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ABSTRACT

Arsenic (As) is a toxic metalloid and the remediation of soils and waters from this
contaminant as well as the prevention of future contamination are still pending tasks in Chile.
There are bacteria able to live in environments polluted with arsenic, as they have tolerance
mechanisms for this metalloid, or even can use it for energy metabolism. The potential tolerance
mechanisms include the production of siderophores, metabolites with chelating activity that can
decrease the toxicity of metals and metalloids. Although a correlation between siderophore
production and metalloid tolerance has been described, the structure of arsenic-binding
siderophores and their implications in tolerance have not been elucidated yet. In this work, it is
proposed that bacteria isolated from contaminated environments produce arsenic-binding
siderophores. The main aims of this work are to study the production of the siderophores by
arsenic-tolerant bacteria, to characterize these compounds and to determine their relation with
tolerance to arsenic.

Fourteen arsenic-tolerant bacteria were isolated from contaminated water, From these,
four strains belonging to the species Rhodococcus erythropolis, Arthrobacter oxydans and Kocuria
rosea were selected, in addition to the previously isolated Rhodococcus erythropolis S43, for a
more detailed study. The isolates were used to produce siderophore extracts, which were then
evaluated for their iron- and arsenic-binding activity. To detect the latter, a new method (As-mCAS)
was set up, based on the Chrome Azurol S (CAS) test, an assay to detect iron-chelating activity
of siderophores. After testing the extracts, R. erythropolis S43 was selected as the strain with the
best arsenic-binding activity. For the subsequent chemical characterization, siderophores were
produced under control conditions (iron-free M9 medium) and under stress conditions with arsenic
(iron-free M9 medium with sodium arsenite). HPLC analysis of the extracts for both culture
conditions showed the presence of a single compound with both an iron-chelating and an arsenic-
binding activity. Analyses by nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry (MS) for both culture conditions suggested the main presence of the siderophore
heterobactin B.

In addition, the genome of strain S43 was sequenced. A cluster of ars-genes was
predicted, probably responsible for the arsenic-tolerance of the strain. In addition, a complete gene
cluster for heterobactin production was found. However, no significant difference was obtained in
the expression of these determinants in the presence or absence of arsenic, suggesting that the
production of this siderophore in strain S43 is not responsible for the tolerance to the metalloid.
Keywords: Siderophores, Actinobacteria, Rhodococcus erythropolis S43, bioremediation,

arsenic.



RESUMEN

El arsénico (As) es un metaloide altamente toxico y su remediacion de suelos y aguas de
este contaminante, tal como la prevencion de futura contaminacion es una tarea pendiente en
Chile. Existen bacterias capaces de vivir en ambientes contaminados con arsénico, pues poseen
mecanismos de tolerancia para este metaloide, o pueden utilizarlo para su metabolismo
energético. Entre los potenciales mecanismos de tolerancia destaca la produccion sideréforos,
metabolitos con actividad quelante que pueden disminuir la toxicidad de metales y metaloides. Si
bien se ha descrito una correlacion entre la produccion de sideréforos y la tolerancia al metaloide,
la estructura de los sideréforos quelantes de arsénico y sus implicancias en la tolerancia no han
sido descritas. En esta tesis se plantea que las bacterias aisladas de ambientes contaminados
producen sideréforos quelantes de arsénico. El principal objetivo es estudiar la produccion y
caracterizar los sideréforos quelantes de arsénico producidos por las bacterias tolerantes y

determinar su relacion con la tolerancia al metaloide.

De catorce cepas tolerantes a arsénico aisladas a partir de aguas contaminadas, se
seleccionaron cuatro cepas pertenecientes a las especies Rhodococcus erythropalis,
Arthrobacter oxydans y Kocuria rosea. Adicionalmente, se incluyé Rhodococcus erythropolis S43,
una cepa que fue previamente caracterizada como tolerante. Los aislados fueron utilizados para
realizar extractos de sideréforos a los que se les evalué su actividad quelante de hierro y arsénico.
Para detectas esta ultima, se estandarizé un método (As-mCAS), basado en el ensayo Cromo
Azurol S (CAS), método para detectar la presencia de sideréforos quelantes de hierro. Luego de
evaluar los extractos, se selecciond la cepa R. erythropolis S43 como la cepa con mejor actividad
quelante de arsénico. Para la caracterizacion quimica, se produjeron sideréforos en condicion
control (medio M9 libre de hierro) y condicion de estrés con arsénico (medio M9 sin hierro, con
arsenito de sodio). El analisis por HPLC de los extractos mostro la presencia un tnico compuesto
con actividad quelante de hierro y arsénico para ambas condiciones. Los analisis realizados
utilizando espectroscopia de resonancia magnética nuclear (RMN) y espectrometria de masas
(EM) sugirieron la presencia mayoritaria del sideréforo heterobactina B para ambas condiciones

de cultivo.

Ademas, se secuencioé el genoma de la cepa S43 donde se predijo un cluster de genes
para un cluster ars, probablemente responsable del fenotipo tolerante a arsénico de la cepa.
Ademas, se encontrd un cluster génico para la produccion de heterobactina. Sin embargo, no se
obtuvo diferencia significativa en la expresion de estos determinantes en presencia o ausencia
de arsénico, sugiriendo que la produccion de este sideréforo en la cepa S43 no es responsable

de la tolerancia al metaloide.

Palabras Clave: Siderdforos, Actinobacteria, Rhodococcus erythropolis S43,

biorremediacion, arsénico.



ZUSAMMENFASSUNG
Arsen (As) ist ein giftiges Halbmetall, fir das die Sanierung belasteter Flachen und

Gewasser sowie die Vermeidung kunftiger Verschmutzung in Chile noch weitgehend ausstehen.
Es gibt Bakterien, die in arsenbelasteter Umgebung leben koénnen, da sie Uber
Toleranzmechanismen fir dieses Halbmetall verfigen oder es sogar fur den Energiestoffwechsel
nutzen koénnen. Zu den Toleranzmechanismen gehdrt die Produktion von Siderophoren,
Metaboliten mit Chelataktivitat, welche die Toxizitdt von Metallen und Halbmetallen verringern
kénnen. Obwohl eine Korrelation zwischen der Produktion von Siderophoren und der
Halbmetalltoleranz beschrieben wurde, konnten die Struktur von arsenbindenden Siderophoren
und ihre Auswirkungen auf die Toleranz noch nicht geklart werden. In dieser Arbeit wird postuliert,
dass aus kontaminierten Umweltproben isolierte Bakterien arsenbindende Siderophore
produzieren. Hauptziele dieser Arbeit sind die Untersuchung der Produktionsbedingungen der
Siderophore aus Arsen tolerierenden Bakterien, die Charakterisierung dieser Verbindungen sowie
die Ermittlung ihres Einflusses auf die Toleranz gegen Arsen.

