
the origin of the contaminants. Despite that, the detected high PTE contents in Ozd urban soils
showed clear patterns, particularly around former and recent industrial sites, smelter slag
contaminated soils, and coal mining areas. In addition, elevated mercury distribution was

observed almost in all parts of Ozd, except western and north-western parts (Figure 7).
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Table 4. Summary statistics of selected PTE concentration in the studied 36 (STN) and 55 (OZD) urban soil samples.

Salgotarjan Ozd
As Pb Hg Cd As Pb Hg Cd

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/Kg
n 36 36 36 36 55 55 55 55
Minimum 3.7 8.5 0.03 0.1 2.7 6.6 0.015 0.11
Maximum 73.6 1692 0.5 1.6 35.9 1673.5 4.9 62.89
Average 11+2 82+47.4 | 0.1+0.02 | 0.36+0.06 8.4+0.8 80+31.6 0.23+0.09 | 1.77+1.14
Standard deviation 12 285 0.1 0.34 6.1 234.6 0.66 8.4
Median 6.85 20.5 0.07 0.23 6.4 29.8 0.084 0.38
25 percentiles 5.43 16.35 0.05 0.17 5 21.7 0.05 0.29
75 percentiles 12.95 31.08 0.1 0.39 8.3 46 0.13 0.57
Standard skewness 4.3 55 2.2 2.5 2.8 6.23 6.76 7.3
Standard kurtosis 21.8 31.5 4.4 6.5 8.8 41.4 48.1 53.9
Coefficient of variation 1084% | 347 % 100.6 % 94.2 % 72.5% 293.4% 292.7% 477.2%
Confidence level (95%) 1.86 52.91 0.11 1.37 1.64 63.43 0.18 2.28
Local geochemical background 6.8 16.65 0.05 0.18 6 17.49 0.079 0.13
FOREGS topsoil mean value 6 15 0.037 0.15 6 15 0.037 0.15
Hungarian pollution limit 15 100 0.5 1 15 100 0.5 1

- European mean topsoil value published in FOREGS Geochemical Atlas of Europe (Salminen et al., 2005)
- Hungarian pollution limit value is declared by the Hungarian environmental legislation (HUGD, 2009) on the environmental standards for
Earth materials, pollution threshold, red colour)
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Figure 7. Spatial distribution of As, Pb, Hg, and Cd in Salgétarjan and Ozd urban soils. The
figures show sampling sites, locations of the slag, coal, brown forest soil (as local geochemical
background - LGB), and relative information from Figure 5. In some cases, the concentration
patterns on maps were made comparable. The class divisions are set on manual classification
involving the Hungarian and internationally accepted soil PTE threshold values (Table 4;
(CSTEE, 2000; HUGD, 2009).

4.1.1. Enrichment factor

The enrichment factor (EF) values of the analysed PTE were calculated for urban soil samples
in both cities relative to the local geochemical background value of the soil, and the results are
presented in (Figure 8). The mean EF values decreased in the order of Pb>Cd>Hg>As in
Salgotarjan and Cd>Pb>Hg>As in Ozd. The average Salg6tarjan urban soil enrichment values
showed a minimal enrichment of PTE; however, in three samples (STNO9, STN24, and
STN30), we observed moderate As, Hg, and Cd and significant to very high enrichment of Pb
(max. 35 times). These values are much higher in Ozd urban soils: 3 urban soils showed
significant enrichment for As (max. 6.4 times enrichment), 6 samples significant to extremely
high enrichment for Pb (max. 100 times enrichment), 8 samples significant to extremely high
enrichment for Hg (max. 65 times enrichment), and 24 samples significant to extremely high
enrichment for Cd (max. 500 times higher) (Table S3). On the other hand, the average cadmium
enrichment is 16 times higher than the relative local geochemical background sample (Figure
8).
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Figure 8. The average PTE enrichment factor in Salgétarjan and Ozd urban soils. Enrichment
levels are as following: deficiency to minimal enrichment (EF<2), moderate enrichment
(2<EF<5), significant enrichment (5<EF<20), very high enrichment (20<EF<40), and
extremely high enrichment (EF>40)

4.1.2. PTE distribution by sampling site category

As samples were collected mainly from public areas (kindergarten, playground, park, and
others: roadside, garden, etc.) to assess the contamination and the relative risk for residents
(especially children), the distribution of PTE content by sampling site categories were
analysed. The results were depicted in log scale to be able to compare the data from both cities
and are shown in Figure 9. In both cities, most of the sampling sites show a low to moderate
enrichment of As, Pb, Hg, and Cd along the categories. The outlier samples with the highest
PTE concentrations (samples exceeding the soil allowable PTE concentration; Table 4) were
separated by red line and are encountered at kindergarten (OZD13: 16.8 mg/kg As, 173.1
mg/kg Pb, 2.9 mg/kg Cd), park (STNOQ9: 73.6 mg/kg As), playground (STN14: 26.1 mg/kg As;
STN24: 1692 mg/kg Pb, 1.4 mg/kg Cd; OZD42: 23.8 mg/kg As, 250.1 mg/kg Pb, 0.9 mg/kg
Hg, 3.03 mg/kg Cd), roadside (STN30: 433 mg/kg Pb, 1.6 mg/kg Cd), and industrial areas
(0zD38: 27.1 mg/kg As, 596.4 mg/kg Pb, 0.7 mg/kg Hg, 5.2 mg/kg Cd; OZD54: 35.9 mg/kg
As, 1674 mg/kg Pb, 4.9 mg/kg Hg, 62.9 mg/kg Cd) of Salgétarjan and Ozd (Figure 7 and Figure
9; Table S1 and Table S2). The overlap of outlier samples indicates several-fold higher PTE
contents at the same sampling sites. In general, except for As, the concentration of all PTE in
Ozd is relatively higher than in Salg6tarjan urban soil samples (Figure 8). In the contaminated

sites (in the case of both cities), the PTE content is at least 10 times, and in industrial areas

45



around 500 times higher than the local geochemical background value (Figure 7 and Figure 9).
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Figure 9. Box and whiskers diagrams showing PTE (As, Pb, Hg, Cd) concentration (in mg/kg)
distribution in Salgétarjan (STN) and Ozd (OZD) urban soil based on sampling categories in
the log scale. Blue dashed line represents brown forest soil (local geochemical background:
LGB) for both cities, red and red-dashed lines indicate the maximum allowable PTE limit in
soil by Hungarian and European legislations (for Pb), respectively(CSTEE, 2000; HUGD,
2009). The outlier samples are shown with sample numbers.

4.1.3. PTE concentration in local coal, coal ash, and smelter slags

Both studied cities are well-known for their former coal mining and iron-steel industry.
Therefore, the PTE content was analysed in local coal, coal ash, and slag samples (Table 5). In
Salgotarjan, the coal ash sample originated from coal combustion at the coal-fired power plant;
however, Ozd smelter slag is a byproduct of the former (slagl) and recent (slag 2-3) iron-steel
industry. Results show that Salgétarjan coal is enriched with As (5.2 mg/kg), Hg (0.44 mg/kg),
and Cd (0.18 mg/kg), whereas STN coal ash with As (35.7 mg/kg). The coal sample collected
from Ozd showed similar As and Pb, less Hg, and Cd values compared to Salg6tarjan coal. On
the other hand, Ozd smelter slag samples are characterized by high Pb, Hg, and Cd content
(Table 5), especially the sample collected from slag dump site of the former iron-steel industry
(OzZD slag 1).

47



Table 5. The concentration of the selected PTE in local coal, coal ash, and smelter slag of
Salgotarjan (STN) and Ozd (OZD).

As (mg/kg) Pb (mg/kg) Hg (mg/kg) Cd (mg/kg)
STN coal 5.2 1.28 0.44 0.18
0OZD coal 1.2 1.86 0.074 0.01
STN coal ash 35.7 14.19 0.097 0.08
OZD smelter slag 1 6.7 202.2 0.421 1.5
0OZD smelter slag 2 1.7 28.48 0.005 0.73
OZD smelter slag 3 0.5 3.21 0.005 0.1

The principal component analysis of Salgotarjan and Ozd urban soil samples and local coal,

coal ash, smelter slags, and brown forest soils demonstrated one component (PC1) with an

eigenvalue more than one and was responsible for 74% of the variance. The loading of As, Pb,

Hg, and Cd in PC1 was approximately 50%/each, and among them, Pb and Cd correlated with

Ozd smelter slag samples. However, As and Hg showed a high connection to Salgétarjan coal,

mainly to coal ash. The PC2 was responsible for 14% of variables, with the As and Hg loading

of 60% and 40%, respectively (Figure 10).
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Figure 10. The principal component analysis of Salgétarjan and Ozd urban soil samples and
coal, coal ash, smelter slags and brown forest soils (local geochemical background- LGB). The
used data was transformed by Box-Cox method. LGB- Local Geochemical Background (brown
forest soils). The sample numbers are shown for outlier sampling sites.
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4.1.4. Influencing factors on PTE distribution

To identify and highlight the strength of interrelationship between selected PTE concentration
of the studied urban soils and physicochemical parameters of urban soils (Table S4) Spearman
rank correlation coefficients were calculated for Salgotarjan and Ozd samples and the results
are shown on Table 6 and Table 7, respectively. A significant (p<0.05) positive correlation was
found between PTE content and physicochemical parameters of urban soils, which show their
strong impact on PTE mobility. Notably, Spearman’s correlation coefficient indicated a
significant correlation between Fe and As; total organic carbon and Pb; Pb and Cd; and As with
Pb and Hg in Salgdtarjan urban soils (Table 6), whereas in Ozd urban soils, significant (p<0.05)
correlation was observed between all the selected PTE (also with each other) and Fe content
(Table 7). Based on the average pH values (7.2 in Salgotarjan and 7.5 in Ozd), the urban soil
samples are slightly alkaline, and it is relatively high in PTE elevated sites (Table S4). No
significant correlation was noted between pH, Eh, soil texture (clay, silt, and sand), and PTE

content in the urban soils of the current study.
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Table 6. Spearman correlation coefficient between soil physicochemical parameters and PTE in urban soils from Salgoétarjan. TN-total nitrogen,
NH4" - ammonia, NOs" -nitrate, TOC-total organic carbon. The significance values were obtained after Bonferroni correction and shown by the *
sign (*<0.05, **<0.001). Values higher than ~0.7 (bold) were considered important.

STN | TN NHs* NOs TOC COs* | pH Eh clay silt sand | Fe Mn As Pb Hg Cd
TN
NH4s* | 0.55

NO3’ 0.27 0.45

TOC |0.95* 0.58* 0.27

COs* | -026 -0.21 023 -0.24

pH -0.54 -0.40 -0.05 -0.48 0.55
Eh 054 040 0.06 047 -0.55]-1.00*
clay -0.35 -0.11 -0.21 -0.36 -0.11| -0.08 | 0.07
silt 043 028 019 043 -0.34| -049| 0.49 0.07

sand | -0.20 -0.28 -0.05 -0.18 041| 0.47]|-047| -0.66* -0.73*

Fe 011 -0.12 -0.33 0.12 -0.15| -0.16 | 0.15 0.12 0.04 -0.07
Mn 047 026 -0.11 051 -043| -0.27| 0.27| -0.12 019 -0.09| 0.38
As 032 -001 -013 045 -009| -0.16 | 0.16| -0.23 0.03 0.13| 0.65*| 0.39
Pb 0.58* 0.13 -0.03 0.65* -0.26| -0.29 | 0.28 | -0.34 0.13 0.06| 045| 0.60*| 0.71*

Hg 049 0.05 -0.03 056* -0.05| -0.23| 0.23| -0.46 0.15 0.14| 040| 0.33| 0.73* 0.64*

Cd 056 011 -0.12 0.64* -0.20| -0.19| 0.19| -0.20 010 0.07| 0.38] 0.57*| 0.63* 0.78* 0.57*
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Table 7. Spearman correlation coefficient between soil physicochemical parameters and PTEs in urban soils from Ozd. TN-total nitrogen, NH4* -
ammonia, NO3™ -nitrate, TOC-total organic carbon. The significance values were obtained after Bonferroni correction and shown by the * sign
(*<0.05, **<0.001). Values higher than ~0.7 (bold) were considered important.

0zD TN NHg4* NOs TOC COs* | pH Eh clay silt sand | Fe Mn As Pb Hg Cd
TN

NHs* | 0.81*

NOs 033 0.23

TOC | 0.95* 0.76* 0.27

COs* | -0.17 -0.23  0.05 -0.12

pH -0.31 -0.41 018 -0.25 0.73*

Eh 043 048* -0.13 0.36 -0.69* | -0.91*

clay -0.12 -0.09 -0.09 -023 -031| -022| 0.24

silt 036 0.27 022 023 -018| -0.10| 0.24| 0.49*

sand -0.17 -0.12 -0.09 -0.03 032| 0.19]| -0.30| -0.82* -0.88*

Fe -0.13  -0.20 011 0.01 0.23| 040| -035| -023 -0.30 0.30

Mn 0.05 0.03 0.04 0.19 0.17| 040| -035| -030 -0.11 0.20]0.64*

As 0.25 0.08 009 042 0.14 0.17| -0.12| -0.35 -0.21 0.30|0.76* | 0.57*

Pb 0.03 -0.18 -0.02 0.18 026| 035| -030| -0.36 -0.22 0.33]0.75*| 0.60* | 0.80*

Hg -0.06 -0.21 -0.13 0.09 030| 036| -031| -032 -0.27 0.35|0.72*| 0.53*| 0.76* 0.88*

Cd 0.03 -0.15 0.06 0.17 045| 046| -041| -035 -0.22 0.34]0.80*| 0.61* | 0.79* 0.93* 0.86*
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4.2. Characterization of soil microbial community

4.2.1. The relation of environmental factors and PTE content in eleven sampling sites selected
for microbiological analysis

As the soil microbial community analysis was performed on eleven sampling sites, the
distribution of environmental factors in these sampling sites was checked, and their relations
were analysed (Table 8; Figure 11). The soil physicochemical parameters and metal(loid)
contents (Table 8) in the two city soil samples were distributed heterogeneously and formed
three groups (Figure 11). Group 1 contains samples STN24, 0ZD38, 0ZD42, and OZD54 and
is considered a high metal(loid)-enriched group (Figure 11). Group 2 includes sample STN09
and STN14, where moderate metal(loid) enrichment, the lowest pH, high Eh, and clay fraction
was noted (Figure 11). However, the rest of the samples (STN30, 0ZD25, 0ZD39), together
with control samples (STN37 and OZD02), formed a distinct group 3, showing moderate or
low metal(loid) enrichment and high organic content (Figure 11), clarified by PCA analysis. It
is observed that the sampling sites 0ZD02 (control sample) and OZD39 are characteristic with
high ammonia content (7.8 mg/kg and 10.4 mg/kg, respectively), meanwhile the samples
STN30 and OZD02 with high nitrate content (10.5 mg/kg and 20.7 mg/kg). The lowest organic
carbon (0.9%) and nitrogen (0.05%) were observed in the highest metal(loid) enriched
sampling site (OZD54) with the highest sand fraction (72.2 wt%).

Differences in the environmental factors of the sampling sites were tested by one-way ANOVA
(F=5.9) and were considered significant at p<0.05. The Simper test showed that the
concentrations of metal(loid)s in control and metal(loid)-enriched (Salgétarjan and Ozd soil)
samples were significantly (p<0.05) different (53.5%), where the Ozd soil samples showed
higher enrichment than Salgotarjan samples. This was proved by the principal component
analysis (Figure 11), which explained 46.8% (PC1) and 16.9% (PC2) of the variables, and most
of the metals indicated a correlation with metal(loid) enriched Ozd urban soil samples.
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Table 8. Physicochemical parameters and PTE contents in the selected soil samples of Salgétarjan and Ozd. TN -Total Nitrogen, TOC — Total
Organic Carbon, C; — inorganic carbon (CaCO:s).