Aus kontaminiertem Wasser wurden 14 arsentolerante Bakterien isoliert, von denen vier
Stdmme der Spezies Rhodococcus erythropolis, Arthrobacter oxydans und Kocuria rosea
zusatzlich zum bereits friher isolierten Rhodococcus erythropolis S43 fir eine genauere
Untersuchung ausgewahlt wurden. Von den Isolaten wurden Siderophorextrakte hergestellt, die
anschlieflend auf ihre Eisen- und Arsenbindungsaktivitat untersucht wurden. Um Letztere zu
erkennen, wurde eine neue Methode (As-mCAS) auf Basis des Chrome Azurol S (CAS)-Tests,
einem Test zum Nachweis der Eisenkomplexbildungsaktivitat von Siderophoren, entwickelt. Nach
dem Testen der Extrakte wurde R. erythropolis S43 als Stamm mit der besten
Arsenbindungsaktivitat ausgewahlt. Fir die chemische Charakterisierung wurden die Siderophore
unter Kontrollbedingungen (eisenfreies M9-Medium) und unter Stressbedingungen mit Arsen
(eisenfreies M9-Medium mit Natriumarsenit) hergestellt. Die HPLC-Analyse der Extrakte zeigte
fur beide Kultivierungsbedingungen die Anwesenheit einer einzelnen Verbindung mit einer sowohl
Eisen komplexierenden als auch Arsen bindenden Aktivitat. Analysen mittels Kernspinresonanz-
(NMR-)Spektroskopie und Massenspektrometrie (MS) deuteten fur beide
Kultivierungsbedingungen auf die hauptsachliche Anwesenheit des Siderophors Heterobactin B
hin.

Zusatzlich wurde das Genom von Stamm S43 sequenziert. Ein Cluster von ars-Genen
wurde vorhergesagt, wahrscheinlich verantwortlich fiir die Arsentoleranz des Stammes. Zusatzlich
wurde ein komplettes Gencluster fir die Heterobactinproduktion gefunden. Die Expression dieser
Genen in Gegenwart oder Abwesenheit von Arsen zeigte jedoch keinen signifikanten Unterschied,
was nahelegt, dass die Produktion dieses Siderophors in Stamm S43 nicht fur die Toleranz
gegenuber dem Halbmetall verantwortlich ist.

Schliisselworter: Siderophore, Actinobakterien, Rhodococcus erythropolis S43, Bioremediation,

Arsen.
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. INTRODUCTION

1.1. Arsenic diffusion to the environment

Arsenic (As) is naturally ubiquitous in several environments such as soil, water sources
and rock (Mandal and Suzuki 2002), occupying the 20" place in abundance on Earth’s crust
(Gomez-Caminero et al. 2001). This metalloid is forming non-soluble minerals (the most common
being arsenopyrite, enargite and scorodite) which are stable and low in toxicity. However, due to
activities such as mining, dye or electronic industrial processes (Welch et al. 2000) it can be
released into the environment where it can form highly toxic compounds, which spread through
different processes such as rain and filtration of waste water or related to arsenic-bearing flotation

tailings and mine waters (Cullen and Reimer 1989; Drewniak et al. 2014) (Fig. 1).

:(CHa)sAs

As(0) — As(lll) = As(V)

Figure 1.- The global arsenic geocycle and environmental contamination and anthropogenic sources

polluting several environments.

In nature, arsenic is mostly found in sulfide minerals where it can occur as an arsenide or
sulfarsenide anion bound to transition metals (for example, 16llingite, FeAs2 or arsenopyrite,
FeAsS) or as part of iron containing minerals like scorodite (FeAsQOa) (Rousell et al. 2000; Al-Abed



et al. 2007), from where can be released into the environment through natural occurring processes
like weathering reactions, biological activity and volcanic emissions, as well as through

a range of anthropogenic activities, which involve mechanisms of dissolution, redox-reactions and
adsorption-desorption processes. This mobility is dependent of the mineral form and the
anthropogenic or natural form causing the mobilization, where the most prevalent arsenic species
released are arsenite [As(lll)] and arsenate [As(V)], although these are not the only arsenic
species (where arsine As(-lll) and arsenic (As0) must be also included). Arsenite is usually found
as a neutral specie at neutral pH (with a pK1 = 9.2) with high solubility in water, while arsenate is

found in more oxidized conditions and is less soluble (Bowell et al. 2014).

When coming from anthropogenic sources arsenic can cycle among several reservoirs
such as anthrosphere, lithosphere, atmosphere, hydrosphere and biosphere (Matschullat, 2000).
The process usually starts with industrial activities such as mining of arsenic-containing minerals,
where the metalloid is mobilized from the lithosphere to the other reservoirs, for example, through
emissions of arsenic to the athmosphere product of ore smelting, where it can then contaminate
water and soil product of precipitations into the land, or become part of the biomass of water-life.
Regarding this phenomenon, several industrial processes can be involved in the release of the
metalloid to the environment, such as mining of arsenic-containing ores, processing of arsenic
and other metal concentrates and production of arsenic-containing products, among others (Chen
et al. 2016)

1.2 Arsenic in water and its toxicity

Nowadays, arsenic derived from human activities can exceed natural metalloid sources
up to 3-fold (Welch et al. 2000), being water sources one of the most problematic. In most natural
groundwaters, it occurs either as As(lll) or As(V), where organic arsenic forms may be produced
by biological activity, mostly in surface waters, but are mostly present in biological tissues where
the most dominant compound is arsenobetaine, which shows low toxicity in humans (Cullen and
Reimer 1989).

Arsenic is generally present as an oxyanion in oxic environments, while in anaerobic soils,
it is typically found combined with sulfur. Thus, in uncontaminated aerobic sediments and soils
arsenate is the predominant species, whereas in anaerobic sediments and soils arsenite is the
dominant species (Nordstrom and Archer 2003; Campbell and Nordstrom 2014). Methylated forms
of arsenic can also form in surficial environments and are also pH sensitive. Over the natural range
of Eh and pH, both As(lll) and As(V) can occur in a range of stable aqueous forms, being arsenous

acid (HsAsOs) the most common in groundwater (Bowell et al. 2014) (Supplementary material



Figure S1). The equilibrium constants for common arsenic species in aqueous solution, can be
seen in Table 1.

Table 1.- Aqueous speciation of arsenic (obtained from Bowell et al. 2014).

Arsenic compound pKa

Arsenic acid

H3AsO4 = H2AsO4™ + H* pKa1l =225
H2AsO4™ = HASO4?™ + H* pKa2 = 6.98
HAsO4%" = AsO4> + H* pKa3 = 11.58
Arsenous acid

H3AsO3 = H2AsOs™ + H* pKal=9.24
Monomethylarsonic acid

CH3AsO(OH)2 = CH3As(OH)O2™ + H* pKa1l=4.19
CH3As(OH)O2™ = CH3AsO3? + H* pKa2 = 8.77
Dimethylarsinic acid

CH3AsO(OH) = (CHs)2AsOz™ + H+ pKal=6.14

Independently of the majoritarian species present in water, around the world the total
arsenic concentration is reported in order to determine if these sources achieve the limit of arsenic
in water required by the World Health Organization (or the internal regulatory norms of each
country), which states that the limit of arsenic in drinking water should be 10 ug/L (Gorchev et al.
2011). As expected, many natural aquifers affected by arsenic contamination exceed this standard
containing concentrations above 50 ug/L. These areas have been reported to be in
Bangladesh,West Bengal, Chile, Argentina, China, Mexico, Vietnam, and parts of Canada and the
U.S.A. (Smedley and Kinniburgh 2002; McGuigen et al. 2010; Chappells et al. 2014). In Chile,
some aquifers can present up to 500 mg/L (Supplementaty material, Table S1) of total arsenic
content, these correspond to groundwater related to mining activity, and are connected to water-
treatment plants to achieve the concentrations determined by the norm after the treatment
(Marshall et al. 2007; Ferreccio and Sancha 2006).