STNO9 | STN14 | STN24 | STN30 [ STN37 | OZD02 | OZD25 | 0ZD38 | 0ZD39 | OZD42 | OZD54

units
Pb mg/kg 80 60 1692 433 16 14.8 36.3| 596.4 235 250.9| 1673.5
Cd mg/kg 0.7 0.6 1.4 1.6 0.2 0.1 0.4 5.2 0.4 3 62.9
Hg mg/kg 0.4 0.1 0.1 0.3 0.1 0 0.5 0.7 0.1 0.9 4.9
As mg/kg 8.5 73.6 26.1 15.7 6.8 4 7.7 27.1 10.3 23.8 35.9
NH4* mg/kg 3.3 2.1 1.6 2.8 1.6 7.8 5.2 3.6 10.4 5.9 2
NO3 mg/kg 4.4 5.3 49 10.5 2.1 20.7 7.2 2.1 1.7 4.3 0.5
TN wit% 0.2 0.2 0.4 0.3 0.2 0.2 0.1 0.1 0.3 0.2 0.05
TOC wit% 1.7 1.7 1.9 4 2.8 1.3 1.2 1.9 2.9 1.4 0.9
Ci wit% 1.8 0.1 0.6 0.6 4.5 0.5 4.2 16.4 0.4 9.2 8.1
pH 5.9 6.6 7.6 7.4 7.7 7.6 7.6 7.9 7.5 7.7 8.3
Eh 59 20.1 -29.4 -22.6 -35.5 -41.2 -36.4 -55.2 -32.8 -44.7 -77.5
) Clay | V% 20 13.4 12.3 7.1 10.9 9.8 14 6.6 11.2 11 4.7
tse?:tlure Silt | V% 48.7 45.9 42.5 59.2 39.9 46.2 52.5 33.6 45.8 39.7 23
Sand | V% 31.3 40.8 45.2 33.8 49.2 44 335 59.8 43 49.3 72.2
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Figure 11. Principal component analysis (PCA) of the soil physicochemical parameters and
PTE (As, Pb, Hg, Cd) content. The figure illustrates the possible effects of the environmental
factors (see Table 8) on sampling sites.

4.2.2. Molecular studies (NGS) of the microbial community in Salgotarjan and Ozd soil
samples

4.2.2.1. Diversity indices

The alpha diversity of the 16S rRNA gene sequencing was used to calculate the bacterial
richness and diversity (Table 9) in the sampling sites (due to the low diversity of archaea, the
calculations could not be performed). Bacterial OTU ranged from 1701 to 2349. It is revealed
that only 37-53% of the total bacteria community is abundant more than 1% in all soil samples.
Among the diversity indices, the Chaol and ACE are particularly effective in estimating the
species richness. The Chaol, ACE, Shannon, and inverse Simpson indices ranged from 1704-
2406, 1722-2557, 6.49-7.03, and 128-485, respectively. It is observed that compared to the
control sample, the Shannon, and Inverse Simpson diversity indices of Salgétarjan metal(loid)-
enriched samples are high, however, the opposite was observed in the case of Ozd samples
(Table 9). The Simper test showed that the dissimilarity in diversity between control and
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metal(loid)-enriched samples is significantly low (9.5%). Archaea OTU ranged from 18 to 91.
The highest archaeal OTU number was found in sample OZD25 (91 OTU), whereas the lowest
value was defined in samples OZD38 and OZD54 (15 and 18, respectively). The correlation
analysis between the diversity indices and As, Pb, Hg, and Cd (also the environmental factors)

showed no significant correlation.

Table 9. The number of operational taxonomic units (OTUs) for Bacteria and Archaea,
estimated species richness, and diversity indices for Bacteria. The species richness and
diversity indices are shown only for Bacteria (due to the low abundance of Archaea).

Sample No of observed OTUs | Species richness Diversity indices
Inverse
Bacteria /Archaea Chaol | ACE Shannon | Simpson
STNO09 2117 | 33 2153 2253 6.77 325
STN14 2313 /| 52 2393 2528 6.91 456
STN24 2349 |/ 39 2406 2530 6.96 389
STN30 2272 | 50 2292 2361 7.03 485
STN37 (control) 1701 / 51 1704 1722 6.63 309
0ZDO02 (control) 2133 | 27 2138 2184 6.96 484
0zD25 1933 / 91 1933 1939 6.68 150
0zD38 2317 | 15 2405 2557 6.49 128
0zD39 1997 | 32 1997 1999 6.83 200
0zDA42 2023 /| 52 2036 2086 6.77 294
0zD54 1810 / 18 1844 1905 6.55 206

4.2.2.2. Soil microbial community composition

Analysis indicated that in all the sampling sites on the level of the phyla, the bacterial
community was dominated by Proteobacteria, which constituted 20-22.8 % of the total soil
bacterial community in Salgétarjan and 25-28% in Ozd soil samples, independently from PTE
(though, characteristic differences could be observed at lower-level taxonomic units). In
Salgotarjan samples, the abundance was followed by Acidobacteria (9.8-14.4%),
Actinobacteria (9.1-12.6%), Bacteroidetes (8.3-12.3%), Planctomycetes (8.9-12%),
Patescibacteria (7.1-10.2%), Verrucomicrobia (4.1-9%), and Chloroflexi (4-7%) (Figure 12A).
In Ozd samples, however, the abundance was followed by Planctomycetes (10-13.8%),
Acidobacteria  (7.7-13.1%), Bacteroidetes (7-12.3%), Actinobacteria (7.6-11.7%),
Patescibacteria (2-11.7%), Verrucomicrobia (3.6-7.3%), and Chloroflexi (2.5-7.1%) (Figure

12A). The abundance of unclassified bacteria ranged between 3.6-7.1% in Salgotarjan and 3.6-
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12% in Ozd soil samples. The above-mentioned phyla cover 91% of the soil community (Figure
12A). The relative abundance of each phylum varied among the sampling sites, and the overall
average dissimilarity of phyla was only 15% between control and metal(loid) enriched samples.
Compared to the control samples, the metal(loid)-enriched samples were characterized by a
low abundance of Acidobacteria and a higher abundance of Patescibacteria in both city samples
(Figure 12A).

The archaeal community in all sampling sites of Salgétarjan and Ozd was dominated by
Thaumarchaeota (19.6-62.5%), Nanoarchaeota (6.7-60.8%), and Euryarchaeota (6.25-28%),
and these phyla covered the 95% of the archaeal communities (Figure 12B). Among all the
sampling sites, Crenarchaeote appeared only in the sampling site STN30, one of the low
metal(loid) and high organic content sites (roadside sample). The highest number of OTU (at
the level of phyla) was observed in sample OZD25, however, the lowest number of archaeal
phyla was observed in sampling sites 0ZD38 and OZD54 of Ozd (Figure 12B), and the most
PTE enriched sites. The average dissimilarity, based on the Simper test, of archaea phyla in

control and metal(loid) enriched samples was 35%.
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Figure 12. The results of NGS analysis (see section 3.4.4) shows the distribution of Bacteria
(A) and Archaea (B) phyla in Salgétarjan (STN) and Ozd (OzD) soil samples. STN37 and
0zD02 are control samples.
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The taxonomic differences between metal(loid)-enriched and control sampling sites were
especially visible at class and genus level. In contrast to the control sample, a significant
increase of Gammaproteobacteria, Deltaproteobacteria, Planctomycetacia, and Actinobacteria
was observed in Salgé6tarjan urban soils (metal(loid)-enriched), whereas in Ozd urban soils the
OTU number of Deltaproteobacteria, Planctomycetacia, and Actinobacteria considerably
decreased. The characteristic abundance of Subgroup 6 and Latescibacteria_cl in control
samples, on the other hand, Parcubacteria and Saccharimonadia in urban samples (metal(loid)-
enriched) of both cities (Table S5).

In the case of Archaea, the most abundant classes belong to Thermoplasmata, Woesearchaeia,
and Nitrososphaeria, typically observed in control or low metal(loid)-enriched samples.
Among the sampling sites, in the sample OZD25, one of the low PTE containing Ozd urban
soil, the number of Thermoplasmata and Nitrososphaeria is highest. The lowest number of the
mentioned Archaea classes were observed in the most PTE-enriched sites (Table S6).

At the genus level, more than 1 % of genera represented the 37-53 % of the total community.

Among them, Subgroup_6_ge are the most abundant genera in all sampling sites (both cities),
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followed by Saccharimonadales_ge (Figure 13). Analysis indicated clear differences that
emerged at the genus level where certain taxa decreased or increased significantly in
metal(loid)-enriched samples. It is noticed that the relative abundance of Subgroup_6_ge and
Latescibacteria_ge in control and Saccharimonadales ge and Parcubacteria in the
metal(loid)-enriched samples are substantially high. Additionally, an increase of
Pedosphaeraceae_ge and Haliangium in Ozd control sample and Pedosphaeraceae_ge and
Flavobacterium in Salgétarjan urban soils was observed (Figure 13).

The Simper test proved the significant OTU dissimilarity among urban soils (metal(loid)-
enriched) and control samples with 72.16 %. Main contribution was from the genus
Pseudomonas (Proteobacteria), MB-A2-108 ge (Actinobacteria), RB41 (Acidobacteria). The
biggest variation (83.83%) was observed in sample OZD54, which is enriched in metal(loid)
concentration. It was observed that the number of Alphaproteobacteria (Ellin6055 genus) and
Blastocatellia (RB41 genus) in sample 0zZD54, meanwhile Gammaproteobacteria
(Burkholderiaceae_unclassified genus) in samples OZD38 and OzZD54 (two highly

metal(loid)-enriched samples) are abundant than other sampling sites.
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Figure 13. The most abundant (>1%) bacterial OTUs (genus level) in Salgétarjan and Ozd soil
samples. The plot shows the number of OTUs in each sample. STN37 and OZDO02 are control

samples.
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The most abundant Archaeal genera were Woesearchaeia_ge, Nitrososphaeraceae_ge and
unclassified Thermoplasmata in both cities representing 6.7-60.8%, 11.1-53.1%, and 3-14.3%
of the communities, respectively. The number of abundant Archaeal genera at the sampling
sites does not follow any patterns, however, there is a significant decrease of
Nitrososphaeraceae _ge, Woesearchaeia_ge in the metal(loid)-enriched sites (OZD38 and
0OzZD54) (Figure 14). The most abundant Archaeal OTU was encountered at the sample
0zD25, which contains low metal(loid) and high organic content, which was observed in

higher taxonomic levels as well (Figure 14).
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Figure 14. The present archaeal OTU (genus level) in Salgétarjan and Ozd urban soil samples.
The number of OTUs in each sample is shown in the plot. STN37 and OZDO02 are control
samples.

As the abundance of the rare genera (abundance less than 1%) was responsible for 47-63% of
the total community, their potential impact on soil processes cannot be ignored. Analysis
showed that in Salgétarjan and Ozd soils, some of the rare taxa (at genus level) exist either

only at the metal(loid)-enriched or control soil samples (Figure 15A and B). Among them

59



Sulfurifustis, and Candidatus Moranbacteria, together with other rare genera (Figure 15), exist

only in the urban samples (metal(loid)-enriched). On the other hand, genera, such as

Nitrobacter,

Filomicrobium,

Lactobacillus, etc.

(Figure

15A)

and Azomonas,

Methyloterrigena, Emticicia, etc. (Figure 15B) were found only in in Salgétarjan and Ozd

control samples.
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Figure 15. Identified rare taxa (at genus level) in Salgétarjan (A) and Ozd (B) urban soil
samples. Sample STN37 and OZDO02 represent control samples.
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4.2.2.3. The relative impact of environmental parameters and heavy metal(loids) on community
composition

Based on the nonmetric-multidimensional scaling (NMDS) ordination analysis (see section
3.6.5), the enrichment of the selected PTE significantly affected the diversity of prokaryotic
communities (OTU assemblies) at the sampling sites (Figure 16). Among PTE, Cd and Hg
were found to have a significant positive connection with microbial communities. Soil
physicochemical parameters, such as Eh (NMDS2=-86.9%, r?=0.74, p<0.006), pH
(NMDS2=86.8%, pH- r>=0.7, p<0.01), clay fraction (NMDS2=-80.9%, r>=0.82, p<0.01), sand
fraction (NMDS2=78.5%, r’=0.74, p<0.007) significantly correlated with NMDS2, whereas,
Cd (NMDS1=99.4%, r?=0.75, p<0.002) and Hg (NMDS1=98.0%, r?=0.77, p<0.007)
significantly correlating with NMDS1 (Figure 16). Especially, the impact of the selected
metal(loid)s on the samples STN30, OZD38, and OZD54 is very strong, whereas the
community in the STNO9 sample is mainly affected by low soil pH value and clay fraction.
The taxonomic differences (OTU) were identified by the Simper test, and taxa with high load
for each sampling site were shown in Figure 16, which revealed minor clusters indicate the
similarity of the OTUs in the Salgétarjan and Ozd urban soils. However, among them, samples
STNO09, 0ZD25, STN30, 0ZD38, and OZD54 represented higher dissimilarities than the other
samples (showing similarity). One of the biggest variations (OTU difference) was observed in
sample OZD54, where the anthropogenic metal(loid) input (from industry) altered the soil
texture and became rather sand fraction dominated compared to other samples. A huge shift in
Proteobacteria (Ellin6055_ge, unclassified Burkholderiaceae) and Acidobacteria (RB41_ge)
was observed at this site (Figure 16). Besides, other moderate metal(loid)-enriched samples
(STNQO9, OzD25, STN30, and OzZD38) indicated additional patterns with a shift in
Bacteroidetes (Flavobacterium), Actinobacteria (Aeromicrobium, unclassified
Micrococcaceae), Proteobacteria (Pseudomonas, Sphingomonas) and Verrucomicrobia
(Candidatus Udeobacter). Though the samples STN14, STN24, 0ZD39, and OZD42 are
moderately or highly enriched with various metal(loid)s (including PTESs), they show an OTU
similarity to control samples (STN37 and OZD02) (Figure 16).
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Figure 16. Results of NMDS analysis based on bacterial OTUs and environmental factors
(p<0.05). The stress level is 0.08 (a fair stress value is one that is equal to or lower than 0.1,
whereas a good fit is one that is equal to or lower than 0.05). The unique phyla and genera in
sampling sites are shown next to the sampling sites. The studied Salgotarjan (STN) and Ozd
(OZD) microbiological samples are connected by dotted lines separately. Sample STN37 and
0ZD42 are control samples.

According to Spearman correlation analysis, soil microbial communities respond differently to
environmental factors (Figure 17A and B). It is noticed that the content of heavy metal(loid)s
significantly correlated with 9 bacterial phyla (Figure 17A) and 7 abundant bacterial genera (p
< 0.05) (Figure 17B). In particular, Patescibacteria, Armatimonadetes, Dependentiae,
Fibrobacteres, and Gemmatimonadetes showed positive (p<0.05) correlation with As, Cd, and
Pb, respectively. A strong negative correlation was also observed between Rokubacteria,
Latescibacteria vs. Hg, Cd, and Pb (Figure 17A).

At the level of bacterial genera, Saccharimonadales _ge, Longimicrobiacea ge, and
Parcubacteria_ge, as well as unclassified Rhizobiales, and Parcubacteria were significantly
related to Hg, Cd, Pb, and As, respectively. It is observed that among the genera, the heavy
metal(loid)s, particularly Hg, Cd, and Pb, are negatively influencing OM190 ge and
Latescibacteria_ge (Figure 17B).
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Though the analysis for Archaeal phyla also indicated two clusters, a significant positive
correlation could be observed only between Thaumarchaeota and soil ammonia content and

clay fraction (Figure 18). There is no sign of the connection between soil PTE content and
Archaea phyla.
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Figure 18. Spearman correlation heatmap showing the connection between environmental
factors, PTE and Archaea phyla. Correlation significance values (p<0.05) are shown by stars.

4.2.3. Cultivation of metal(loid) tolerant/resistant Bacteria

Cultivation (see section 3.5.1) revealed a high number of bacteria tolerant to 200 pg/ml Pb and
Cd salts, ranging from 0.5*10™ to 16.2*10™ for Pb and from 0.007*10™ to 1.5*10™ for Cd.
However, there is very less or no growth on Hg and As salts amended plates (Figure 19). In
total, 220 isolates were obtained from the plates and exposed to elevated concentrations of the
PTE salts to identify minimum inhibitory concentration (MIC) values. From them, 21 bacterial
strains were studied based on their tolerance to separate and complex effects of PTEs (Table
10).
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Figure 19. Resistant colony forming unit (CFU) counts in Pb, Cd, Hg, and As salt amended
nutrient media plates. The number of Hg and As resistant bacteria are very low (or there is not);
thus, it cannot be seen in the figure. The samples STN37 and OZDO02 are control samples. The
details are in Table S7.

The selected 21 PTE-resistant bacterial strains were identified by 16S rRNA gene sequence,
and the minimum inhibitory concentrations (MIC) connected to four toxic compounds (Table
10). These values change for different bacterial species and strains, ranging between 1300 —
3000 pg/ml for Pb, 600 — 15000 pg/ml for Cd, 600 — 1500 pg/ml for Hg, and 100 — 1000 pg/mi
for As. Remarkable differences among species in terms of metal(loid) tolerance were observed.
A single Delftia acidovorans strain S24E7C and Pseudomonas spp. depicted considerable
resistance to Pb, Cd, and Hg, whereas significant As tolerance was observed only in the case
of the strains of Bacillus species. Due to their sensitivity, certain strains did not grow in the As

salt-containing medium (Table 10).
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Table 10. Isolated bacterial strains and their tolerance to selected metal(loid) salts. All listed strains resisted the complex effect of metals (Pb-900
pg/ml, Cd-600 pg/ml, Hg-600 pg/ml).

Strain Species NCBI PTE
ID accession Pb (ug/ml) Cd (ug/ml) Hg (ug/ml) As (ug/ml)
number

S9ES8P Bacillus pseudomycoides MT765153 1600 600 600 800
S14E3P Bacillus pseudomycoides MT765154 1600 600 600 400
S14E4P Aminobacter aminovorans MT765155 1600 600 600 -
S14E6H Azospirillum brasilense MT765156 1300 600 800 -
S14E9P Ochrobactrum lupini MT765157 1600 800 600 1000
S3010P Arthrobacter gyeryongensis MT765158 1600 600 600 100
S9E3P Bacillus mobilis MT765159 1600 600 600 600
S9E4H Bacillus megaterium MT765160 1500 2000 1200 1000
S14E1C Cupriavidus campinensis MT765161 3000 15000 1400 200
S14E3C Cupriavidus campinensis MT765162 3000 10000 1400 200
S14E4C Cupriavidus campinensis MT765163 3000 15000 1500 400
S14E6C Cupriavidus campinensis MT765164 3000 15000 1500 200
S24E2P Bacillus mobilis MT765165 1600 600 600 600
S24E3C Cupriavidus campinensis MT765166 3000 4500 1400 100
S24E7C Delftia acidovorans MT765167 3000 3000 1400 200
S24E7H | Pseudomonas frederiksbergensis | MT765168 1500 2000 1200 -
S24E9P | Brevibacterium frigoritolerans MT765169 1600 600 600 600
S30E2H Pseudomonas kunmingensis MT765170 1500 2000 1200 -
S30E3H Pseudomonas kunmingensis MT765171 1500 2000 1200 100
S303Pb Bacillus idriensis MT765172 1600 600 600 800
SK27P Bacillus simplex MT765173 1600 600 600 800

- No bacterial growth
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Among all the identified strains, Cupriavidus campinensis strain S14E4C tolerated extremely
high concentrations of the metal(loid) salts and therefore were picked for further analysis,
including whole genome sequencing (see section 3.5.4), to identify its potential in PTE
resistance (Table 10 and Table 11). Additionally, to compare its metal(loid) resistance to other
Cupriavidus sp., the strain was exposed to metal(loid) salts in two different media. The nutrient
and Tris-salt mineral medium indicated a significant difference in terms of growth inhibition.
Resistance to heavy metal(loid)s in the nutrient medium was extremely high, on the contrary,
resistance to metal(loid) salts of the strain S14E4C in low phosphate Tris-salt mineral medium
was lower, and obtained values are not considerably high compared to other Cupriavidus

species, though the Hg resistance is noticeable (Table 11).

Table 11. Comparison of different Cupriavidus strains based on their minimum inhibitory
concentration (MIC) values. The values for C. campinensis S14E4C are from this study.

MIC (ug/ml) *
Metal(loid) | Compound* C. gilardii | C. C. C.
ionic form CR3 metallidurans | campinensis | campinensis
CH34 S14E4C S14E4C
Cd CdCI>*5H,0 1000 1000 - -
CdS04*3/8H.0 | - - 15000 1500
Hg HgCl» 100 100 1200 500
Pb Pb(NO3)> 1300 300 3000 800
As As,03 - 800 500 200
Used media Tris- Tris-salt Nutrient Tris-salt
buffered mineral medium mineral
mineral salt | medium medium
medium

*MIC values of C. gilardii CR3 and C. metallidurans CH34 are from reference (Janssen et al.,
2010; Monsieurs et al., 2011; Wang et al., 2015), C. campinensis is from the present study.
“C. gilardii CR3 and C. metallidurans CH34 cadmium resistance were checked by
CdCl>*5H20, whereas in C. campinensis S14E4C by CdSO4*3/8H.0 salt.
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4.2.4. Whole-genome sequencing (WGS) of Cupriavidus campinensis S14E4C

4.2.4.1. Genome structure and general features of Cupriavidus campinensis strain S14E4C

The genome of S14E4C is 6,322,653bp long with a GC content of 66.3% after assembly to 52
contigs (contigs shorter than 500 bp were removed) with a 78.3x coverage value. A total of
5,968 putative coding sequences (CDSs) were validated by homology, and 4,460 CDSs were
assigned to one or more functional classes (Table 12), whereas 1,508 CDSs are identified as
hypothetical based on functional annotation. The draft genome contained 49 tRNA and 7 rRNA
genes (including 5S, 16S, and 23S rRNA) and is displayed in Figure 20.
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Figure 20. A circular graphical display of the C. campinensis S14E4C genome (contains
chromosome and plasmid contigs) and applicable genes. This includes CDS on the forward
strand, CDS on the reverse strand, RNA genes, Transposase, pseudogene, GC content, and GC
skew. The figure was prepared by the CGView circular genome visualization tool.
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The analysis resulted in 2 plasmids with the length of 295,460 bp and 50,483 bp and with an
average GC content of 59.9% and 63%, respectively. Plasmid 1 contains genes mainly
encoding mechanisms of metal resistance (Cd, Hg, Cu, Zn, etc.) and membrane cation transport
and additionally genes encoding proteins involved in carbohydrate metabolism and c-type
cytochrome biogenesis. Whereas plasmid 2 carries genes for antibiotic resistance (e.g.,
tetMOPQST) and operon for ribosomal protein synthesis (SSU rRNA, LSU rRNA, 5S rRNA).

Table 12. General features of Cupriavidus campinensis S14E4C genome. bp- base pairs, GC-
Guanin + Citozin, CDS — coding sequences

Features Genome Plasmid 1 Plasmid 2
Size (bp) 6,322,653 295,460 50,483
Contigs 52 4 7
Contig L50 7 1 1
Contig N50 290,832 212,313 43,173
GC content 66.3 59.9 63
tRNA 49 0 6
rRNA 7 0 3
Total number of CDSs 5,968 351 43
CDSs with assigned functions 4,460 158 27
Hypothetical proteins 1,508 193 16
CDSs with EC number assignments 1,265 31 9
CDSs with GO assignments 1,091 27 9
CDSs with KEGG pathway assignments 972 17 9

4.2.4.2. Metabolic pathways

The genome of C. campinensis S14E4C consists mostly of known genes encoding metabolic
modules and various pathways that support its growth. The main metabolic genes are shown in
Figure 21. Among them genes of cyanate hydrolysis (cynRXST operon), nitrate and nitrite
ammonification (nrf, nar, nit, nat reductase or transport), nitrate reductase (narRKGHJIA,
nirVK, norDQBCFE, nosXLYFDZR) and gene clusters responsible for nitrogen metabolism
(Figure 21).

The biochemistry of the bacterial sulfur metabolism pathways is quite complex and encoded
by soxABXYZDFCRSWH gene cluster. In the case of organic sulfur assimilation,
alkanesulfonate assimilation and utilization occur by ssuA - alkanesulfonates-binding, ssuB -
alkanesulfonate ABC transporter ATP binding, ssuF - organosulfonate utilization, ssuC -
alkanesulfonates transport system permease, ssuD - alkanesulfonate monooxygenase, etc.

proteins.
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The strain S14E4C implements phosphate metabolism with ptsS (putative periplasmic
phosphate-binding protein), ptsA (phosphate transport system permease protein), ptsB
(phosphate transport ATP binding protein), oprO and oprP (pyrophosphate and phosphate
specific outer membrane porins) genes. The spectrum of carbohydrate metabolism is broad,
and several operons are responsible for maltose and maltodextrin utilization
(malEFGKMPRAZ), and mannose metabolism (manYZBCEFGKL, mtpEFGKL) (Figure 21).
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Figure 21. Subsystem coverage and category distribution of the genome of S14E4C strain. The
pie chart demonstrates the counts for each subsystem feature and the subsystem coverage. The
number of genes for each category was shown in brackets. Subsystem coverage represents the
percentage of annotated and remaining genes.

4.2.4.3. Genes/gene clusters of metal(loid) resistance

Referring to the genome annotation analysis Cupriavidus campinensis strain S14E4C possesses
an extensive number of heavy metal(loid) resistant genes and gene clusters (Table 13). The
genome also carries genes and gene clusters involved in the transport and resistance of Cd?*,
Pb?*, such as czcABCREI, cadAR, ctpD, plasmid-mediated trcD, etc. The Hg?* resistance
system at strain S14E4C consisted of merR gene, which activates transcription of mer operon
(merRTPCADE) in elevated concentrations of Hg. The operon is located on contig twelve with

the gene order shown in Figure 22, and delimited by transposon sequences.
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Figure 22. Mercury resistance gene cluster: The chromosomal region of the focus gene (top) is
compared with three similar organisms. The graphic depicts the focus gene, which is red and
numbered 1. Sets of genes with similar sequences are grouped with the same number and colour
(1- mercuric ion reductase, merA; 2- TnpA transposase (left), Transposase Tn3 (right); 3-
periplasmic mercury (2+) binding protein merP; 4- mercuric transport protein merT; 5-
transcriptional regulator merR family; 6- mercuric resistance operon coregulator merD; 7-
mercuric transport protein merC; 8- mercuric transport protein merg; 9- DNA-invertase).
Genes whose relative position is conserved in at least three other species are functionally
coupled and share grey background boxes

In addition to the cluster elements, several ars gene homologs (arsB, arsC, arsR, arsH) were
identified in the genome of Cupriavidus campinensis S14E4C for arsenate (AsO4%) resistance,
and the strategy followed by bacteria depend on the arsenate reductase (ArsC) protein (Table
13).

Table 13. Genes/gene clusters of metal(loid) resistance (MR) of Cupriavidus campinensis
strain S14E4C. Some genes exist in multiple copies (locations were shown).

Genes Functions Metal(loid) Locus tag
CzCA¥ 12 Cobalt-zinc-cadmium resistance protein Cd?*, Co*', Zn?* FGG12 RS19525
Cc2cB* 12 Copalt-zinc-_cadmium efflux RND transporter, membrane FGG12_RS19530

fusion protein Cd?*, Co?*, Zn?*

czcC#12 Heavy metal RND efflux outer membrane protein Cd?*, Co?%*, Zn?* FGG12 RS19535
czcR*12 Cobalt-zinc-cadmium resistance protein Cd?*, Co?%*, Zn?* FGG12 RS19515
czcE# 12 CzcE family metal-binding protein Cd*, Co*, Zn* FGG12_RS19505
czcl* 12 Cobalt-zinc-cadmium regulatory protein Cd*, Co*, Zn* FGG12_RS19540

12 . . FGG12_RS19635
cadA Cadmium-translocating P-type ATPase Cd?*, Co?, Zn?* FGG12 RS19680
cadr?1? Cobalt-zinc-cadmium transcriptional regulatory protein Cd?*, Co**, Zn?* FGG12 RS19620
merA# 12 Mercuric ion reductase Hg?* FGG12 RS19735
merC#12 Mercuric transport protein Hg?* FGG12 RS19740
merp* 12 Periplasmic mercury (+2) binding protein Hg?* FGG12_RS19745
merT#12 Mercuric transport protein Hg?* FGG12 RS19750
merR# 12 Mercuric resistance operon regulatory protein Hg?* FGG12 RS19755
arsB*! Arsenic transporter (efflux pump) As®t, As®* FGG12 RS00815

" o FGG12_RS25020
arsC Arsenate reductase As FGG12 RS00810

FGG12_RS00835
arsR*1:46 Transcriptional regulator As Eggg:gg(ﬁg;g
FGG12 RS09700
arsH*! Organoarsenical detoxification As®* FGG12_RS00805

# Genes located on plasmid; * genes located on the chromosome; Numbers depict relevant
contigs; Locus tags are from NCBI annotation.
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4.2.4.4. Phylogenetic and phylogenomic analysis of C. campinensis S14E4C

The phylogenetic analysis suggested that the C. campinensis S14E4C strain is a member of the
Cupriavidus genus, and its closest relative was C. campinensis LMG 11957 (AF312020)
(Figure 23). Besides, strain S14E4C is phylogenetically close to C. gilardii and C. pampae
with a 98 % similarity value. Additionally, some other core genes (e.g. gyrB, rpoD, recA, etc.)
were concatenated with the 16S rRNA gene and analysed on PATRIC (Wattam et al., 2017).
In fact, the precise phylogenetic position of C. campinensis S14E4C was placed by genome
sequence and depicted in Figure 24. These results are supported by the tree generated on TYGS
database (based on genome signatures), which depicted similar results to Figure 24 (Meier-
Kolthoff & Goker, 2019). The genome-wide Average Nucleotide Identity (gANI) value
between strain S14E4C and C. metallidurans CH34 was identified (Yoon et al., 2017) as
81.98% to confirm the genomic relatedness (80-100% ANI; Jain et al., 2018).

Cupriavidus laharis LMG 23992" (AB054961)

Cupriavidus pinatubonensis 1263a’ (AB054961)
Cupriavidus numazuensis TE26' (AB104447)
Cupriavidus basilensis LMG 18990 (AF312022)
Cupriavidus yeoncheonensis DCY86' (KF915797)
Cupriavidus oxalaticus LMG 2235" (AF155567)
Cupriavidus necator LMG 8453" (AF191737)
Cupriavidus alkaliphilus ASC 732" (HQ438078)

Cupriavidus nantongensis X1' (KU168038)

Cupriavidus taiwanensis LMG 194247 (AF300324)

Cupriavidus respiraculi LMG 215107 (AF500583)

= Cupniavidus plantarum ASC 64" (HQ438086)

— s0

Cupriavidus metallidurans LMG 1195" (D87999)
100

Cupriavidus pauculus LMG 3413 (AF085226)

100

Cupriavidus gilardii LMG 5886" (AF076645)

100 Cupriavidus campinensis LMG 1195" (AF312020)
—|wn
Cupniavidus campinensis S14E4C (MK660715)

Cupriavidus pampae CPDB6" (FN430567)

Polynucleobacter cosmopolitanus CIP 109840" (AJ550672)

Figure 23. Phylogenetic relationship of Cupriavidus campinensis S14E4C strain and the
members of Cupriavidus species based on 16S rRNA gene sequence. Cluster analysis was
based upon the neighbor-joining method with Polynucleobacter cosmopolitanus CIP 109840T
(AJ550672) as the outgroup root. The MrBayes method was used to generate the tree and its
support values (only values above 50% are presented). Bar, 0.02 substitutions per nucleotide
position. The tree was visualized by FigTree v1.4.4.
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Figure 24. Phylogenomic tree predicted on TYGS database. Genomic G + C content (63.53—
68.47%), 6 values (0.08-0.2), overall genome sequence length (5,783,696-9,185,558 bp),
number of proteins (5142—7932). Values increase based on the colour range (from white to
black).

4.5. Human health risk assessment
4.5.1. Non-carcinogenic risk

The non-carcinogenic risk was calculated with the reference dose (RfD) (Table 3) and average
daily intake (ADI) values of PTEs for adults and children based on equations 2, 3, and 4 (Table
14). The results for ingestion, inhalation, and dermal pathways show (Figure 25) that hazard
quotient (HQ) and hazard index (HI) values of more than 1 represent a potential non-
carcinogenic risk for adults and children. The average HQ values for children exceed HQ
values for adults from the ingestion pathway for all PTEs (Table S8). The highest HQing value
for children was 0.47 for As and 0.29 for Pb in Salgotarjan and 0.36 for As and 0.29 for Pb in
Ozd soil samples (Table S8). According to the results, the average HQ and HI values do not
exceed the threshold value (1) in any city and can be considered safe for adults and children
(Figure 25).
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Table 14. Summary of average daily intake (ADI) of the selected PTE through ingestion (ing), inhalation (inh), and dermal (derms) pathways for
adults and children in Salgotarjan and Ozd urban soils. The exposure duration for non-carcinogenic (chronic) risk was considered 30 years for

adults and 6 years.