The environmental problem lies not only in the presence of arsenic in water, since many
of the water sources are related to water-purification plants, but does it in occupational exposure,
which can lead to acute or chronic diseases product of excessive arsenic intake, where its toxicity
is directly related to the species involved, where generally, organic compounds, for example the
ones occurring in seafood, or the metabolites of inorganic arsenic forms, are much less toxic than
the inorganic forms. These latter, when entering the human body through ingestion, inhalation, or

skin absorption, can be a problem specially in miners which are in constant contact to arsenic-



containing ores or arsine-containing fumes. After entering the body, some of these arsenic-
containing copounds can be absorbed in the gastrointestinal system and then distributed in a large
number of organs including the lungs, liver, kidney and the skin (Mello de Capitani, 2011), where
the clinical manifestations can be difficult to diagnose, since its early symptoms are non-specific
and may be present in other diseases. So, classical early arsenic-produced diseases such as
arsenicosis or keratosis which have respiratory, cardiovascular and topical effects are diagnosed

many times at a late state (Ferrechio and Sancha 2006).

The many effects of arsenic in the human body include respiratory and cardiovascular
effects such as irritation of the respiratory mucous membrane which can lead to laryngitis,
bronchitis, chronic cough and over the years loug cancer. Also can cause thicken blood vessels
and hypercontract the heart-muscle fibers. Aditionally, arsenic is filtered through the urinary sistem
causing renal failure and is a risk factor to bladder cancer (Smith et al. 1992; Smith et al. 2009;

Jomova et al. 2011).

Besides the afored mentioned complications arsenic can affect the gastrointestinal,
neurological and hepatic systems, therefore, it can cause chronic damage in several bodily
functions. While the carcinogenicity of arsenic (specially inorganic arsenic) has been confirmed,
the mechanisms behind the diseases occurring after the exposure to the metalloid are not
complelety understood. The most described toxic mechanism of arsenic is the impairment of
cellular respiration through interference with oxidative phosphorylation caused by the inhibition of
various mitochondrial enzymes, associated with inorganic arsenic species. As(lll) is 2 to 10 times
more toxic than As(V), the first suppresses the activity of more than 200 cellular enzymes by
bonding with thiol or sulfhydryl groups, affecting the function numerous organs (Goyer, 2001).
Meanwhile, As(V) can replace phosphorus, affecting numerous biochemical pathways including
ATP synthesis (Hughes, 2002; Kaur et al. 2011). Although these tocixity mechanisms have been
reported to be related to diseases after a exposure to high concentrations of arsenic, numerous
studies have stated that also various health effects are caused by chronic exposure to low
concentrations of the metalloid, which cause accumulative damage. Therefore, independently of
the biologycal processes involved in arsenic toxicity it is possible to state, as other authors have
(Hong et al. 2016), that arsenic contamination and chronic expossure to the metalloid are a public

health issue which remains to be solved.

1.3. Current arsenic-removal technologies

As it has been commented, arsenic can be a risk factor for high mortality diseases which

have complicated treatments, therefore, the main way to avoid arsenic toxicity is removing it from



water, and thus, their intake. However, arsenic cannot be destroyed, it can only be transformed
into different forms or combined with other elements containing it into non-soluble compounds
(Anjum et al. 2014). Here, a summarized review of some arsenic-removal methods is presented

in order to give general context to this work.

Nowadays, there is a plethora of industrial technologies oriented to remove arsenic from
water. One of the most commonly used are oriented to chemically oxidize arsenite to arsenate, a
less toxic species, usually through addition of a chemical agent such as hypochlorite (CIO") or
potassium permanganate. This is a very versatile method, which makes possible the coupling with
other purification processes occurring in a water purification plant (Sen et al. 2010). However, a
high level of technology and control is required, making this process necessary to be monitored

by specialized staff.

Another common arsenic-removal process is the precipitation into non-soluble
compounds, some of them, based in the low-solubility of certain inorganic As(V)-compounds,
when several strategies can be used. For example, solid calcium arsenate reacts with carbon
dioxide to form CaCOs while arsenic is remobilized, also the addition of magnesium salts can lead
to the formation of Mgs(AsOa4)2. To a limited extent, this method is applied to achieve arsenate
fixation in soils, sediments and wastes, where As(V) can be removed through precipitation of ferric
arsenate (Magalhaes 2002; Basha et al. 2008). Other type of arsenic precipitation is the production
of the mineral scorodite, this arsenic-removal method that seems to be very useful via precipitation
of As(V) in the Fe-AsO4-SQO4 system, which can be carried out at pH < 1 in the temperature ranges
150 to 225°C. Here, the production of scorodite as an arsenic-containing mineral solves the
problem of high solubility of inorganic arsenic species. The nature of this process have some
requirements, for example, the conversion to crystalline scorodite requires temperatures >90°C
(Robins et al. 2001) and the precipitation is possible at pH values < 2 leading to an amorphous
material with particle sizes of about 100 nm. Other options to obtain these crystals include the use
of ferrous salts (as ferrous sulphate) and subsequent oxidation by means of ferrate ions (Vogels
and Johnson 1998). This processing of arsenical compounds by the hydrothermal route has been
named the "Scorodite Process" and this is considered to represent a realistic process option for
arsenic disposal, where crystalline scorodite should have a low solubility for prolonged periods of
time, and can be considered most stable arsenate compound formed in nature, being suitable for

arsenic disposal purposes (Swash and Monhemius, 1998).

Among the most common industrial methods for arsenic detoxification, the membrane
technologies are successful and versatile, since they can be coupled with the afore mentioned
methods. Sorption has been described as an increasing technology in water treatment plants. it

occurs in a fixed bed process through which ions in solution are removed by sorption at sorbent



active sites. When all active sites are occupied, the sorbent should be regenerated or replaced
and properly disposed (Deschamps, 2011). Though the years, activated alumina was the first
sorbent successfully applied in arsenic-removal technologies, while others, mostly Fe-based, were
developed and made available on the market. Differences in the general composition of sorbents,
such as: Fe valence state, crystalline structure, specific surface area, and other physico-chemical
characteristics, result in different kinetics and sorption capacities. Studies and applications
performed in commercial experiments have shown that the removal capacity of Fe-based sorbents
exceeds that of alumina-based ones (EPA 2003). The performance of the treatment systems
depends on various factors including concentration and speciation, pH, presence of competitor
ions, adsorbent specific characteristics, average life and the extent to which they can be
regenerated, making it a technology highly specific. The main disadvantage of these lies in the
high sensitivity to the ion concentration and pH of the water, losing up to 90% of their effectivity
when the pH of treated water is far from neutrality, a common occurrence in some mining derived

waters (Kumar Kaushal 2007).

Nowadays, there are several types of biological systems in use for the removal of arsenic
from water, which when coupled with the afored mentioned methods can improve the removal.
One of these is the utilization of cultured bacteria to oxidize and precipitate iron and manganese
in water. Other methods use anaerobic sulphate-reducing bacteria, and other reducing bacteria to
precipitate arsenic from solution as insoluble arsenic-sulphide complexes, for example arsenic
sulphide (As2S3) can be generated by adding ferrous sulphate solutions and by means of sulphate-
reducing bacteria (Ayangbenro et al. 2018). The efficiency of these technologies is dependent of
pH, available nutrients and temperature, and the removal rate is also sensitive to arsenic
concentrations. To improve these methods, the use fungi can be applied to the removal
technologies. Fungi can be used as biosorbents for arsenic removal, for example, dead fungal
biomass of Penicillium chrysogenum , Aspergillus niger coated with iron oxide and Penicillium
purpurogenum can be used for arsenic removal when coupled with a pre-treatment with the
detergent hexadecyl-trimethyl ammonium bromide (HDTMA-Br) dodecylamine and a cationic
polyelectrolyte to improve arsenate biosorption (Murugesan et al. 2006; Pokhrel and
Viraraghavan, 2006). Other approaches use the combination of fungi and chitosan particles,
chitosan beads are reported to remove As(lll) and As(V) in both batch and continuous process
from water (Dambies et al. 2000), so a chitosan/chitin mixture coupled with the biomass from the
filamentous fungi (for example, Rhizopus oryzae) can be used for removal of arsenic from

contaminated water (Elson et al. 1980; Mcafee et al. 2001).

Other researches have focused in phytoremediation, the utilization of plan biomass to remove
metals/metalloids from water and soil. For example, the rhizofiltration (filtration trough the roots of

plants) has been studied for the potential of different aquatic plant species to remove elements



which can be toxic when occurring in high concentrations in water, such as boron (B), chromium,
copper, mercury, cadmium, nickel, selenium and arsenic (Mkandawire and Dudel 2005). This
metal/metalloid sorption by plants is facilitated by transporter proteins present in plant cells. Here,
due to the structural similarity between phosphate and As(V), this is sorbed by plants at the same

sites as phosphate, which can be absorbed at high concentrations (Mkandawire et al. 2004).

To summarize, the current technologies seem to be effective and are safe for arsenic-
removal from water, however, the implementation of these is not necessarily spread worldwide,
thus, a wider promotion and implementation is still needed to avoid the health problems associated
with excessive arsenic intake. Since, as it has been mentioned before, arsenic poisoning is mainly
caused to excessive and uncontrolled industrialization which leads to the contamination of the
natural resources. As it has been mention previously, the combination of biological solutions with
current industrial technologies seems to be a good and versatile approach to face the
environmental problem that is arsenic, in this work, an exploration of the capacity of
microorganisms to deal with arsenic can light some clarity to keep developing or improving

methods to face the current environmental problem.



Table 2.- Overview of the main arsenic-removal technologies described in this work.

Methods

Advantages

Disadvantages

Major oxidation/precipitation technologies

Chemical oxidation

Oxidizes other impurities and

inhibit microbial growth, simple

and fast with minimum
residual mass

Efficient control of the pH and oxidation
step is required

Mainly remove As(V) and accelerate the
oxidation process

Coagulation / co-precipitation

Sulfate coagulation

Simple in operation and low
capital cost, effective over a
wide range of pH

Produces toxic sludge, low removal of
arsenic, pre-oxidation may be required

Precipitation as scorodite

Highly non-soluble product
with low toxicity

Highly dependent of pH and temperature

Iron coagulation

Common chemicals available,
more efficient that alum
coagulation

intermediate removal rate of As(lll),
sedimentation and filtration is needed

Lime softening

Chemicals are available
commercially

Readjustment of pH is required

Sorption and ion-exchange technologies

Adsorption

Simple and cost effective,
regenerated if required,
effective arsenic removal

pH sensitve

Activated albumina/carbon

relatively well-known and
commercially available

Need replacement after 4 to 5
regeneration

lon-exchange resin

Well-studied, pH independent,
exclusive ion specific resin to
remove arsenic.

High cost, high-tech operation and
mantainence, regeneration creates a
sludge disposal problem, As(lll) is difficult
to remove, short life od resins

Biological technologies

Anaerobic sulphate-reducing
bacteria

High removal, possible to
couple with existing
technologies

pH and nutrient dependent

Fungi as bio-absorbents

No toxic solid waste is
produced

High production of biomass required

Rhizofiltration

High versatility, many
metal/metalloids can be
filtrated

Death of plant biomass requires periodical
exchange




1.4. How bacteria deal with arsenic

Bacteria are able to live in presence of several pollutants occurring in the environment
(Strnad et al. 2014; Sekine et al. 2006; Slyemi and Bonnefoy, 2012). This is due to different
mechanisms to deal with the toxicity of these elements that allow bacteria to survive in these
unfavorable conditions. Thus, in order to understand these pathways and explore their
biotechnological potential, several research groups have characterized different bacterial strains
isolated from contaminated sites (Albarracin et al. 2005; Ueno et al. 2007; Francois et al. 2012),
including arsenic-contaminated environments (Drewniak et al. 2008; Sultana et al. 2012;

Srivastava et al. 2012; Retamal-Morales et al. 2018).

Until now, there have been no verifiable reports that indicate that intracellular arsenic is
needed for the survival of any microorganism, and specific arsenic transporters have not been
characterized or found. Therefore, in order to enter the bacterial cell, arsenic is carried by transport

systems of analog molecules.

As it has been mentioned befote, due to their atomic similarity with phosphorus, As(V) can
enter the cell through phosphate transport systems, usually through Pit (Phosphate Inorganic
Transport), but it is also able to enter by the Pst system (Phosphate high-affinity transport) (Rosen
and Liu 2009). Meanwhile, As(lll) usually occurs as the neutral species arsenous acid [As(OH)s]
at physiological pH (lower than 9.3) and is structurally similar to glycerol. Therefore, its main
uptake mechanism is through aquaglyceroporins, dedicated to the transport of water, glycerol and
small uncharged molecules (Bhattacharjee et al. 2008). Once inside the cell, arsenic must face
several bacterial tolerance mechanisms. Among them one of the most conserved tolerance
strategies is the cytoplasmic reduction of As(V) to As(lll), through several proteins encoded in the
ars operon (Prithivirajsingh et al. 2001) which include an arsenate reductase (ArsC), an efflux
pump for As(lll) (ArsB) and a transcriptional regulator (ArsR). In some bacteria, this operon can
also contain an ATPase protein coupled to the efflux pump (ArsA) (Fig. 2) and a chaperone (ArsD),
which increases the extrusion capacity of ArsB (Yang et al. 2010). The strategy of reducing As(V)
to As(lll) is used by bacteria to minimize the competition of arsenic against phosphate, with the
final aim of maintaining a normal ATP production. This detoxifying mechanism involving the
reduction of As(V) and later extrusion of As(lll) seems to be conserved from bacteria to plants
(Ellis et al. 2006).