Salgotarjan Ozd
As Pb Hg Cd As Pb Hg Cd
Non-carcinogenic | ADI-ing 1.52E-05 1.12E-04 1.41E-07 4.87E-07 1.14E-05 1.13E-04 3.14E-07 2.41E-06
Adults ADI-inh 2.33E-09 1.73E-08 2.17E-11 7.49E-11 1.76E-09 1.73E-08 4.84E-11 3.72E-10
ADI-dems | 3.76E-06 | 2.78E-05| 3.50E-08 1.21E-07 | 2.83E-06 2.79E-05 7.79E-08 5.98E-07
Non-carcinogenic | ADI-ing 1.42E-04 | 1.05E-03 1.32E-06 4.55E-06 1.07E-04 1.05E-03 2.93E-06 2.25E-05
Children ADI-inh 5.45E-09 4.03E-08 5.07E-11 1.75E-10 | 4.10E-09 4.04E-08 1.13E-10 8.67E-10
ADI-dems | 1.81E-05 1.34E-04 1.69E-07 5.82E-07 1.37E-05 1.35E-04 3.76E-07 2.89E-06
Carcinogenic ADI-ing 6.50E-06 | 4.81E-05| 6.05E-08 2.09E-07 | 4.90E-06 4.82E-05 1.35E-07 1.03E-06
Adults ADI-inh 1.00E-09 | 7.41E-09 | 9.31E-12 3.21E-11 | 7.54E-10 7.42E-09 2.07E-11 1.59E-10
ADI-dems | 1.61E-06 1.19E-05 1.50E-08 5.17E-08 1.21E-06 1.19E-05 3.34E-08 2.56E-07
Carcinogenic ADI-ing 6.07E-06 4.49E-05 5.65E-08 1.95E-07 4.57E-06 4.50E-05 1.26E-07 9.66E-07
Children ADI-inh 9.34E-10 | 6.91E-09 | 8.69E-12 3.00E-11 | 7.03E-10 6.93E-09 1.93E-11 1.49E-10
ADI-dems | 1.50E-06 1.11E-05 1.40E-08 4.83E-08 1.13E-06 1.11E-05 3.11E-08 2.39E-07
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Figure 25. The average non-carcinogenic (chronic) risk assessment values for adults and
children in Salgétarjan and Ozd soil samples. Table S1 and S2 were used for calculations. Ing
— ingestion, inh- inhalation, and dems- dermal pathways
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Sampling sites in Salgo6tarjan and Ozd, such as STN24, STN30, 0ZD13, 0ZD38, 0ZD42, and
0ZD54, depicted a significant non-carcinogenic risk for children’s health through the ingestion
pathway (HQing and Hling>1) (Figure 26; Table S8).
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Figure 26. Non-carcinogenic (chronic) risk in sampling sites STN24, STN30, 0ZD13, OZD38,
0zD42, and OZD54 of Salgdtarjan and Ozd. Ing — ingestion, inh - inhalation, and dems-
dermal pathways
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4.5.2. Carcinogenic risk

The lifetime carcinogenic risk for adults and children was estimated separately from the
average influence of each PTE for all the pathways by using Equations 5 and 6. Based on the
calculated carcinogenic risk ADI values (Table 14), the excess lifetime cancer risk values were
computed (Table S8). Due to their cancer slope factor values (CSF; Table 3), the carcinogenic
risk could be calculated from the ingestion point of Pb and As (adults and children). Results
showed that in both cities, the sampling sites exhibit low carcinogenic risk for adults and
children (Figure 27; TableS8).
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Figure 27. Carcinogenic risk assessment values for adults and children in Salgétarjan and Ozd
for the selected PTE. Ing — ingestion, inh - inhalation, and dems- dermal pathways
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Chapter 5. DISCUSSION
5.1. Metal(loid) contamination in Salgétarjan and Ozd soils
5.1.1. Distribution and enrichment of metal(loid)s

The issue of metal(loid) pollution in urban soil is well-known all across the world, and numerous
studies have been conducted to investigate their enrichment in many countries (Alloway, 2013;
White, 2018). Due to widespread anthropogenic activities, PTE contamination usually coincides in
industrial cities. In this study, analysis of selected PTE (As, Pb, Hg, and Cd) content in urban soils
showed that the concentration of PTEs exceeded the maximum permissible soil values (Figure 7,
Table 4), which indicates significant PTE contamination in the cities. Moreover, Salgétarjan urban
soils were lesser contaminated with PTEs than Ozd urban soils, whereas in both cities, the
enrichment of Pb and Cd was relatively higher than As and Hg (Figure 8). This suggests that Hg
and As might have partially originated from a natural source and partially from anthropogenic
sources (Figure 10). Hooda, (2010) stated that PTEs in soils might have lithogenic or anthropogenic
origins, however, in most sampling sites, high PTE concentrations are linked to human-induced
activities, which increases the metal(loid) toxicity and health risk. Though we were not able to
observe any direct connection between sampling categories (kindergarten, playground, park,
others) and enrichment of the selected four PTE, outlier samples from all categories depicted high
PTE concentration (Figure 9). Particularly, the sampling sites STNO9, STN24, STN30 in
Salgdtarjan and 0ZD13, 0ZD38, 0ZD42, and 0ZD54 in Ozd, considered as outliers, show high
enrichment of all PTEs (Figure 7), and these samples are located either next to the local industrial
sites or rarely in some playground/parks of the studied cities (Figure 9). In the sampling sites, the
PTE enrichment is at least 10 times and in industrial areas 100 times higher than the geochemical
background value (Figure 7; Figure 9). These findings preliminarily suggest that anthropogenic
input from industrial operations was substantial enough to cause significant soil contamination.
Comparable results from kindergarten, playground, and park soils of surrounding European
countries were published, where the concentration of As, Pb, Hg, and Cd, is either higher or lower
than Salgotarjan and Ozd soils (Table 15). For example, our results from Salgétarjan and Ozd show
significantly higher As and Pb content in urban soils compared to those of fifty-nine kindergarten
and nineteen park soils of Bratislava (Slovakia; Hiller et al., 2017), one hundred eighteen samples
of Maribor (Slovenia) (Gabersek & Gosar, 2018), and in nine urban parks of Ostrava (Czech
Republic) (Galuskova et al., 2014) (Table 15). However, in one hundred twenty one Novi Sad
urban soils, the concentration of As and Pb, which was published by Mihailovi¢ et al., (2015), is

slightly similar to our study areas.
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Table 15. Summary (minimum, mean, and maximum values) of PTEs in urban soil samples from Salgétarjan, Ozd, and other comparative cities.

Cities Urban soils (mg/kg) References
As Pb Hg Cd

Min. | Avg. | Max. | Min. Avg. Max. | Min. | Avg. | Max. | Min. | Avg. | Max.
Salgotarjan | 3.7 11 73.6 8.5 82 1692 | 0.03 | 0.1 0.5 0.1 | 0.36 | 1.6 | This study
Ozd 2.7 8.4 36.9 6.6 80 1674 | 0.015| 0.23 49 |0.11 | 1.77 | 62.9 | This study
Bytom 16.9 | 46.1 138 69 627 5260 - - - 0.75 | 19.6 | 106 | (Ullrichetal., 1999)
Ostrava 11 21 31 27 58 125 - - - 0.2 | 044 | 1.0 | (Galuskovaetal., 2014)
Bratislava | 2.69 | 7.34 14.2 11 26.1 183 002 | 012 | 043 | 0.1 | 0.23 | 0.84 | (Hilleretal., 2017)
Maribor 5.2 10.1 16.9 19 60.5 626 |0.0320.095| 0.81 | 0.14 | 0.32 | 2.28 | (Gabersek & Gosar, 2018)
Berlin - 5.1 126 - 119 4710 - 042 | 71.2 - 0.92 | 131 | Birkeetal., 2011
Novi-Sad 2.1 6.5 111 8.9 82.3 999.1 - - - - - - Mihailovi¢ et al., 2015
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In contrast, the enrichment of selected four PTE in Salg6tarjan and Ozd never exceeded the
values reported from industrial sites of Berlin (Birke et al., 2011) and one hundred twenty-two
soil samples in Bytom (Poland), one of the most disastrous industrial areas of Europe (Ullrich
etal., 1999) (Table 15). One of the main reasons for high PTE contamination in city parks and
playgrounds in many studied cities (mentioned above) is mainly they are open areas and located
next to roads, and thus PTE-bearing dust can be accumulated easily. Similarly, Ljung et al.
(2006) stated that the oldest playgrounds had the highest multiple metal accumulation in Uppsala;
although Uppsala is not an industrial city and does not have many sources of metal pollution, the
oldest playgrounds showed a pattern of increased PTE with the age of the site. Thus, these findings
clearly show that anthropogenic input from industrial operations was substantial enough to

cause significant chemical and/or physical alterations in Salgétarjan and Ozd soils.

5.1.2. Connection between environmental factors and PTE distribution

The characteristics of PTE content in urban soils are related to their physicochemical properties
(Table 6 and Table 7), which play an essential role in their accumulation and mobility (Csorba
et al. 2014; Hiller et al. 2016). In the current study, Spearman rank correlation coefficient
analysis revealed a significant correlation between total organic carbon and Pb, as well as Fe
and As content in Salgoétarjan urban soils, indicating the role of these environmental factors on
the distribution of the related PTEs (Table 6). The relatively low correlation between As, Hg,
and Cd may suggest that As and Hg originated partially from an anthropogenic and partially
natural origin, which was consistent with earlier findings (Tepanosyan et al., 2017;
Radomirovi¢ et al., 2020).

On the other hand, the significant correlation among As, Pb, Hg, and Cd, as well as between
these PTE and Fe in Ozd (Table 7), implies that this metal(loid)s in the soil might have
originated from the same anthropogenic sources. This finding is consistent with a study by
Hiller et al. (2016), which found a link between PTE and Fe/organic matter content in urban
soils. Also, previous studies report that the abiotic redox reactions are the main factors
controlling the mobility and transformation of PTEs on the surfaces of Fe(l11)- and Mn-oxides,
as well as ferrous species and humic substances, mainly due to their high affinity and
absorption (Alloway, 2013; Caporale & Violante, 2016). These statements suggest that in
Salgotarjan soils, TOC and Fe whereas, in Ozd soils, Fe most likely constraints on PTE

mobility, thus bioavailability in the surface environment. Though the organic content of some
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urban soil samples indicates high values in Ozd soils (Table S4), no significant connection was
observed between soil organic matter and selected PTE content. This finding is consistent with
data that has been published from contaminated urban areas of Naples (Imperato et al., 2003),
where the organic content decreased if the metal content increased. This might be the result of
the high content of heavy metal(loid)s in polluted soils, which could slow down the
mineralization rate of soil organic matter as the experiment of Zhang & Wang, (2007) shows.
Additionally, metal(loid)-enriched urban soils are characteristic of high sand fractions, as
observed in our study (Table S4). Due to their nature, sandy soils contain less organic material
than clay and silt fraction dominated soils, which is the reason for organic content depletion in
most urban samples (Seddaiu et al., 2013). The urban soil samples are slightly alkaline, and it
is relatively high in PTE elevated sites (Table S4), which were similarly reported in Naples
(Imperato et al., 2003), Athens (Kelepertzis et al., 2016), and Maribor (Gabersek & Gosar,
2018).

5.1.3. Impact of local contamination sources on PTE distribution

Main local contamination sources, coal and coal ash in Salg6tarjan and smelter slag in Ozd
were identified and analysed for their PTE content (Figure 10). As a dominant energy source,
coal played a significant role in the industrial production of Salgétarjan and Ozd. It was found
that the As, Hg, and Cd content in Salgétarjan coal is significantly higher than those of Ozd
coal (Table 5). In all cases, the coal PTE values fall in the range of average world brown coal
PTE values (Keegan et al., 2006; Ketris & Yudovich, 2009). Though concentrations of Pb and
Cd in Salgétarjan coal and four selected PTE in Ozd coal are low, a long period of coal
combustion in the coal-fired power plant at Salgétarjan and different smelters in both cities,
but particularly in Ozd, could accumulate a significant amount of metal(loid)s, in coal ash and
smelter slag (Raj et al. 2019). It is known that during the coal combustion process, trace
elements evaporate, however, when temperature decreases, they condense back and attach to
fine particles (Pudasainee et al. 2020), which explains the impact of coal combustion on the
distribution of the studied metal(loid)s in both cities.

Another significant PTE contamination sources were coal ash in Salgétarjan and smelter slag
in Ozd, characteristic byproducts of heavy industrial activity (Garcia-Guinea et al., 2010;
Parzentny & Rog, 2021). Salgotarjan coal ash and Ozd smelter slag samples indicated
heterogenous PTE content (Table 5). The elevated As content of Salgétarjan coal ash could be

associated with local coal, as was reported with its high As content, as Table 5 shows. However,
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the low concentration of Pb, Hg, and Cd in Salgétarjan coal ash and four PTE in two Ozd
smelter slags (2 and 3) samples, from the recent industrial site, could be the result of the long-
term physical and chemical weathering process, which was also concluded by Lottermoser,
2004, studying smelter slag dumps in North-Queensland, Australia. Therefore, in Salgotarjan,
around the former steel factory and coal ash cone (Figure 7), there is no observable trace of
elevated PTE concentration and distribution (Figure 7). However, in Ozd, another smelter slag
sample (slagl) from the former iron industry showed an elevated concentration of the studied
four PTE (Table 5). The presence of such slag sample allows us to explain the elevated PTE
concentration in the urban soils collected in Ozd city centre (where the old factory operated),
around the former and recent industrial areas (Figure 7), showing several folds higher PTE
content than the local geochemical background value (Table 4). Particularly, the high content
of Hg in almost all urban soils of Ozd, except western and north-western parts due to the
distance to industries, might derive from coal, which was used for the former iron steel industry
and most probably distributed as combustion dust.

Additionally, it is observed that in both cities, sites with elevated PTE content are mainly the
result of the presence of a slag layer in the urban soil or due to landscape change (Figure 4 E,
G; Figure S1), noted during the soil sampling. Slag was used filling up to cover stream beds,
holes, mining galleries, openings, etc. This approach was encountered frequently in Salgétarjan
and Ozd playgrounds and parks, where a significant PTE enrichment was observed (Figure 9;
Figure 7).

Vehicular emissions could be considered an essential origin of Pb contamination (Komarek et
al., 2008; Nriagu, 1990). Though the sale and use of leaded gasoline were banned in Hungary
in 1999 (e.g., Salma et al. 2000), the burning of leaded gasoline for several decades had left a
legacy of alkyl lead additives embedded in the environment. During the 1980s in Europe and
North America, engine Pb emissions rapidly dropped after the average Pb content of petrol was
decreased from 0.4 g/l to 0.15 g/l (Bollhofer et al., 2001; Lofgren & Hammar, 2000), resulting
in a robust decline of Pb concentration in the atmosphere and hydrosphere (Zhu et al. 2010).
Sipos et al., (2013) report that aerosols data collected from Budapest aerosols in the 1990s
showed a strong sign of European gasoline. In fact, a general impact of leaded gasoline in
Salgotarjan and Ozd is expected, but due to a reduced traffic density (following 1990), a ban
on leaded gasoline in the past 30 years, local landscape changes, and reconstructions, it was
not considered as a significant local pollution source (Abbaszade et al., 2022).

Additionally, atmospheric deposition has an important influence on urban soil as anthropogenic

particles can be transferred from other areas to urban soil (Luo et al., 2015; Wu et al., 2021; Zhang
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et al., 2018). However, the pollution from atmospheric deposition is secondary pollution and is a
combination of different sources. Therefore, atmospheric deposition cannot be thought of as the
original source of urban soil in the study area. Taking all previously discussed factors into
account, it is considered that in both cities, the PTE concentration is a mixture of various
sources, whereas local coal and coal ash, and slag are the predominant pollution sources in the
region. This indicates that the primary sources of Pb pollution in Salgétarjan and Ozd could
not be significantly different, and the possibility of other unidentified minor sources cannot be
excluded, as was proved by stable Pb isotopic study in Salgétarjan and Ozd soils (Abbaszade
etal., 2022).

5.2. Impact of environmental factors and PTES on microbial community structure

5.2.1. The connection of environmental factors and PTE content in eleven sampling sites,
selected for microbiological analysis

The enrichment of the metal(loid)s in the selected 11sampling sites (Table 8) was identified
based on the comparison with the control samples (STN37 and OZDO02). Heterogenous
distribution of metal(loid)s in the soil samples revealed a significant PTE enrichment,
especially around industrial sites (Table 8; Figure 11). Samples with enriched metal(loid)
content showed low organic content (Figure 11; Table 8) that differentiated the metal(loid)
contaminated samples from others. Additionally, a significant negative correlation between Eh
and pH, as well as soil silt and sand fraction (Figure 11) explain the wide-scale impact of metals
and organic content on sampling sites, similarly reported by Lee et al., (2002). Principal
component analysis (Figure 11) showed that in the current study, samples STN24, OZD38,
0ZD42, and OZD54, were in agreement with the statement, meanwhile, the rest of the samples
were characterized by their high SOM, low pH, and clay/silt texture (Figure 11A). Wuana and
Okieimen (2011) indicated multi-elemental contamination of industries that matches the
condition of our metal(loid)-contaminated sampling sites. The similarity in the enrichment of
heavy metals indicates they came from the same source, and the soil was polluted during the
same period (Figure 11).
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5.2.2. Effect of environmental factors on the structure of microbial communities

Among the soil microorganisms, Proteobacteria, Acidobacteria, Actinobacteria, and
Planctomycetes are the four most dominant phyla across the world (Janssen, 2006). The current
study showed that the top five dominating phyla in 11 urban soil samples were Proteobacteria,
Acidobacteria, Planctomycetes, Actinobacteria, and Bacteroidetes (67%—72%; Figure 12A).