In relation to the mechanisms to detoxify As(lll), methylation, dissimilatory oxidation and
immobilization of arsenic are the most described by literature (Oremland and Stolz 2003, Slyemi

and Bonnefoy, 2012). However, the dissimilatory oxidation of As(lll) is usually performed by



bacteria to synthezise ATP, so it cannot be necessarily considered a detoxification mechanism,
and although the oxidation of arsenite to arsenate lowers its toxicity, improving the capacity of
bacteria to survive, it cannot be described a tolerance mechanism. This oxidation is performed by
arsenite oxidases, which have been found widely in the Bacteria domain (Oremland and Stolz
2003; Stolz et al. 2006). These proteins can be AoxAB or ArxB. The AoxAB proteins have been
extensively studied, they belong the DMSO-reductase protein family, use molybdenum as cofactor
and have iron-sulfur clusters (Duval et al. 2010). Similarly, as the dissimilatory oxidation the
dissimilatory reduction of arsenate should be not considered tolerance mechanisms since is also
aimed to generate energy, although the current literature groups it in the traditional arsenic-
tolerance mechanisms by bacteria (Slyemi and Bonnefoy, 2012). These pathways such as
dissimilatory oxidation and reduction of the metalloid seem occur less frequently in bacteria

(Oremland et al. 2009), and will not be the focus in this work.

Besides the enzymatic mechanisms, bacteria face arsenic toxicity through production of
either organic or inorganic compounds, in the latter case usually sulfur- or iron-derived. An
example of this is the extracellular precipitation of the metalloid, decreasing its uptake, and thus,
lowering the toxicity (Battaglia-Brunet et al. 2009). Some microorganisms also use extracellular
polymeric substances (EPS) to prevent the entry of arsenic to the inner cell (Harrison et al. 2007).
Another proposed extracellular mechanism is the immobilization through synthesis of organic
compounds such as siderophores. These have been described originally as organic chelators with
high affinity for ferric iron [Fe(lll)] in iron-depleting conditions (Schalk et al. 2011). However, some
recent studies have suggested their participation in the tolerance against several
metals/metalloids (Schalk et al. 2011; Braud et al. 2010), a novel perspective on the role of these

compounds against toxic elements.
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Figure 2.- Arsenic tolerance mechanisms present in bacteria (modified from: Slyemi and Bonnefoy, 2012).
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1.5. Characteristics and function of bacterial siderophores

Siderophores are low molecular-weight organic molecules with high affinity for Fe(lll).
They are produced by plants, fungi and bacteria under nutrient-depleting conditions, specifically
under iron depletion, since Fe(lll) is a vital nutrient for development and growth of plants and
microorganisms. Therefore, the traditional function of siderophores is the uptake of ferric iron from

the extracellular medium to be used in metabolism (Kraemer 2004).

In bacteria, the synthesis of siderophores is usually performed by the combined action of
non-ribosomal peptide synthetases (NRPS) and other enzymes, which can be encoded in a
genetic cluster (Renshaw et al. 2002). NRPS are big multifunctional proteins with a modular
structure able to synthesize peptides, independently of ribosomes (Mootz et al. 2002). The non-
ribosomally synthesized peptides can be modified by action of other bacterial proteins (usually
coded in the NRPS genetic cluster). Therefore, one non-ribosomally synthsesized peptide can
participate in the formation of different siderophores, due to the action of this later modifications
(Haas 2003). Thus, the presence of an NRPS genetic cluster in a bacterial genome is an indication

of the production of one or more siderophores by that specific microorganism.

It has been described that different siderophores are specific to a bacterial species or
even strain. Therefore, studying the synthesis and chemical characteristics of these metabolites
must be done individually for each specific bacterial strain (Miethke and Marahiel 2007), where
the analysis must be performed using pure isolates, since the findings can be particular of each
one. Siderophores are usually classified by the functional groups that gives them the iron-chelating
activity. Figure 3 shows different siderophore types, which can be classified as catecholates,
hydroxamates, carboxylates, phenolates and mixed types, which can present more than one
functional group in the same molecule. As it is shown, different bacterial species produce different
siderophores with specific chemical characteristics (Miethke and Marahiel 2007; Johnstone and
Nolan 2015). However, independently of their chemical nature, Fe(lll) uptake by siderophores can

be summarized as a general process for bacteria.
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Figure 3.- Siderophore types according to their functional group with iron-chelating activity (Miethke and
Marahiel, 2007).

The uptake of Fe(lll) by siderophores has been identified in both Gram-negative and
Gram-positive bacteria (Miethke and Marahiel 2007; Hider and Kong 2010). In Gram-negative
bacteria, the outer membrane contains porins. However, these proteins only allow the passive
diffusion of solutes that have a molecular weight less than 600 Da (Nikaido 2003). Most ferric-
siderophore complexes exceed the molecular weight cut-off of porins. Therefore, they require
specific outer membrane receptors for uptake into the periplasmic space. These iron-uptake
pathways involve, in general, an outer-membrane receptor with high affinity for the iron-
siderophore complex (Hider and Kong 2010), a periplasmic binding protein (PBP), and an inner-
membrane ATP-binding cassette (ABC) transporter (Fig. 4). Since the outer membrane lacks an
established ion gradient or ATP to provide the energy for transport, the energy requirement for the
integration of the siderophore-iron complex is accomplished through the coupling of the proton
motive force of the cytoplasmic membrane to the outer membrane via three proteins: TonB, ExbB,
and ExbD (Fig. 4). In the case of Gram-positive bacteria, a thicker cell wall composed of murein,
polysaccharides, teichoic acids and cell-wall proteins is all that separates the bacterial cytoplasm
from its environment. Thus, iron uptake involves a membrane-anchored binding protein, which

resembles the PBP in Gram-negative organisms, as well as an ABC transporter (Krewulak and
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Vogel 2008). Recent studies have attempted to describe the molecular basis of this phenomenon
in Gram-positive bacteria. However, in comparison with Gram-negative bacteria there is still

relatively little information on iron transport.

Once inside the cell, iron must be released to be able to participate in bacterial
metabolism. Bacteria have several mechanisms for iron release from siderophores, and can vary
in different bacterial species. One of the most common mechanisms comprises the reduction of
siderophore-bound Fe(lll) to Fe(ll), through the activity of ferrisiderophore reductases, followed by
the spontaneous release or a competitive sequestration of the reduced iron species. It has been
suggested that most Fe-siderophore complexes are discharged this way (Miethke and Marahiel
2007). Although, a considerable number of enzymes with ferrisiderophore reductase activity have
been found, only a few possess significant specificities for their Fe-siderophore substrates,
suggesting that reductive iron release is in many cases not specialized and involves already
established enzymes with reductase activity. In contrast, there is another mechanism where
specialized enzymes participate in iron release. This is mediated by Fe-siderophore hydrolysis,
leading to a removal of the iron followed by reduction or by interaction with other cellular iron-
binding components. However, hydrolytic iron release results in the destruction of the siderophore
scaffold. Therefore, it is more cost-intensive to the cell than ferrisiderophore reduction that allows
siderophore reutilization (Fig. 4) (Krewulak and Vogel 2008; Miethke and Marahiel 2007). In gram-
positive bacteria due to a lack of outer membrane, the siderophore-iron complex is not uptaken
into the cell, on the contrary, it is anchored to the TonB-machinery proteins, which allow the
translocation of iron inside the cell, and the siderophore remains in the extracellular space,
allowing reuse of it (Miethke and Marahiel, 2007). These are classical mechanisms of iron-uptake
by siderophores with a nutritional role. However, in more recent studies, the capacity of
siderophores to bind other elements besides iron has been explored, and the implications of this

capacity can relate to other strategies.
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Figure 4.- Ferric iron uptake via siderophores in Gram-negative bacteria (modified from Schalk et al. 2011).

The siderophore is represented by a gray diamond.

1.6. Bacterial siderophores bind several elements besides iron

Recently, several studies have reported that bacterial siderophores can have binding
activity against several elements. This capacity makes siderophores extremely versatile molecules
to be used in biotechnology, for example, as a carrier for antibiotics to battle the rising antimicrobial
resistance developed by bacteria (M6llmann et al. 2009) or as biosensor, based on the ability of
some siderophores to change their fluorescent profile when binding metals such as molybdenum
(Duhme et al. 1996; Batey et al. 2007). In other applications, siderophores have been even used
to chelate excess copper developed in Wilson disease, a liver related pathology (Huster 2010).
Therefore, many researchers have focused their efforts to study the chelating capacity of

siderophores against different metals/metalloids.

However, most of the reports explore chelating activity of siderophores against different
elements from a chemical perspective, describing just the interaction between the chelators and
different elements (Amin et al. 2007; Schmiederer et al. 2011; Mock et al. 2008), while their
physiological role remains fairly unexplored. From a biological point of view, it has been suggested

that besides their traditional role as iron scavengers for bacterial nutrition, the binding activity of
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siderophores can be effective against several elements, participating in some cases in the uptake

of other metals and even as a tolerance mechanism.

It has been described that bacterial siderophores are able to bind some potentially toxic
elements such as copper, cobalt, cadmium and arsenic. However, in many cases, these reports
only point at the binding capacity of these elements, and there is scarce information about the
physiological implications of this phenomenon (Ahmed and Holmstrom 2014). Nevertheless, some
authors have explored the capacity of siderophores to bind various compounds and also the
biological implications of this interaction. For example, the Gram-negative bacterium Azotobacter
vinelandii, produces azotochelin and azotobactin. These have the capacity of binding molybdenum
and vanadium to be used as cofactor of a nitrogenase, which specifically requires these elements
(Thomas et al. 2009). The role of siderophore in uptake of ligands different than iron for nutritional
purposes has not been widely described, but this event sets precedent of the role of bacterial

siderophores as more than just iron-chelators.

Other studies have explored the capacity of siderophores to act as a tolerance mechanism
against toxic elements. It has been reported that the siderophores pyoverdine and pyochelin,
produced by Pseudomonas aeruginosa PAO1 have the capacity of binding a wide range of toxic
metals such as silver, aluminum, cadmium, cobalt, chrome, copper, europium, gallium, mercury,
manganese, nickel, lead, tin, terbium, titanium and zinc, although, in this case, the metals are
immobilized extracellularly and are not taken up into the bacterial cell (Fig. 5). This behavior is
different from the classical Fe-siderophore uptake mechanism. Therefore, it is suggested to be a
differential response, where these chelators can have a role in tolerance against toxic elements
(Braud et al. 2010; Dimkpa et al. 2008; Dimkpa et al. 2009).
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Figure 5.- Proposed arsenic tolerance mechanism by bacterial siderophores (modified from Schalk et al.

2011). The siderophore is represented by a gray diamond; M represents a toxic metal/metalloid.

Concerning the capacity of siderophores to bind arsenic, it has been described that an
extracellular extract containing siderophores from Pseudomonas azotoformans can bind a wide
range of metals, including arsenic, and can remove up to 93% of this metalloid when incubated
with a contaminated soil (Nair, Juwarkar, and Singh 2007). However, the chemical nature of these

arsenic chelating molecules has not been discussed in literature yet.

Other investigations have focused on the study of siderophore production by arsenic-
tolerant bacteria. A correlation between siderophore production and high arsenic tolerance has
been shown. This would provide siderophore producing bacteria with a competitive advantage
against non-producing ones (Drewniak et al. 2008). In other studies, several bacterial strains
isolated from the roots of the hyperaccumulator plant Pteris vittata were analyzed. It was observed
that the isolates with the highest siderophore production presented also a high arsenic tolerance,
in contrast with the non-producing bacteria which presented a lower tolerance level. This suggests
once again that bacterial siderophores can be involved in tolerance against toxic elements,
including arsenic (Ghosh et al. 2015).

Therefore, besides the current information which suggests the participation of bacterial
siderophores in arsenic tolerance, there are still some unanswered questions. These include the
description of chemical characteristics of the arsenic-binding compounds, which would allow to
determine their similarities or differences with the traditional iron-chelating siderophores, and

finally to determine their role in arsenic tolerance. From a biotechnological perspective this is
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interesting, since siderophores have shown to be a useful tool in the industry (Amin et al. 2007;
Schmiederer et al. 2011; Neubauer et al. 2000). In this work, it is proposed to study siderophore
production and determine its relation with the classical arsenic-tolerance mechanisms. To achieve
this, arsenic-tolerant bacteria were isolated from contaminated sites, then, arsenic-binding activity
of siderophores was evaluated. In order to determine their structure, the compounds of interest
were chemically characterized and, finally, the effect of arsenic in siderophore-production

pathways was studied.
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Il. HYPOTHESIS AND AIMS

2.1 Hypothesis

Bacterial strains isolated from contaminated sites produce arsenic-binding siderophores as a

tolerance mechanism.

2.2. Aims

2.2.1 General Aim

Evaluate the production and characterize arsenic-binding siderophores from tolerant bacteria,

and determine their relation with arsenic tolerance.

2.2.2 Specific Aims

1.- Isolate arsenic tolerant bacterial strains.

2.- Setup a method to evaluate arsenic-binding activity of bacterial metabolites.

3.- Evaluate arsenic-binding activity of bacterial metabolites from arsenic-tolerant strains.
4.- Chemically characterize the arsenic-binding compound(s).

5.- Identify the effect of arsenic on the gene expression of siderophore-biosynthesis genes.
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lll. MATERIALS AND METHODS

3.1. Isolation of arsenic tolerant bacterial strains

3.1.1. Isolation, culture and processing of bacterial strains

Water samples used to isolate As-tolerant bacteria were collected from the mine-water
purification plant Bad Schlema (Wismut GmbH), close to Aue, Germany. Total As content was in
the range of 1.3—-1.4 mg/L. Samples were streaked on modified ABM (2 g/L yeast extract, 5 g/L
peptone, 5 g/L NaCl, 15 g/L agar) (Reddy et al. 2000), or Marine (1 g/L yeast extract, 5 g/L
peptone, 0.1 g/L ferric citrate, 19.45 g/L NaCl, 8.8 g/L MgClz, 3.24 g/L Na2S0Qas, 1.8 g CaClz, 0.55
g/L KCI, 0.16 g/L NaHCOs, 0.08 g/L KBr, 0.034 g/L SrCl2, 0.022 g/L HsBOs, 0.004 g/L Na20sSi,
0.0024 g/L NaF, 0.0016 g/L NH4NOs3, 0.008 g/L Na2HPO4, 15 g/L Difco agar) plates supplemented
with 1 mM AsNaO:2 at 30 °C for 48 h. Colonies were then separated individually based on
morphology and cultured independently in their respective media. To narrow the tolerance range
of the isolates, colonies were further selected in Lisogeny solid medium supplemented with 5 mM
NaAsO:z at 30 °C for 24 h.