In the current study, the observed changes in relative abundance indicated that certain bacterial
phyla responded differently to the selected metal(loid)s. Proteobacteria and Patescibacteria
indicated a significant increase in the metal(loid)-enriched areas compared to control samples
(Figure 12), though the increase can often be relative: as some members of the prokaryotic
community, which is sensitive to metal(loid)s die, on the other hand, can multiply more in the
lack of competitors. Similar patterns for Proteobacteria were reported by Sandaa et al. (2001).
The reaction of Proteobacteria to heavy metal(loid)s showed different patterns and varied with
positive and negative correlations in Salg6tarjan and Ozd, as was noted by previous studies
(Meng, et al., 2017). Compared to the control samples, the Deltaproteobacteria increased in
PTE-enriched Salgétarjan urban soils but decreased in metal(loid)-enriched Ozd urban soil
samples. Studies stated that in metal(loid)-contaminated soils, members of Proteobacteria (e.g.
genera Pseudomonas, Sphingomonas, etc.) showed high relative abundance and are typically
resistant to metals (Yang et al., 2020). Additionally, long-term Cd presence could affect
nutrient uptake, reduce microbial diversity, and change community structure. \Wang et al.
(2019) reported that low levels of Cd (1) appear to increase, whereas higher Cd (1) levels
inhibit microbial proliferation. Similar results were observed in the case of Planctomycetacia
(Planctomycetes phylum) and Actinobacteria (Actinobacteria phylum) members in our study
areas. These varying responses to heavy metal(loid)s may be attributed to varied environmental
circumstances and ability to use numerous forms of organic materials such as carbon, nitrogen
and energy sources (Bouskill et al., 2010). Meanwhile, a considerable decrease of
Acidobacteria (class: Subgroup_6, genus: Subgroup 6 ge) and Latescibacteria (class:
Latescibacteria, genus: Latescibacteria_ge) was observed in metal(loid)-enriched sites which
can be associated with their sensitivity to metal(loid)s (Figure 13). As the members of the
Acidobacteria are acidophilic and strongly regulated by pH, slightly high pH in metal(loid)-
enriched study areas might affect and decrease their abundance (Jones et al., 2008). These
dominant phyla were also found in various metal(loid)-enriched soils, including paddy soil,
mining sites, and sediment, implying that they are closely related to metal(loid)-enriched soil

as well (Yang et al., 2020). Niu et al. (2020) reported that Acidobacteria demonstrates a
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significant increase and decrease, respectively, in low and high Pb treated samples. Moreover,
the abundance of Parcubacteria (Parcubacteria phyla) and Saccharimonadales ge
(Saccharimonadia phyla) in all Salgétarjan and Ozd metal(loid)-enriched soils indicates their
high resistance to different metal(loid) contaminants (Figure 13), especially to As and Cd
(Ayala-Mufioz et al., 2020; Yu et al., 2022). These results indicate that environmental factors,
particularly the concentration of the studied four PTE, were important for explaining the
variations in the bacterial community structure.

Moreover, the impact of rare taxa on soil processes and metal(loid) resistance cannot be ignored
as they cover 47-63% (depending on the sampling site) of the total community. Previous studies
show that rare and abundant species do not necessarily react to environmental changes in the
same way (Liang et al., 2020), and in general, the higher relative abundance of a given taxon
is not necessarily connected to increased activity. Compared to rare taxa, abundant species
typically occupy a wider range of niches and have access to a wider resource, making them
better adaptive to environmental changes. Though the members of “rare taxa” are often
relatively slow-growing, they may become active in more advantageous conditions (Shade et
al., 2014; Xu et al., 2021). In this study, the growth of bacteria belonging to the rare or less
abundant taxa (such as Nitrobacter, Filomicrobium, Lactobacillus, Azomonas, etc.) (Figure 15)
only at control soils proves this statement, where very low metal(loid) concentration was
favourable for growth, however same rare taxa disappeared in urban soils. On the contrary,
taxa, such as Sulfurifustis, Candidatus Moranbacteria, etc. (Figure 15), could survive in
Salgotarjan and Ozd metal(loid)-enriched urban soils, which might be due to their gained
resistance to the selected metal(loid)s. These taxa might also be present in the control samples,
but their quantity is under the detection limits.

Although archaea often make only a small percentage of the microbial community in soils, the
archaeal community responded to metal(loid) contamination noticeably. It is observed that in
high metal(loid) contaminated sites (OZD38 and OZD54), the number of archaea OTUs (at the
level of phyla) is substantially less than in control samples (Figure 12B). The presence of
Crenarcheota in sample STN30 can be associated with metal(loid) contamination, as stated by
studies (Meng, et al., 2017). An anomaly was observed in sample OZD25, a low metal(loid)-
contaminated sample where the number of Thaumarchaeota and Euryarchaeota relatively
increased (Figure 12B). At the genus level, the abundance of Woesearchaeia_ge and
Nitrososphaeraceae_ge was particularly noticeable (Figure 14). Due to their membrane
structure, extremely diverse energy source, and ability to reduce metal(loid)s by ammonia,

sulfide, and sulfur, archaea play an important role in regulating the toxicity of metal(loid)s in
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the soils (Meng, et al., 2017). Moreover, according to previous studies, low concentrations of
metal(loid)s can promote the growth of communities, whereas higher quantities have an
inhibitory effect that frequently results in negative correlated outcomes (Yu etal., 2021). Thus,
organic-rich matter and low PTE-containing soils (OZD25 and control samples) might promote

the archaea community (Figure 11).

5.2.3. Microbial diversity in the sampling sites and its connection to environmental parameters

Diversity indices of the microbial communities in the control and metal(loid)-enriched samples
were relatively similar, despite a high difference in metal(loid) and environmental factors
(Table 9). However, environmental parameters in Salg6tarjan and Ozd urban soils showed
different effects, as a diversity increase in Salgétarjan and a decrease in Ozd urban soils were
observed compared to the control sample. Earlier studies (Luo et al., 2019; Zou et al., 2021)
reported that the grade of metal(loid) pollution does not present a simple positive or negative
linear relationship with microbial composition and community structure. For instance, the low
and medium concentrations of metals can promote, however, long-term metal(loid) exposure

can hinder microbial diversity (Luo et al., 2019; Sobolev & Begonia, 2008).

Based on the NMDS results, among the environmental factors and metal(loid)s, Cd and Hg
have a significant regulatory effect on community structure in metal(loid)-enriched sampling
sites, especially in OZD38 and sample OZD54 (Figure 16). The metal(loid) enrichment and
organic content depletion were characteristic in these samples. This finding could imply that
the increase in metal(loid)s content altered the community structure and resulted in the relative
increase of Proteobacteria, Actinobacteria, and Bacteroidetes. The observed high relative
abundance of EIlin6055 (Proteobacteria) and RB41 (Acidobacteria) in sample OZD54,
Flavobacterium (Bacteriodetes) and Sphingomonas (Proteobacteria) in sample OZD38,
meanwhile unclassified Burkholderiaceae (Proteobacteria) in these two most PTE
contaminated samples (Figure 16), confirms that the enrichment of metal(loid)s increases the
metal(loid) resistant members in the contaminated sampling sites as was similarly shown by
Duan et al., (2021); Luo et al., (2018); and Yu et al., (2021). Moreover, among the
communities, taxa at phyla and genus level illustrated a strong correlation with the studied
metal(loid)s (Figure 17). Our results suggest that these bacterial phyla and genera are
significantly related to the content of PTE, such as As, Cd, and Pb, as was also demonstrated

by Liu et al., (2022), which could adapt, adsorb and transfer metal(loid)s until a certain level.
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Lietal (2017) found that soil microorganisms respond to long-term metal(loid) pollution by
changing the composition and structure of their microbial communities rather than changing
their diversity and evenness. Thus, the abundance of the mentioned genera decreased in low
PTE contaminated sampling sites (STN30, OZD25, and STNQ9), and the community was
surpassed by the abundance of Aeromicrobium, unclassified Micrococcaceae (Actinobacteria),
uncultured Gemmatimonadetes, Pseudomonas (Proteobacteria) and Candidatus Udeobacter
(Verrcuomicrobia) (Figure 16). This finding correlates well with the earlier research, which
stated that among the community, the members of the class Gemmatimonadetes and genus
Aeromicrobium correlate positively with Cd (Sun et al., 2022), as well as Pseudomonas species
can resist multiple metal ions, including Cd and Hg species in high concentrations (Malik &
Jaiswal, 2000). This reveals that the microbial communities of the metal(loid)-enriched
samples differed significantly from the control sample locations. However, contaminated
samples STN24 and OZD42 showed high OTU similarity to control and low metal(loid)
enriched samples (STN37, 0ZD02, 0ZD25, 0ZD39). No any correlation with metal(loid)s
was observed in these sampling sites (Figure 16), however, the community similarities can be
explained by their adaptation to the contaminants. On the other hand, changes in bacterial
community structure are not only influenced by soil metal(loid) content as well as a variety of
factors, including soil organic matter, moisture, pH, and soil type. The driving effect of SOM,
pH, and redox potential on metal bioavailability and thus on soil microorganisms were reported
in a number of studies (Wang et al., 2019; Epp Schmidt et al., 2019; Mhete et al., 2020).
Therefore, high soil SOM, silt, and clay fraction, as well as low pH in the studied sampling
sites, can be a significant regulator for soil microbial community rather than metal(loid)
concentration (Figure 16) (Huang et al., 2021; Nakatsu et al., 2005; Yavitt et al., 2021). Based
on the results, the identified phyla and genera were significantly correlated with SOM, pH, Eh,
and soil texture (Figure 17) which was consistent with the studies by Mhete et al. (2020) and
Li et al. (2021) that might explain the relative impact of these parameters. However, in
contaminated soils, lower levels of total organic matter were observed and also stated by
several studies (e.g., Seddaiu et al. 2013) that can significantly regulate the community. The
relative abundances of specific groups of bacteria in soils, such as the Acidobacteria and
Proteobacteria (Gammaproteobacteria and Betaproteobacteria), have been demonstrated to be
highly influenced by soil pH (Yun et al.,, 2016). Whereas, except direct effect on the
community, changes in pH influence the solubility and bioavailability of metal(loid)s by
converting active metal(loid)s into inactive forms or vice versa (Petruzzelli et al. 2020). Lee et

al. (2015) reported that a decrease in soil pH and redox potential could increase the metal(loid)
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mobility and thus the toxicity. This suggests that the combinations of soil physicochemical
parameters (SOM, soil texture, pH-Eh) and metal(loid) content (Pb, Cd, Hg, As, etc) were
responsible for alterations in the bacterial community. Studies show that the disturbance of the
soil environment by heavy metal(loid)s may result in changes in the microbial compositions
and soil microbial activity, such as soil respiration, enzyme activities, microbial metabolic
potential, and so on (Chodak et al., 2013).

In the studied urban soils, Archaeal taxa showed a significant correlation only with soil
ammonia and clay content. This can be associated with the enrichment of ammonia-oxidizing
Thaumarchaeota (Figure 18) (Brochier-Armanet et al., 2008). In general, Archaea is known for
their strong resistance to environmental stress factors (Bini, 2010; Srivastava & Kowshik,
2013), whereas a correlation between archaeal community and metal(loid)s cannot be observed
(Figure 18).

5.2.4. The potential role of genera in geochemical As-, Pb-, Hg-, and Cd-cycle

In the environment, microorganisms are in direct contact with PTE and this threatens their
physiological and metabolic functions (Nies, 1999). At high concentrations, PTE can replace
the essential nutrients from naturally binding sites, such as Zn, P, Ca, form complex unspecific
compounds, disrupt biological processes, and damage DNA. For instance, the metal ions Hg?*,
Cd?* tend to attach to the crucial enzymatic sulfhydryl (-SH) groups and so decrease the activity
of sensitive enzymes (Kandeler et al., 1996). None of the PTEs are necessary for biological
processes, however, they can use the transfer pathways of essential nutrients to access cells and
cause toxicity. For this, due to their structural similarity, divalent toxic elements (Pb?*, Cd?*,
Hg?") use the Co?*, Ni?*, Cu?*, Mn?*, Fe?*, and Zn?" pathways. Similarly, chromate and
arsenate transport to a cell is fulfilled by sulfate and phosphate transport pathways. To cope
with the PTE toxicity, microorganisms developed various methods, including efflux,
intracellular and extracellular precipitation, binding to metallothioneins, etc. (Gomathy &
Sabarinathan, 2015; Silver & Phung, 1996)

Both the oxidized and reduced forms of arsenic can be used as electron acceptors by a variety
of bacteria. After wide genomic analysis, Yang et al. (2012) concluded that almost every
prokaryotic organisms carry arsenic resistance genes, particularly, one of the efflux pump
genes (arsB or arsY) to expel As®* from cells. Though, As(l11) is more toxic than As(V), both
have detrimental effects on microorganisms (Battaglia-Brunet et al., 2002). Some bacteria own

the arsenate reductase gene (arsC) to reduce As®* to As®*, which is associated with ars operons.
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Arsenic is taken to cells by a phosphate transport system and can be reduced before effluxed
from cells (Li et al., 2014; Yang et al., 2012). Among the identified genera in Salgétarjan and
Ozd soil samples, the genome of Aquicella, Sphingomonas, Solirubrobacter, members of
Subgroup_6, Pedosphaeraceae, unclassified Rhizobiales, and Burkholderiaceae carry arsenate
reductase genes and able to reduce As(V) to As(lll) (Figure 28). Besides, genera, such as
Gemmatimonas, Sphingomonas, members of the family Burkholderiacea, order Gaillales,
Rokubacteriales, and Parcubacteria can oxidize As(l11) to As (V) with arsenite oxidase (aoxB)
and regulatory arsR genes (Figure 28) (Battaglia-Brunet et al., 2002; Shi et al., 2020). Similar
studies showed that members of ecologically and metabolically diverse Burkholderiaceae
family, Gamma Proteobacteria, Alpha Proteobacteria, Actinobacteria, Firmicutes, etc., are
particularly resistant to arsenic and carry many resistant genes (Fekih et al., 2018; Li et al.,
2014).

Mercury toxicity is highly complex, and most of the environmental bacteria carry the mer
operon. In natural waters and soils, Hg can be reduced from Hg(Il) to Hg(0) and stays in the
atmosphere due to low aqueous solubility. Bacterial Hg reduction is encoded by merA gene
and regulated by merR gene in the cytoplasm (Dash & Das, 2012; Petrus et al., 2015). However,
to transfer the Hg?* from outer membrane, additional transport proteins, such as MerC, MerT
or MerF are required. The biologically induced Hg(0) oxidation is not widely studied, however,
the high Hg(0)-oxidizing activity of Bacillus and Streptomyces suggest their potential role in
Hg cycle (Colombo et al., 2014). Furthermore, rain and snow can precipitate Hg(0) to deep
soils or sediments where the microbially mediated transformation of Hg(ll) to MeHg occurs
(Linetal., 2021). The process was encoded by hgcAB gene pair, and the global biogeochemical
cycling takes part in anaerobic and microaerobic conditions by Hg methylators, such as sulfate-
reducing bacteria, Fe-reducing bacteria, Chloroflexi, Nitrospina , and Verrucomicrobia (Lin et
al., 2021; Silver & Phung, 2005). However, some bacteria carry merB gene that encodes
organomercurial lyase enzyme to reduce organic mercury compounds, such as methyl mercury,
phenyl mercury, etc. The process starts with the cleavage of covalent Hg—C bonds and thus
releases Hg?* (Nascimento & Chartone-Souza, 2003; Petrus et al., 2015). In this study,
Sphingomonas, Rhizobiales, Nitrospira, Solirubrobacter, members of Burkholderiaceae,
Pedosphaeraceae, and Gaiellales possess reductase genes and take part in the mercury cycle by
reducing Hg(Il) and MeHg (Figure 28).

Lead, and cadmium resistance to PTEs have many similarities, and they interact with the

metabolism of divalent essential metals: Ca, Zn, Fe, etc., and can disrupt bacterial respiratory
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proteins and physiological cell functioning (Jarostawiecka & Piotrowska-Seget, 2014). It
differs from Hg and As resistance because there are no oxidation/reduction processes or
enzymatic transformations. In microbial cells, Pb and Cd resistance is accomplished by energy-
dependent active efflux pump, P-type ATPase, chemiosmotic pumps, or metallothionein
proteins to extrude or bind Pb and Cd cations to cell components (Figure 2; Silver & Phung,
2005).

Rhizobiales_uncl.