To induce siderophore production, cells were grown in 100 mL of LB medium until
reaching stationary phase. Then, cells were collected by centrifugation for 10 min at 10,000 g,
washed three times with 0.9% NaCl to eliminate residual Fe, suspended in 100 mL of sterile Fe-
free M9 medium, grown to an ODsoo of 0.6 and inoculated into 1,000 mL of Fe-free M9 (Bosello et
al. 2013; Vala et al. 2000) supplemented with 0.4% glucose. Cultures were incubated at 30 °C for
4 days with constant shaking at 180 rpm. Growth and siderophore production by Rhodococcus
erythropolis S43, previously isolated and preliminarily designated “Rhodococcus sp. S43" (Sultana

et al. 2012), was conducted under similar conditions.

3.1.2. Determination of minimal inhibitory concentration

The minimal inhibitory concentration (MIC) of sodium arsenite AsNaO: [As(lll)] and
sodium arsenate Na2HAsO4 [As(V)] was determined for the four selected strains (here ATW) and
R. erythropolis S43 using a micro-dilution method (Wiegand et al. 2008). Experiments were
conducted in liquid Mueller-Hinton (Mueller and Hinton 1941) medium supplemented with arsenic
ranging from 1 to 20 mM for As(lll) and 5 to 1000 mM for As(V). Growth was evaluated by
measuring turbidity of the cultures at an O.D. of 600 nm after a 24 h incubation at 30 °C with

constant shaking.
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3.1.3. Identification of bacterial strains

The taxonomic identification of the most tolerant strains was carried out by sequencing of
the 16S rRNA gene. One colony of each isolate was directly used as a template for PCR. The 16S
rRNA gene was amplified using the universal primers 27F (5'-AGAGTTTGATCCTGGCTC-3') and
1387R (5'-GGGCGGNGTGTACAAGGC-3') (Marchesi et al. 1998) under the conditions described
by Ehinger et al. (2009). PCR products were purified and sequenced (Eurofins, Germany) by
dideoxy chain termination/cycle sequencing using an ABI 3730XL sequencer. The sequences
were compared with databases in GenBank using BLASTn and reference strains from Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DMSZ) to identify the closest matching
sequences. A dendrogram based on the 16S rRNA gene sequence was constructed with the
Maximum Likelihood method using bootstrap values based on 1000 replications (Sanderson
1989).

3.2. Setup of a method to evaluate arsenic-binding activity of bacterial metabolites

3.2.1. Setup of As-binding activity assay (As-mCAS)

To evaluate As-binding activity of siderophore extracts, a Chrome Azurol S(CAS) assay
replacing Fe(lll) with As(lll) was developed by modifying the concentration of the reagents and
the pH used in the original CAS solution. The modified CAS solution (As-mCAS) consisted of 300
uM  CAS, 150 pM As(lll) as NaAsOz (in 10 mM HCl), 15 mM HDTMA
(Hexadecyltrimethylammonium bromide), and 16 mM PIPES (piperazine-N,N’-bis[2-
ethanesulfonic acid]) buffer (pH 6.8). The pH of the solution was adjusted to 6.5 with HCI, and
shown to be stable over the whole reaction time with methanol extracts. The As-mCAS solution
showed a maximum absorbance at 600 nm. The As-binding activity in siderophore extracts was
therefore evaluated by measuring at this wavelength using a reference solution with methanol and
a fully decolorized control using 83.3 mM EDTA (150 pL As-mCAS solution + 50 uyL 0.5 M EDTA
and 100 pL methanol).
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3.3. Evaluation of arsenic-binding activity of bacterial metabolites from arsenic-tolerant

strains

3.3.1. Preparation of siderophore extracts

Siderophore extracts were prepared according to Bosello et al. (2013). To separate cells
from the culture media, 1 L of a stationary-phase culture grown in M9 medium (as described in
Section 4.1.1) was centrifuged for 30 min at 10,000 x g and 4 °C. The pH of each supernatant was
adjusted to 6.0, and Amberlite® XAD-4 and Amberlite® XAD-7 were added to a final concentration
of 5 g/L each, and a solid-phase extraction was performed. Then, the mixture was incubated for
2 h at room temperature. The Amberlite® phase was washed with Fe-free bidistilled water and
eluted with 100 mL of methanol. The final extract was evaporated using a rotary evaporator at 37
°C. The completely dry extract was re-dissolved in methanol. For binding activity assays all

extracts were adjusted to a final concentration of 1 mg/mL.

3.3.2. Evaluation of Fe-chelating and As-binding activity using CAS and Asm-CAS assays

Iron-chelating and As-binding activities were measured using the CAS assay (Schwyn
and Neilands 1987) and As-mCAS assay (as described in section 4.2.1), respectively. The
traditional CAS assay wuses chrome azurol S (CAS) in the presence of
hexadecyltrimethylammonium bromide (HDTMA) as an indicator of chelating activity. The
CAS/HDTMA complexed with ferric iron shows a blue color. When a strong iron chelator such as
a siderophore removes iron from the dye complex, a decolorizing activity can be detected as a
change of color from blue to orange. A quantitative estimation of siderophore activity was done by
comparing the percentage of decolorization by the samples (150 yL CAS solution + 150 pL
sample) versus a fully decolorized control using 16.7 mM EDTA (Titriplex ® Ill, Merck KGaA) (150
pL CAS solution + 10 uL EDTA 0.5 M and 140 pL methanol). Decolorization was measured at 630
nm against a fully colored reference (150 uL CAS solution + 150 yL methanol). If the extracts
reached 100% decolorization, dilutions of them were made using methanol as solvent. Then, the
true decolorization percentage was calculated by multiplying with the dilution factor. All reactions
were measured in a microtiter plate after a 4 h incubation at room temperature. Fe-chelating
activity was determined by calculating the percentage of CAS decolorization as compared to the

calibration curve using the commercially available desferrioxamine B (DFOB) from 4 to 500 uM
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(expressing the results in yM Eq of DFOB) (Alexander and Zuberer 1991). To evaluate arsenic-
binding activity of the extracts the procedure was carried as explained in section 4.2.1. A DFOB
calibration curve could not be made for As-mCAS, due to the inability of DFOB to bind arsenic and

thereby decolorize As-mCAS.

The isolate which produced the extract with the highest arsenic-binding activity was
selected for further studies comprising the chemical characterization of the binding compounds

and the transcriptomic analysis.

3.3.3. Detection of siderophore-As(lll) complex formation

To detect the interaction between siderophores and As(lll) and to corroborate that As-
mCAS decolorization was the result of such interaction and not an effect of pH or unspecific
decolorization of CAS, a modified version of the method was used to identify the absorbance
spectra of the siderophore-metalloid complex (Shenker et al. 1995). Siderophore extracts (100 uL
siderophore extract + 100 L distilled water), As(lll)-siderophore solution (100 pL siderophore
extract + 100 pyL 0.015mM AsNaO3z) and As(lll) solution (100 yL 0.015mM AsNaO2 + 100 pL bi-
distilled water) were used to record the fluorescence spectra for the extracts at neutral pH.
Emission spectra were obtained using an excitation wavelength of 275 nm and emission
wavelengths ranging from 300 to 500 nm with a sequential increase of 5 nm. As a control for
chelating activity, the siderophore-Fe spectra with the same siderophore extracts were recorded
(100 pL siderophore extract + 100 yL 0.015mM FeCls) with an excitation wavelength of 248 nm
and emission wavelengths ranging from 300 to 500 nm and a sequential increase of 5 nm. Photon

detection was performed using an 80% of light recovery (Lee 2009).