Aquicella
Pedosphaeraceae_ge
Burkholderiaceae uncl

Burkholderiaceae _uncl
Gaiellales_uncl
Rokubacteriales_ge
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Gemmatimonas Solirubrobacter

Subgroup 6_ge
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Figure 28. The role of abundant genera originating from the different samples, identified by
NGS analysis in Salg6tarjan and Ozd soil samples, in the biogeochemical cycle of As, Pb, Hg,
and Cd. The arrows represent the transformation between oxidation states (a result of
oxidation/reduction reactions). The positions of the genera in cycles were identified either by
the metal(loid) resistance genes in their genome and/or by published literature.

One of the most studied efflux systems that provide resistance against Cd, Zn, and Co is
regulated by czc operon and consists of three structural genes, CzcA (chemiosmotic antiporter),
CzcB (membrane fusion protein), and CzcC (outer membrane protein). Resistance to Pb?*
regulated by pbrABCD operon, where pbrA encodes P-type ATPase efflux pumps, pbrB
manages the transport of metals in periplasmic space, pbrC -signal peptidase and pbrD emerges
as intracellular metal binding protein (Hynninen et al., 2009; Naik & Dubey, 2013). The
number of additional genes, including pbrTR, cadCA, etc., encode various Pb and Cd efflux

mechanisms as well, however, efflux mechanisms used against other divalent metals can
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participate in Pb and Cd resistance (Silver & Phung, 2005).Metallothioneins are considered
cation binding proteins that play a significant role in decreasing free metal cations in cells and
thus reducing the toxicity of Pb?*, Cd?* in the cytoplasm. Previous studies reported intracellular
and extracellular precipitation and binding of Pb and Cd for different Staphylococcus,
Pseudomonas, Cupriavidus, and Bacillus sp. (Abbas et al., 2018; Naik & Dubey, 2013; Ron et
al., 1992; Rozycki & Nies, 2009). Furthermore, literature data show that most of the abundant
genera identified in this study, such as Sphingomonas, Ohtaekwangia, Haliangium,
Gemmatimonas, Rhizobiales, Nitrospira, etc. (Figure 14; Figure 28), carry Pb and Cd resistant

genes and play a significant role in the biogeochemical cycle of these elements.

5.3. Metal(loid) tolerant/resistant bacterial strains isolated from soil samples

Due to the high level of metal(loid) contamination in the soil environment in both cities, the
number of metal(loid) tolerant bacteria was significantly high (Figure 19). However, only 22
strains were able to grow in elevated metal(loid) concentrations, and especially members of
Cupriavidus, Bacillus, and Pseudomonas genera were noticeable (Table 10), as was also
reported by other studies (Gupta et al., 2012; Mihdhir & Assaeedi, 2016; Monsieurs et al.,
2011). Some of the strains showed limited growth in As test, whereas most of them were
capable of tolerating high Pb, Cd, and Hg concentrations. The fact that isolated strains from
the high metal(loid) contaminated sites may be the cause of their great tolerance to metal(loid)s
(Abou-Shanab et al., 2007). In natural conditions, soil bacteria are exposed to metal(loid)s in
solution or adsorbed on soil colloids, which leads to the selection of tolerant bacteria in the
population. On the other hand, due to adaptation, microorganisms isolated from metal(loid)-
contaminated habitats frequently show tolerance to multiple contaminants (Abou-Shanab et al.,
2007). Among the isolated strains, Cupriavidus sp. illustrated comparatively high resistance to
PTE, particularly Cd and was selected for further identification of resistance mechanisms

through genomic analysis.

5.3.1. Metal(loid) resistance and its mechanisms in Cupriavidus campinensis

5.3.1.1. Genome characteristics

Since the first isolation of C. campinensis (Goris et al., 2001), most of the metabolic pathways
and characteristics were still unknown due to the lack of whole-genome information on the
species. For the first time, the genome of C. campinensis S14E4C was analysed (Figure 20)

and the genome sequence revealed that the strain has additional capabilities over metal(loid)
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resistance, degradation of aromatic compounds, antibiotic resistance, etc. that enhance its
potential for use in biotechnological applications (Table 10 and Table 11). Several annotation
and alignment tools (PATRIC, RAST, DFAST) were employed to detect genes with high
accuracy and predict open reading frames.

It is indicated that C. campinensis S14E4C adapts and resists the effect of environmental
stresses by functional genes and genes related to plasmid partitioning. The plasmid initiating
protein (RepA) is solid evidence for plasmid existence that perform heavy metal and antibiotic
resistance. Through a combination of sequencing and comparative genomics, our study has
provided a comprehensive genomic description of the species Cupriavidus campinensis (Figure
20 and Figure 21).

Previous studies depicted that known members of the Cupriavidus genus contain 2 large
replicons (generally a chromosome) and several plasmids (Amadou et al., 2008; Cuadrado et
al., 2010; Hong et al., 2012; Janssen et al., 2010; Moriuchi et al., 2019; Poehlein et al., 2011;
Wang et al., 2015). By using SPAdes software, we were able to identify two existing plasmids
(Table 12). The alignments of the genomes clarified that the identical genes in Plasmidl of the
S14EAC exist in both plasmids of the C. metallidurans CH34, whereas only a few positions are
similar among plasmid 2 and CH34 plasmids. After the annotation of the plasmid sequences,
it is assumed that in the strain S14E4C, the main replicon carried most of the essential
housekeeping genes, including those for translation, production of ribosomes, DNA
replication, DNA repair, cell components, and resistance. The existence of the rRNA operon
(rrn) on plasmids and chromids was earlier reported on Bacillus and Paracoccus species (Anda

et al., 2015) as well, due to its functional importance.

5.3.1.2. Metabolic pathways

The pathways of sulfur oxidation require five sox genes which encode three key periplasmic
protein complexes: soxYZ, a sulfur carrier protein, soxXA, a c-type cytochrome complex, and
soxB, a sulfate thiol hydrolase (Janssen et al., 2010). It turned out that the metabolism of
ketogluconates (which can serve as the sole carbon and energy source for various bacteria) in
Cupriavidus campinensis S14E4C differs from previously identified Cupriavidus species. In
C. campinensis strain S14E4C, the process proceeds via conversion to 6-phosphogluconate that
is further metabolized through the Entner-Doudoroff (EDP) and/or Pentose Phosphate
pathways (PPP) (Abbaszade et al., 2020). The process is encoded by pglDH gene, whereas

there are no genes for 6-phosphogluconate dehydrogenase (6-PGDH) in any earlier sequenced,
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phylogenetically related Cupriavidus species (e.g. C. metallidurans, C gilardii, C. necator,
etc.; Figure 23, Figure 24) (Janssen et al., 2010).

In the S14EA4C strain, D-cysteine is decomposed into pyruvate, H>S, and NHs by D-cysteine
desulfohydrase. Decomposition of D-cysteine by the desulfohydrase (dcyD gene) produces
H>S, which the bacterium can use as a sulfur source. The desulfhydrase appears in a cluster
with two proteins (CAP, CPP), probably involved in transport processes, and a gene encoding

a periplasmic cystine-binding protein (CBP) (Berthoumieux et al., 2013).

5.3.1.3. Genes/gene clusters of heavy metal(loid) resistance (HMR)

Compared to the metal(loid) resistant bacterium Cupriavidus metallidurans CH34, strain
S14EAC carries many typical metal resistance clusters, such as czcABC, copCBA, etc. (Janssen
et al., 2010). However, metal resistance capacity for various metal tolerant strains (Table 10
and Table 11) and mechanisms can differ slightly. For instance, alternate cation-specific
mechanisms of Zn?*, Cd?* and Co?" resistance and transport are encoded by the same genes
(czcRDABC) (Chizzola & Mitteregger, 2005). However, Hg?* and As** resistance mechanisms
differ from Cd?*, Pb?*, and Zn?* resistance. Unlike the CH34, pbr operon is absent in S14E4C,
but previous researches indicate that heavy metal-(Cd, Co, Pb, Zn)-translocating P-type

ATPase genes can perform Pb?* resistance as well (Naik & Dubey, 2013).

Mercuric ions are toxic to bacteria as they bind to sulfhydryl groups and prevent the synthesis
of macromolecules and the activity of enzymes. Genes encoding the resistance to Hg are a
well-known property of both Gram-positive and Gram-negative bacteria that are generally
located in plasmids (Gupta et al., 1999; Nascimento & Chartone-Souza, 2003).

The merC, merT, merE, and merP genes function as a membrane or periplasmic transport of
organic and inorganic Hg?* (Table 13 and Figure 22). The merA and merB genes are responsible
for the demethylation of organic mercury compounds by the cleavage C-Hg bonds, encoding
mercuric reductase and the enzyme organomercurial lyase, directly followed by genes
encoding transport and transcriptional regulators. The other gene encoding organomercury
resistance, merD, a secondary regulatory protein, also binds to the same region as merR, which

is involved in transcriptional regulation (Figure 22) (Brown et al., 2003; Naguib et al., 2018).

In the existing operon of arsenic (arsRBC; Table 13), the arsC, arsenate reductase can
transform the arsenate to arsenite, and the rest of the process is encoded by arsB, an integral

membrane protein, to prohibit arsenic accumulation by expelling out of the cytoplasm (Yang
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et al., 2012; Zhu et al., 2014). Meanwhile, the metalloregulatory protein ArsR (encoded by
arsR) enables the transcription of the operon by attaching the promoter region (Busenlehner et
al., 2003; Fekih et al., 2018). The strain can oxidize methyl arsenate compounds (by arsH gene)
that contribute to the global biotransformation of arsenic (Yang & Rosen, 2016). Among the
bacterial species, the arsH is widely distributed in Proteobacteria (not present in Gram-
positive) and similarly to other ars genes located mainly in the chromosome (Fekih et al., 2018;
Paez-Espino et al., 2015).

It can be concluded that metal(loid) detoxification in C. campinensis S14E4C primarily occurs
by efflux system(s): RND (Resistance, Nodulation, cell Division) family of permeases, the
CDF (Cation Diffusion Facilitator) family of heavy metal(loid) transporters and the P-type
ATPase family of ion pumps may operate on a variety of ions (Hu & Zhao, 2006), including
Cd?*, Pb?", Hg?*, and others (e.g., Zn?*, Ni?*, etc. Table 13). Thus, after a comprehensive
genomic analysis, due to its identified metal(loid) resistance mechanisms, Cupriavidus
campinensis S14E4C was considered a potential candidate for bioremediation (Abbaszade et
al., 2020). However, further research is required to apply the strain in metal(loid) contaminated

soils.

5.4. Human health risk assessment - health effects

The health risk estimation based on the total concentration of Pb represents a long-term threat
and can overrate the authentic health risk (Liu et al., 2016). In Salgétarjan and Ozd, the total
concentration of the studied PTE in the urban soils alerted six sampling sites (Salgétarjan:
STN24 - playground, and STN30 - roadside, Ozd: 0ZD13 - kindergarten, OZD38 - former
industrial site, 0ZD42 - playground, and OZD54 - recent industrial site; Figure 7), which were
considered as highly contaminated areas. At these sites, the PTE contents exceed the maximum
threshold value (Table 4) for the acceptable concentration of PTEs in soils (Figure 9) assigned
by the European Commission (CSTEE, 2000) and the Hungarian government (HUGD, 2009).
The determined values represent the effect of the soil PTE concentration, through different
pathways, on the permitted blood lead level (max. 50 pug/L As, 100 ug/L Pb, 20 pg/L Hg, 5
Mg/L Cd: CDC, 2012). Therefore, an additional assessment of human health risk was performed
according to US EPA models (RAIS, 2017; US EPA, 1989a, 1989b) on total PTE content to
reveal the risk possibility of high PTE-contaminated sites in Salgétarjan and Ozd. Chronic and
carcinogenic health risk assessment analysis (Table 14) showed that the average non-

carcinogenic risk assessment values are similar in Salgétarjan and Ozd, indicating the hazard
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quotient (HQ) of PTE for adults and children is below the safe value (HQ<1) in ingestion,
inhalation, and dermal exposure (Figure 25). However, in two sampling sites of Salgotarjan
(STN24 - playground and STN30 - roadside) and four sampling sites of Ozd (O0zZD13 -
kindergarten, OZD38 - former industrial site, OZD42 - playground, and OZD54 - recent
industrial site; Figure 26) combined effect of PTE are higher than safe level and could carry
possible risk to adults and children’s health (HI>1). High values suggested that PTE pollution
could represent a significant non-carcinogenic health risk at the contaminated sites, which pose
a high non-carcinogenic health risk for children compared to adults, as was similarly reported
by previous studies (Grzetic et al. 2008; Tepanosyan et al. 2017). The findings also show that
the ingestion pathway contributes the most to non-carcinogenic risk in both adults and children,
followed by the dermal pathway. Inhalation is the least dangerous pathway for PTE exposure
(Figure 25 and Figure 26).

In terms of carcinogenic risk, both cities pose a low carcinogenic risk and thus are considered
safe (Table 14; Figure 27). Cao et al. (2014) reported a potential cancer risk after long-term
exposure even to a low amount of toxic elements. However, the severity and exposure level
depend on the interaction degree with contaminants and the ingestion rate of As and Pb (RAIS,
2017). Arsenic is known as a carcinogen in the lung, liver, skin, and other internal organs,
which is strongly associated with chronic exposure in earlier childhood (Naujokas et al., 2013;
Ramsey, 2015). Therefore, the sampling sites with high PTE contamination causing chronic
risk (Figure 26) might also result in further carcinogenic health issues.

Several factors (e.g., lifestyle, healthcare system, environmental influences, or genetic factors)
influence the general health state, the mortality rate, etc. of a country. The general health state
and mortality risk of the Hungarian population (male and females) was analysed by EFOT
project at the National Centre for Public Health Analysis Information System (NEKIR), which
conducted extensive survays between 2013-2018 for male and females. Based on the results,
Northern Hungary has a higher-level general mortality rate than other parts of the country
(Figure 29 and Figure 30). The general mortality rates in Salgotarjan and Ozd districts
compared to Hungarian average values (BNO-10.:A00-Y98) for a female and male population
are shown in Figure S2.1 - 4, respectively, where the mortality rate in Ozd is higher than
Salgotarjan. Particularly, in Salgétarjan, the mortality rate of females are slightly lower than
that of males. In Ozd, however, the mortality rate of females is significantly higher than males.
It cannot be assumed that only the PTE contamination of the studied cities is responsible for

the above-mentioned values for the general mortality rates of males and females. However,
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PTE contaminations should be taken seriously since it contributes to the worse health state in

the studied cities.
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Figure 29. Deaths due to all death types of the female population of Hungary (BNO-10.:A00-
Y98) at the county level between 2014-2018 (based on: https://efop180.antsz.hu/nekinf-terkep)

B5/=CU Aoz ey

Béacs-Kiskun

SZECHENYI '
a Eurepal unie
.
-

e IS
e

Készilt az
EFOP-1,8.0-VEKOP-17-2017-00001
projekt keretében.

Figure 30. Deaths due to all death types of the male population of Hungary (BNO-10.:A00-
Y98) at the county level between 2014-2018
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Chapter 6: CONCLUSIONS

In my PhD research, the potentially toxic element contamination, and its impact on the urban
soil microbial community in two former industrial cities of Hungary was studied. Using
comprehensive geochemical and microbiological analytical techniques, as well as statistical
analysis, it is concluded that there is a significant metal(loid) contamination in Salgétarjan and
Ozd cities, which changed the proportion of soil fractions and organic content. Furthermore, it
was observed that the metal(loid) contamination caused significant toxicity to the soil microbial
community and thus changed the structure of abundant and rare taxa. The sampling sites with
high concentrations of PTE can cause a potential chronic health risk for children, however,
during these experiments, a bacterial strain was isolated, which is a prospective candidate for

bioremediation to remove toxic compounds from the soil environment.

THESIS POINTS

1. Industrial activities caused significant potentially toxic elements (PTE) contamination
in Salgotarjan and Ozd urban soils. In both cities, there is a heterogenous distribution
of As, Pb, Hg, and Cd, and the concentrations were all higher than their correspondent
geochemical background values. Except for Hg in Salgoétarjan, all PTE in both cities
exceeded the maximum permissible soil values. It was concluded that in Salgétarjan
urban soils, organic content plays a significant role on Pb, Hg, Cd, and Fe on As
mobility, whereas, in Ozd urban soils, Fe and Mn most likely constraints PTE mobility,

thus bioavailability on the surface environment.

2. Compared to local geochemical background (control) samples, there is a minimal
enrichment of studied PTE (< 2) in Salg6tarjan soils, whereas, in Ozd soils, the
enrichment is significantly high (2< x <16) and primarily found around industrial sites.
Analysis of local contamination sources indicated that in both cities, PTE concentration
results from various contamination sources, whereas local coal ash in Salgotarjan and
smelter slag in Ozd are the predominant pollution sources. This suggests that
anthropogenic input from industrial operations was substantial enough to cause

significant alterations in soils.
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3.

4.

Proteobacteria, Acidobacteria, Planctomycetes, Actinobacteria, and Bacteroidetes are
dominant phyla in selected Salgétarjan and Ozd urban soils, however, concentration
differences of contaminants and other soil parameters (organic matter, soil fractions,
pH) affected soil community and structure in various ways. It was found that the low
soil PTE and high organic content enhanced the diversity, on the other hand, high PTE
contamination depleted soil organic matter and resulted in a diversity decrease. A shift
in community composition was observed particularly in rare taxa, where high PTE
contamination killed the sensitive members of the communities and increased the

number of PTE-resistant genera.

A high number of metal(loid) resistant isolates indicate selective pressure of
contaminants formed resistant bacterial communities, and these communities
developed various resistance mechanisms. The comprehensive examination of the most
metal(loid) resistant bacterial strain, Cupriavidus campinensis S14E4C, revealed that
the strain can grow in high metal(loid) exposed environments and carry a significant
number of metal(loid) resistant genes encoding various resistance mechanisms. Thus,
the strain is effective and suitable for bioremediation, which can transfer toxic

compounds to less or non-toxic compounds.

Arsenic, lead, mercury, and cadmium contaminants can cause significant health issues
and endanger local resident’s life. The non-carcinogenic health risk assessment,
performed especially on kindergarten, playgrounds, and parks, suggested both cities as
safe areas for adults, but it can be hazardous to children’s health. Thus, high PTE
contaminated sites are not suggested for cultivation and playground purposes; however,

further investigations are required.
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Appendix

Table S1. The concentration of PTEs in Salgotarjan soils. The samples are ordered based on
their categories
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Sample Categories As Pb Hg Cd

STN 001 US kindergarten 9.55|20.45| 0.089| 0.195
STN 002 US kindergarten 6.3 2556 | 0.066| 0.32
STN 003 US kindergarten 7411954 | 0.063| 0.39
STN 004 US kindergarten 55|23.66| 0.045| 0.33
STN 005 US kindergarten 411214 | 0.042| 0.15
STN 006 US kindergarten 492152 | 0.029| 0.17
STN 007 US kindergarten 6.8 ]16.13| 0.047| 0.14
STN 012 US kindergarten 3711489 | 0.045| 0.13
STN 013 US kindergarten 6.7| 194 | 0.034| 0.16
STN 008 US Playground 541841 | 0.068 0.2
STN 010 US Playground 47| 851| 0.028| 0.11
STN 014 US Playground 26.1 | 3151 | 0.132| 0.56
STN 015 US Playground 461184 | 0.043 0.1
STN 016 US Playground 11.8|120.48 | 0.057| 0.17
STN 017 US Playground 4911215| 0.042| 0.22
STN 020 US Playground 6.8 4116 | 0.086| 0.37
STN 023 US Playground 6.4 1245 | 0451| 0.15
STN 024 US Playground 15.7 | 1692 | 0.1405 | 1.405
STN 025 US Playground 1281945 | 0.049| 0.18
STN 028 US Playground 6.5 | 24.83 0.07| 0.26
STN 009 US Park 73.6 | 80.77 | 0.396 | 0.66
STN 011 US Park 441594 0.047 0.23
STN 019 US Park 17.4 12593 | 0.076 | 0.64
STN 027 US Park 75117.21 0.048 0.19




STN 029 US
STN 032 US
STN 018 US
STN 021 US
STN 022 US
STN 026 US
STN 030 US
STN 031 US
STN 033 US
STN 034 US
STN 035 US
STN 036 US
STN 037 US

Park

Park

Others- Cemetery
Others- Roadside
Others- Roadside
Others- Roadside
Others- Roadside
Others- Garden
Others- Roadside
Others- Roadside
Others- Roadside
Others- Cemetery

Forest background/control

22.3
15.4
17.7
13
6.9
6.3
8.5
4.5
8.4
12.4
14

6.8

29.79
26.07
33.95
31.82
17.22
36.71

433

17.1
24.19
60.98
19.64
15.78
16.65

0.126

0.08
0.215
0.098
0.316
0.064
0.306

0.03
0.067
0.082
0.098
0.036
0.054

0.29
0.24

0.4
0.78
0.17
0.18
1.59
0.14
0.23
0.77
0.21
0.37
0.18

Table S2. The concentration of PTEs in Ozd soils. The samples are ordered based on their

categories

Sample Categories As Pb Hg Cd

OzZD 005 US Kindergarten 6.6 39.99 0.2 0.5
OZD 006 US Kindergarten 7.2 31.37 | 0.084 0.33
OzD 007 US Kindergarten 6 34.71 | 0.084 0.48
OzD 008 US Kindergarten 8.5 6146 | 0.414 0.81
OzD 009 US Kindergarten 6.2 52.3 0.07 0.49
0OzD 010 US Kindergarten 6.2 21.86 | 0.051 0.26
0OzD 012 US Kindergarten 5.6 26.87 | 0.062 0.38
0OzD 013 US Kindergarten 16.8 173.13 | 0.341 2.91
OZD 014 US Kindergarten 5.3 20.31| 0.039 0.29
0OzD 015 US Kindergarten 4.9 21.7| 0.125 0.29
OzD 018 US Kindergarten 7.4 49.68 | 0.116 0.67
0OzD 019 US Kindergarten 10 4595 | 0.249 0.95
0OzD 023 US Kindergarten 5 28.78 | 0.059 0.3
OZD 045 US Kindergarten 6 41.9 0.12 0.55
OZD 046 US Kindergarten 13.8 40.51| 0.138 0.51
OzD 001 US Playground 4.3 18.66 | 0.059 0.3
0zD 002 US Playground 4 14.82 | 0.035 0.14
0OzD 003 US Playground 8.3 29.48 | 0.078 0.47
OzD 004 US Playground 4.7 1757 | 0.045 0.31
0zD 011 US Playground 55 22.83 | 0.062 0.26
0OzZD 021 US Playground 8.1 29.7 | 0.085 0.57
0OzD 025 US Playground 7.7 36.26 | 0.524 0.38
0OZD 026 US Playground 7.1 42.37 0.11 0.55
0OzD 027 US Playground 6.4 28.62 0.05 0.36
OzD 028 US Playground 7.4 48.15 | 0.097 0.65
0OzD 029 US Playground 7.9 189 | 0.036 0.25
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OZD 030 US
OzD 039 US
OZD 041 US
OzZD 042 US
OZD 047 US
OzD 060 US
OZD 024 US
OzD 031 US
OZD 040 US
OzD 051 US
0ZD 032 US
OzD 033 US
OZD 034 US
OzZD 035 US
OZD 036 US
OzZD 037 US
OZD 038 US
OZD 043 US
OZD 048 US
OZD 049 US
OZD 050 US
OzZD 052 US
OZD 053 US
OZD 054 US
OZD 055 US
OZD 056 US
OZD 057 US
OZD 058 US
OZD 059 US
OZD 000 US

Playground
playground
playground
playground
Playground
playground
Park

Park

Park

Park
Others
Others
Others
Others
Others
Others

Others - old industry

Others
Others
Others
Others
Others
Others

Others - new industry

Others
Others
Others
Others
Others

Background sample/control

4.4
10.3
5.4
23.8
6.4
10.6
5.2
13.7
20.3
6.7
4.4

4.4
2.7
11.8
27.1
4.1
11.6
7.7
6.8
4.3
6.3
35.9
6.5
4.7
7.8
5.4
5.3

18.81
23.49
24.83
250.91
30.49
42.37
26.56
62.81
62.78
20.51
15.43
17.3
19.3
19.81
6.55
124.72
596.43
22
43.16
27.55
31.05
14.05
33.96
1673.5
60.71
29.76
46.61
31.73
23.13
17.49

0.033
0.082
0.061
0.894
0.134
0.132
0.063
0.204
0.388
0.058
0.038
0.043
0.049
0.041
0.015
0.315
0.652
0.042
0.101
0.089

0.09
0.027
0.085
4.893
0.126
0.217
0.106
0.076
0.043
0.079

0.33
0.36
0.26
3.03
0.47
0.39
0.36
0.87
0.51
0.31
0.18
0.16
0.2
0.22
0.11
1.4
5.17
0.22
1.65
0.42
0.38
0.21
0.46
62.89
0.81
0.54
0.67
0.36
0.32
0.13
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Table S3. The results of Enrichment factor calculations for Salgétarjan and Ozd. Enrichment levels are as following: deficiency to minimal
enrichment (EF<2), moderate enrichment (2<EF<5), significant enrichment (5<EF<20), very high enrichment (20<EF<40), and extremely high
enrichment (EF>40)

Sample As | Pb Hg | Cd Sample As | Pb Hg Cd

STN 001 US 0.57| 0.50|0.67|0.44 OzD 001 US 1.31 195 1.37 4.23
STN 002 US 0.32| 052|042 |0.61 0zD 002 US 1.14 1.45| 0.76 1.84
STN 003 US 0.44| 0.47|0.47|0.87 0OzD 003 US 1.38 1.68 | 0.98 3.60
STN 004 US 0.35| 0.61|0.36|0.79 0OzD 004 US 1.26 1.62| 0.92 3.84
STN 005 US 0.21| 0.26 | 0.28 | 0.30 0OzD 005 US 1.77 3.68 | 4.07 6.19
STN 006 US 0.27 | 0.48|0.20|0.35 0OzD 006 US 1.69 253 | 150 3.58
STN 007 US 0.28 | 0.27|0.24|0.22 0OzD 007 US 1.50 298 | 1.60 5.55
STN 008 US 0.30 | 0.42|0.48|0.43 OzD 008 US 2.00 496 | 7.40 8.80
STN 009 US 3.19| 143|216 1.08 0OzD 009 US 1.62 469 | 1.39 5.91
STN 010 US 0.33| 0.24|0.25|0.29 0zD 010 US 1.86 224 | 1.16 3.59
STN 011 US 0.21| 0.31]0.28|0.41 0zD 011 US 1.32 189 | 1.13 2.89
STN 012 US 0.22| 0.37|0.34|0.30 0zD 012 US 1.40 231 | 1.18 4.40
STN 013 US 0.22| 0.26|0.14|0.20 0OzD 013 US 484 | 17.11| 7.46| 38.70
STN 014 US 1.12| 055(0.72|0.91 0zD 014 US 1.03 136 | 0.58 2.61
STN 015 US 029 | 0.30|0.34|0.24 0zD 015 US 1.10 168 | 2.14 3.01
STN 016 US 059 | 0.42]0.36|0.32 0zD 018 US 2.09 482 | 2.49 8.75
STN 017 US 0.28 | 0.28|0.30|0.48 0OzD 019 US 2.55 402 | 4.82| 11.17
STN 018 US 0.79| 0.62|1.20|0.67 0zD 021 US 1.08 1.35| 0.86 3.50
STN 019 US 0.74| 0.45|0.41]1.03 0zD 023 US 1.64 3.24 | 147 4.54
STN 020 US 0.25| 0.62|0.40|0.52 0zD 024 US 1.48 2.60 | 1.37 4.74
STN 021 US 0.67 | 0.67|0.64|1.52 0zD 025 US 1.85 3.00| 9.59 4.22
STN 022 US 0.32| 0.32]1.83|0.30 0OzD 026 US 1.94 397 | 2.28 6.93
STN 023 US 0.42 | 0.33|3.69|0.37 0zD 027 US 1.41 2.16 | 0.84 3.66
STN 024 US 0.80 | 35.42 | 0.91 | 2.72 0zD 028 US 2.02 451 | 2.01 8.19
STN 025 US 0.73| 0.46|0.35|0.39 0zD 029 US 2.06 169 | 0.71 3.01
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STN 026 US
STN 027 US
STN 028 US
STN 029 US
STN 030 US
STN 031 US
STN 032 US
STN 033 US
STN 034 US
STN 035 US
STN 036 US

0.30
0.38
0.29
0.75
0.51
0.27
0.78
0.38
0.65
0.67
0.21

0.70
0.35
0.46
0.41
10.68
0.42
0.54
0.45
1.30
0.38
0.23

0.38
0.30
0.40
0.53
2.33
0.23
0.51
0.39
0.54
0.59
0.16

0.32
0.36
0.44
0.37
3.63
0.32
0.46
0.40
1.51
0.38
0.50

0ZD 030 US
0zD 031 US
0ZD 032 US
0zD 033 US
0ZD 034 US
0zD 035 US
0ZD 036 US
0zD 037 US
0ZD 038 US
0ZD 039 US
OZD 040 US
0ZD 041 US
0OZD 042 US
0ZD 043 US
OZD 045 US
0OZD 046 US
OZD 047 US
0OZD 048 US
OZD 049 US
0zD 050 US
0ZD 051 US
0ZD 052 US
0OZD 053 US
0ZD 054 US
0OZD 055 US
0OZD 056 US
0ZD 057 US
0zD 058 US
0ZD 059 US
0ZD 060 US

1.44
2.95
1.02
1.36
1.20
1.32
0.96
2.98
6.19
3.05
6.39
1.31
4.37
1.10
1.49
3.73
1.62
291
2.53
1.76
1.47
1.19
1.67
6.33
1.50
1.38
2.29
1.28
1.35
2.79

2.12
4.65
1.23
1.62
1.58
2.03
0.80
10.81
46.73
2.39
6.78
2.07
15.80
2.02
3.57
3.76
2.64
3.71
3.10
2.76
1.54
1.34
3.10
101.15
4.79
3.00
4.70
2.58
2.02
3.83

0.82
3.34
0.67
0.89
0.89
0.93
0.40
6.05
11.31
1.85
9.27
1.12
12.46
0.86
2.27
2.83
2.57
1.92
2.22
1.77
0.96
0.57
1.72
65.48
2.20
4.84
2.36
1.37
0.83
2.64

5.00
8.66
1.93
2.01
2.21
3.04
1.80
16.33
54.50
4.93
7.41
291
25.67
2.72
6.31
6.37
5.48
19.09
6.36
4.54
3.13
2.69
5.64
511.41
8.60
7.32
9.08
3.94
3.76
4.74
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Table S4. Environmental Parameters and FE, Mn content in Salgétarjan and Ozd soils

TN NH4s* | NOs TOC | CaCOs pH | Eh(mV) |clay |silt sand Fe Mn

mg/kg | mg/kg | mg/lkg | wt% | wi% V% V% V% wit% mg/kg
STNO1US |0.13 |342 30.33 1.39 |2.89 7.54 -28.40 | 20.16 | 58.56 21.28 2.20 396
STNO2US |0.23 |6.21 21.20 1.89 |0.66 7.13 -6.70 | 17.99 | 68.59 13.42 1.95 439
STNO3 US 0.19 |5.03 17.60 1.76 | 1.03 7.62 -32.00 |19.16 |57.10 23.74 1.68 396
STNO4US |0.07 |3.62 11.89 0.72 |0.95 7.60 -30.80 | 17.09 | 35.53 47.38 1.71 339
STNO5US |[0.16 |4.89 13.21 133 | 244 7.52 -27.30 | 22.88 | 58.53 18.59 1.96 281
STNO6US |0.08 |3.42 13.21 063 |0.21 7.35 -18.40 | 15.41 | 44.05 40.54 1.78 352
STNO7US |[0.10 |3.62 9.65 0.87 ]0.29 7.40 -20.40 | 32.41 |50.56 17.03 2.10 272
STNO8US |0.19 |452 10.05 161 |0.54 7.31 -15.70 | 28.68 | 53.27 18.05 1.83 321
STNO9US |0.21 |[3.32 4.43 1.66 |1.77 5.86 59.00 |16.47 |52.87 30.66 2.65 355
STN10US |0.14 |4.02 19.61 1.24 | 3.72 7.62 -31.70 | 10.13 | 39.99 49.88 1.54 245
STN11US |[0.25 |553 21.11 1.82 |0.95 7.46 -23.60 | 15.18 | 52.46 32.35 2.06 330
STN12US 021 |6.21 42.92 1.64 | 153 7.25 -13.60 | 14.15 |58.79 27.06 1.61 324
STN13US |[0.14 |5.03 4.52 1.19 |0.37 7.50 -25.60 | 40.56 |52.23 7.21 2.16 537
STN14US |0.21 |[212 5.29 1.69 |0.08 6.61 20.10 |13.35 | 4590 |40.75 2.50 509
STN 15 US 0.13 3.42 25.92 1.15 1.07 7.51 -26.50 1.59 280
STN16US |0.09 |3.25 18.56 0.78 |0.33 7.55 -28.50 | 19.64 |57.78 22.58 2.10 287
STN17US (012 |3.91 11.74 095 |0.62 7.51 -26.50 |62.22 |11.31 26.48 1.67 266
STN18US |0.38 |8.27 46.54 438 |0.70 7.18 -9.80 |[8.37 |57.23 34.40 2.09 349
STN19US |[0.27 |11.18 21.29 2.67 |0.00 5.88 57.90 |16.08 | 72.12 11.81 2.01 344
STN20US |041 |12.84 21.60 3.12 | 0.00 5.14 96.10 1.46 2.12 784
STN21US |[023 |7.14 32.86 2.28 |3.30 7.52 -26.80 |4.04 |38.64 57.32 1.67 388
STN22US |0.20 |7.34 20.06 1.58 |0.25 7.34 -17.30 | 10.70 |50.92 38.38 2.25 380
STN23US |[0.05 |1.86 7.89 055 |1.94 7.56 -28.80 |9.74 | 45.63 44.63 1.62 251
STN24US |037 |1.64 491 1.92 |0.64 7.56 -29.40 | 12.40 |41.43 46.18 2.44 566
STN 25 US 0.17 4.18 12.99 1.54 1.24 7.34 -17.50 | 16.27 | 45.61 38.12 2.07 366
STN26US |0.24 |5.88 13.57 1.83 |0.08 7.01 0.20 11.54 | 69.62 18.84 1.96 350
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STN27US |0.07 |3.25 12.53 0.62 |7.60 7.81 -41.30 | 25.23 |39.81 34.96 2.62 267
STN28US 034 |11.71 14.37 3.02 ]0.00 5.96 5390 |[25.04 |54.17 20.79 1.66 599
STN29US |0.21 |10.76 17.61 255 | 149 7.30 -15.60 | 20.66 |50.42 28.92 2.33 323
STN30US |030 |277 10.53 | 4.00 |0.60 7.44 -22.60 | 7.08 |59.16 33.75 1.96 354
STN31US |0.13 |543 14.48 096 |1.49 7.45 -23.20 | 12.73 | 37.01 50.26 1.88 329
STN32US 014 |3.71 18.56 1.47 | 0.66 7.43 -22.00 | 14.58 | 49.45 35.97 2.29 367
STN33US |0.15 |5.24 11.43 1.64 |0.33 7.58 -29.80 | 11.43 |52.08 36.49 1.98 433
STN34US |[0.17 |6.33 11.76 1.68 |1.07 7.64 -32.50 | 11.28 | 47.06 41.66 2.36 465
STN35US |0.19 |8.35 4.64 1.96 |0.29 7.31 -16.10 | 11.03 |56.22 32.75 2.10 376
STN36US |[0.13 |381 1.91 1.06 | 0.00 6.37 33.20 |20.83 |59.58 19.60 2.27 431
TN NHs" | NOs TOC | CaCOs pH | Eh(mV) [clay |silt sand Fe Mn
mg/kg | mg/kg | mg/lkg | wt% | wi% V% V% V% wit% mg/kg
0zD 01 US 0.38 23.42 3194 | 2093 14.04 | 7.83 -56.8 52| 59.226 | 35.574 1.57 544
0zD 02 US 0.16 7.76 20.68 | 1.28 053 | 7.61 -41.2 9.8 | 46.159 | 44.041 2.01 452
0zD 03 US 0.34 6.42 3153 | 251 516 | 7.7 -44.4 17.7 | 68.472| 13.828 2.66 714
0OzD 04 US 0.15 6.21 9.31| 1.08 12.63 | 7.76 -49 15.6 | 52.457 | 31.943 2.14 402
0OzD 05 US 0.16 6.85 10.76 | 1.14 359 | 7.77 -44.9 14.1 | 59.736 | 26.164 2.42 394
0zD 06 US 0.21 10.05 13.57 1.77 1.16 | 7.45 -36.4 176 | 46.767 | 35.633 2.36 534
0zD 07 US 0.10 4.52 724 0.74 153 | 7.71 -45.6 7.6 | 48.644 | 43.756 3.11 481
0OzD 08 US 0.14 5.72 1429 | 1.06 4.05| 7.65 -50.9 18 | 57.796 | 24.204 2.9 815
0OzD 09 US 0.28 7.98 2342 | 1.96 223 | 1.7 -42.9 13.4 | 57.038 | 29.562 2.25 390
0OzD 10 US 0.29 9.87 26.33| 221 021 | 7.54 -37.8 11.2 | 62542 | 26.258 1.68 425
0zD 11 US 0.29 7.01 1576 | 1.97 0.70 | 7.55 -35.5 19.4 | 59.312 | 21.288 1.85 353
0zD 12 US 0.16 4.02 3469 | 121 351 | 7.76 -49.8 21.08 | 50.719 | 28.201 2.38 498
0zD 13 US 0.19 7.04 2162 | 1.49 256 | 7.64 -39.4 9.5| 51.032| 39.468 4.27 950
0zD 14 US 0.18 7.92 3450 131 021 | 7.47 -30.8 22.8 | 58.535| 18.665 2.35 440
0zD 15 US 0.09 3.52 3.02| 0.74 2.65| 7.72 -46.5 15.1 | 47.034| 37.866 2.33 441
0OzD 18 US 0.25 8.79 1396 | 2.18 729 | 7.83 -58.1 4.03 | 41.199| 54.771 2.38 652




0ZD 19 US
0ZD 20 US
0zZD 21 US
0ZD 23 US
0ZD 24 US
0ZD 25 US
0zZD 27 US
0ZD 28 US
0ZD 29 US
0ZD 30 US
0ZD 31 US
0ZD 32 US
0ZD 33 US
0ZD 34 US
0ZD 35 US
0ZD 36 US
0zZD 37 US
0OZD 38 US
0ZD 39 US
0OZD 40 US
0OZD 41 US
0ZD 42 US
0OZD 43 US
0OZD 45 US
OZD 46 US
0ZD 47 US
OZD 48 US
0ZD 49 US
0ZD 50 US
0ZD 51 US

0.16
0.50
0.22
0.27
0.13
0.28
0.28
0.17
0.24
0.22
0.39
0.18
0.19
0.19
0.23
0.09
0.19
0.14
0.32
0.35
0.25
0.17
0.10
0.09
0.39
0.22
0.25
0.36
0.22
0.39

7.14
13.23
5.57
12.93
5.17
9.58
8.52
8.10
11.38
11.38
11.46
10.34
8.80
10.76
7.34
5.10
5.38
3.62
10.42
9.55
13.07
5.86
3.81
2.66
11.91
8.17
9.34
10.75
10.42
13.03

12.86
27.84
28.31
11.89
7.24
38.33
34.07
21.43
19.13
7.24
9.65
3.62
1.47
1.96
3.91
2.78
3.42
2.07
7.68
3.52
251
4.26
1.43
2.66
6.19
5.84
4.67
14.71
10.42
7.24

1.35
3.47
1.93
2.27
1.16
2.34
2.35
1.69
2.21
1.60
2.97
1.47
1.54
1.63
1.68
0.70
1.93
1.85
2.87
5.36
1.94
1.44
0.72
0.86
5.43
1.71
2.48
3.96
2.07
2.61

1.37
4.02
1.04
0.08
4.23
5.80
0.41
4.35
0.00
10.35
4.10
0.00
0.00
0.00
0.00
20.71
5.30
16.44
0.41
0.00
0.00
9.21
1.70
1.82
1.28
4.47
4.97
1.86
4.89
4.97

7.33
7.59
6.95
7.3
7.58
7.86
7.56
8.05
6.9
7.53
7.52
7.01
7.13
7.08
6.93
7.63
7.81
7.9
7.51
6.96
6.9
7.66
7.44
7.68
7.35
7.61
7.32
7.53
7.72
7.6
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-35.3
-36.8
-25.5
-16.5
-36.4
-41.7
-36.9
-61.3
-1.5
-42.7
-37.4
-9.4
-10.9
-5.6
0.4
-48.9

-55.2
-32.8

9.7
24.8
7.1
18
14
10.3
154
6.13
10.7
11.2
6.5
21.8

19.3
12.05
12.66

6.9
6.6
11.2
8.7
12.9
11
21.8
23
10
12.1
16
2.7
17.5
15

49.849
67.245
49.703
55.273

52.54
50.814
61.445
48.902
47.096
43.734
43.032
55.512

55.642
56.22
45.09

48.396
33.59

45.808

33.808

56.589

39.721

51.624

41.012

41.852

59.017

56.254
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51.298

63.003

40.451

7.955
43.197
26.727

33.46
38.886
23.155
44.968
42.204
45.066
50.468
22.688

25.058
31.73
42.25

44,704
59.81

42.992

57.492

30.511

49.279

26.576

35.988

48.148

28.883

27.746

63.8

31.202

21.997

2.83
2.81
1.88
2.24
2.34

2.5
2.17
2.63

2.2
1.98
2.95
2.14
1.93
1.92
1.72
1.47
4.19
9.93
2.22
2.23
2.01
4.44
2.04
2.72
2.76
2.29
2.47
2.82
2.24
2.24

845
459
342
561
390
528
597
971
409
361
565
481
475
442
452
195
1305
3590
409
420
451
3612
315
522
630
465
369
503
709
440




0zD 52 US 0.22 8.17 409| 1.62 8.61| 7.55 -40.5 13.5| 54.443 | 32.057 1.71 253

0zD 53 US 0.14 7.24 3.62| 132 1.49 | 7.64 -44.7 14.32 | 60.079 | 25.601 2.48 683

0OZD 54 US 0.05 1.96 0.49| 0.93 8.06 | 8.26 -717.5 474 | 23.012 | 72248 | 11.63| 2946

0OzD 55 US 0.49 10.99 452 | 3.90 518 | 7.53 -4.2 7.8 | 58.131| 34.069 2.24 750

0zD 56 US 0.11 4.52 396 | 0.77 779| 76 -39 17.1| 49.192 | 33.708 1.88 325

0zD 57 US 0.38 10.05 402 | 3.27 8.86 | 7.82 -51.5 13| 60.707 | 26.293 2.04 950

0zD 58 US 0.28 7.76 194 242 0.00| 7.24 -14.3 18.2 | 59.817 | 21.983 2.05 428

0zD 59 US 0.17 5.17 259 | 121 0.21| 7.56 -36.6 29.8 | 54.327 | 15.873 2.07 514

0ZD 60 US 0.51 12.82 452 6.90 0.00| 7.3 -15.7 17.4 | 59.767 | 22.833 2.37 614

Table S5. Bacteria OTU (class level) in Salgétarjan and Ozd soils. Only most abundant 50 classes were represented in the table

taxon STNO09 | STN14 | STN24 | STN30 | STN37 | 0ZD02 | 0ZD25 | OZD38 | 0ZD39 | 0ZD42 | 0ZD54
Bacteroidia 256 189 231 238 134 153 132 279 173 148 138
Gammaproteobacteria 167 167 171 192 124 219 202 256 193 200 152
Alphaproteobacteria 98 133 136 151 105 139 155 225 113 153 214
Deltaproteobacteria 152 190 169 155 126 188 114 143 156 161 99
Verrucomicrobiae 189 140 151 103 70 98 96 114 146 81 65
Planctomycetacia 139 140 185 133 101 168 111 153 108 142 131
Subgroup_6 99 103 118 83 120 167 121 138 162 160 54
Parcubacteria 80 125 102 100 62 24 55 97 37 48 89
Thermoleophilia 108 66 70 58 47 60 51 31 63 60 41
Actinobacteria 72 61 100 65 49 85 65 82 82 73 70
Phycisphaerae 87 74 61 45 57 53 53 79 71 83 51
Saccharimonadia 41 41 67 86 26 12 36 41 14 16 81
Gemmatimonadetes 44 65 61 66 53 37 50 76 30 62 33
Blastocatellia_(Subgroup_4) 53 65 57 45 45 21 51 27 21 28 39
Acidimicrobiia 58 60 58 61 55 64 51 42 53 58 49
Anaerolineae 16 50 36 60 22 22 20 12 8 16 32
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FBP_cl 2 0 3 5 2 3 1 4 3 0 10
Pla4_lineage 2 10 5 3 5 10 5 4 5 9 2
Chloroflexi_unclassified 1 3 6 6 4 4 3 4 1 2 9
Bacteria_unclassified 89 83 143 151 120 204 197 175 240 187 104
Table S6. Archaea OTU (class level) in Salgétarjan and Ozd soils
taxon STNO09 | STN14 | STN24 | STN30 | STN37 | 0ZD02 | 0ZD25 | 0ZD38 | 0ZD39 | 0ZD42 | 0ZD54
Altiarchaeia 0 0 0 0 0 0 0 1 0 0 0
Bathyarchaeia 0 0 0 2 0 0 0 0 0 0 0
lainarchaeia 0 2 1 1 1 0 1 0 0 1 0
Methanobacteria 0 0 0 2 1 0 1 0 0 0 0
Methanomicrobia 0 0 0 2 0 0 0 0 0 0 0
Thermoplasmata 3 6 4 10 4 6 21 4 2 9 5
Woesearchaeia 11 31 19 23 31 5 24 1 9 17 7
Group_1.1c 1 0 0 0 0 0 0 0 0 0 0
Nitrososphaeria 17 13 13 10 10 15 39 9 20 21 5
Archaea_unclassified 0 0 1 0 4 0 4 0 1 3 1
Euryarchaeota_unclassified 0 0 0 0 0 1 1 0 0 1 0
Nanoarchaeaeota unclassified 1 0 1 0 0 0 0 0 0 0 0

Table S7. Colony forming Unit analysis- The number of metal resistant bacteria in Salgétarjan and Ozd soils (*10™). In all cases the concentration

of metal(loid)s were 200 mg/L.

Sample | STNO9 STN14 STN24 STN30 STN37 0OzZD02 0OzZD25 0OZD38 0ZD39 0ZD42  0OZD54
Pb 14.56 2.25 23.33 16.16 3.44 3.70 3.40 3.20 11.70 5.40 0.52
Cd 1.17 0.08 0.59 1.53 0.07 0.00 0.01 1.30 0.00 0.00 0.00
Hg 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table S8. Results of Health risk assessment for Salgotarjan (STN) and Ozd (OzD). CR-
Carcinogenic risk. Ing-ingestion, inh-inhalation, dems-dermal pathways

Chronic risk
STN Adults Children
HQ ing HQ inh HQ dems HQ ing HQ inh | HQ dems
As 5.06E-02 | 7.78E-06 1.25E-02 4.72E-01 | 1.82E-05 | 6.05E-02
Pb 3.12E-02 - - 2.91E-01 - -
Hg 4.71E-04 | 2.53E-07 1.17E-04 4.39E-03 | 5.90E-07 | 5.63E-04
Cd 9.74E-04 | 1.31E-06 2.41E-04 9.09E-03 | 3.07E-06 | 1.16E-03
0zD Adults Children
HQ ing HQ inh HQ dems HQ ing HQ inh | HQ dems
As 3.81E-02 | 5.86E-06 9.43E-03 3.56E-01 | 1.37E-05 | 4.55E-02
Pb 3.13E-02 - - 2.92E-01 - -
Hg 1.05E-03 | 5.62E-07 2.60E-04 9.78E-03 | 1.31E-06 | 1.25E-03
Cd 4.83E-03 | 6.52E-06 1.20E-03 451E-02 | 1.52E-05 | 5.77E-03
Carcinogenic risk
STN CR Adults CR Children
ADI-ing | ADI-inh ADI-dems ADI-ing ADI-inh ADI-dems
As 9.76E-06 | 1.50E-08 2.42E-06 9.11E-06 | 2.25E-07 2.26E-06
Pb 4.09E-07 | 3.11E-10 - 3.82E-07 | 1.31E-11 -
Hg - - - - - -
Cd - 2.02E-10 - - 1.89E-10 -
0zZD CR Adults CR Children
ADI-ing | ADI-inh ADI-dems ADI-ing ADI-inh ADI-dems
As 7.35E-06 | 1.13E-08 1.82E-06 6.86E-06 | 1.70E-07 1.70E-06
Pb 4.10E-07 | 3.12E-10 - 3.83E-07 | 1.31E-11 -
Hg - - - - - -
Cd - 1.00E-09 - - 9.36E-10 -

Figure S1. Some examples of observed slag material below the surface (Sample STNQ9-left,
0zZD42- right)
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Figure S2.1. General mortality among the female population (BNO-10.:A00-Y98) in
Salgotarjan district (2013-2018) (source: https://efop180.antsz.hu/nekinf-diagram). Purple

colour shows if the mortality risk was significantly higher than the national average mortality

risk.
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Figure S2.2. General mortality among the female population (BNO-10.:A00-Y98) in Ozd
district (2013-2018) (source: https://efop180.antsz.hu/nekinf-diagram)
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Figure S2.3. General mortality among the male population (BNO-10.:A00-Y98) in Salgétarjan
district (2013-2018) (source: https://efop180.antsz.hu/nekinf-diagram)
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Figure S2.4. General mortality among the male population (BNO-10.:A00-Y98) in Ozd district
(2013-2018) (source: https://efop180.antsz.hu/nekinf-diagram)
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