3.4. Chemical characterization of arsenic-binding compounds

3.4.1.- Separation of compounds through thin layer chromatography (TLC)

Once the strain that produced the extracts with the highest arsenic-binding activity had
been selected, a separation of the compounds via TLC was performed. The assays were carried
out based on the method described by Memon (2005). Two TLC assays were made, the first one

was revealed with 10% H2SOs to observe all organic compounds present in the extract,
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meanwhile, a second assay was revealed using 10% FeCls to detect Fe(lll) chelating compounds

and identify, if one or more compounds showed siderophore-like activity.

Once the complexity of the extract had been determined, the Fe-chelating compound was
isolated by mechanical removal of the silica band containing the compound and elution with 100%

methanol. It was then submitted to infrared spectroscopy (IR).

3.4.2. IR spectroscopy of the TLC-isolated compound

The IR spectrum analysis of the isolated Fe-chelating compound was carried out using an
FT-IR Spectometer equipment (PerkinElmer, USA). The isolated compound was dissolved in

methanol and analyzed directly.

3.4.3. Purification of bacterial siderophores by column fractionation

In order to perform the chemical analysis of the Fe-chelating and As-binding molecules,
an optimization of the culture conditions was performed. Cells were incubated using a 3 L
bioreactor for 7 days under two different conditions, a first condition in M9 Fe-depleted medium, a
traditional medium to obtain siderophore production, and a second condition in M9 Fe-depleted
medium with addition of sodium arsenite in a concentration of 1/8 MIC for the selected isolate, to
trigger production of As-binding metabolites, if these were different molecules. Siderophore
extraction from supernatant was performed using a modified version of the protocol explained in
section 4.3.1, switching the use of Amberlite® XAD-7 for Amberlite® XAD-16, since the latter
showed a better yield of siderophore recovery. To purify siderophores from the other compounds
contained in the extract, a fractionation protocol using a C18 reversed-phase Hypersep column
(Thermo Scientific, Rockford, IL, USA) was performed. Each extract was dissolved in an aqueous
solution of 20% methanol and then was pumped onto the fractionation column to allow siderophore
binding. Six fractions of 10 mL volume each were eluted, with increasing methanol concentrations
between 20 and 100%, representing 20%, 40%, 50%, 60%, 80% and 100% methanol fractions.
Each one was centrifuged for 10 min at 10,000 g to sediment possible particles and then analyzed
by HPLC. In parallel, all fractions were evaluated for Fe-chelating and As-binding activities using

the CAS and As-mCAS assays, respectively.
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3.4.4. High performance liquid chromatography (HPLC) analysis of Amberlite fractions

To evaluate the purity of the fractions obtained from Amberlite, an HPLC analysis was
performed for each one of them. HPLC runs were made by injecting 10 pL of each fraction into an
U-HPLC Ultimate 3000-2015 chromatograph (ThermoFischer), equipped with a C18 Polaris 5
reversed-phase column from Agilent (5 um; 25 x 4.6 cm), using an elution gradient of 20% to 95%
methanol and 80% to 5% of 0.1% ftrifluoroacetic acid in deionized water (Fig. 6). Detection of
absorbance peaks was performed using a Waters 2996 photodiode array detector (DAD).
Chromatograms and absorbance spectra were recorded in all wavelengths between 200 - 800
nm, and results registered at 250 nm were used for the evaluation. Recovery of the liquid from
absorbance peaks was possible using an automatic fractionation system Frac920. The As-binding
and Fe-chelating activities of these recovered peaks was also evaluated using the As-mCAS and
the CAS assay, respectively. The peaks with As-mCAS/CAS activity were used for the following

chemical characterization studies.

Methanol

- = =01%TFA

Eluent [%]
a
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Figure 6.- Elution gradient of HPLC runs for evaluation of Amberlite fractions.

3.4.5. Nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry (LC-MS)

analyses of As-binding compounds

To determine the chemical structure of the As-binding compounds identified in the HPLC
runs, NMR and LC-MS studies were performed. After HPLC analysis and determination of which
fractions contained the purified (or most pure) siderophore with As-binding and Fe-chelating

activity, all fractions were dried at 37°C at reduced pressure using a rotary evaporator and
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dissolved in deuterated dimethyl sulfoxide (d-DMSO) for the NMR analysis. An "H-NMR spectrum
was performed for the most pure fraction of each culture condition. The analysis was made using
a 500-MHz Bruker Advance Il equipment.

To obtain the mass spectra, HPLC peaks with As-mCAS and CAS activity were isolated in
a separate run with injection of 100 yL of the most pure fraction of each culture condition. The
isolated peaks were analyzed by Christoph Senges in the Chemistry department of Ruhr-
Universitat Bochum as a part of a collaborative work. Separation of the compounds present in the
isolated peaks was performed in an elution gradient of water/acetonitrile/0.1% formic acid, using
a C18 column. Mass spectra was obtained in positive mode in a Synapt G2-S HFMS equipment
with an ESI source and TOF detector (Senges et al. 2018).

3.5. Identification of the effect of arsenic on gene expression of siderophore biosynthesis

on a tolerant strain

To elucidate if arsenic-binding siderophores relate with classic arsenic tolerance
mechanisms in the selected strain, a study of gene expression of the siderophore biosynthesis
genes and arsenic-tolerance determinants was performed in absence and presence of arsenic

stress.

3.5.1. Genome sequencing of arsenic-tolerant strain

After the arsenic-tolerant strain able to produce arsenic-binding siderophores with the best
activity had been selected, genomic DNA was isolated for genome sequencing as described in
Sambrook and Russel (2001). Protein-free, RNA-free, whole genomic DNA was used for the
generation of genomic libraries. Paired-end libraries were sequenced using v3-v4 chemistry
(Hlumina) on the Illumina MiSeq sequencing platform, available in the Institute of Biosciences in
TU-Freibeg, Germany. Then, genome assembly was performed using Edena (Hernandez et al.
2008). Identification of protein encoding sequences, as well as of tRNA and rRNA genes was
made by automatic annotation using RAST 4.0 (http://rast.nmpdr.org/).

With the draft genome assembled and annotated, a metabolic reconstruction using the

bioinformatic platforms Artemis Bioinformatics (http://www.sanger.ac.uk/science/tools/artemis),

Metacyc  (https://metacyc.org/), Kegg (http://www.genome.jp/kegg/) and SnapGene

(http://snapgene.com) was made. In order to determine the arsenic-tolerance mechanisms and

siderophore-production potential encoded in the bacterial genome, a search for classic arsenic
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tolerance mechanisms (reductases, oxidases, methylases, etc.) and siderophore production
pathways (NRPS) was performed.

3.5.2 Determination of expression of siderophore biosynthesis genes under arsenic stress

As a first step to the determination of the changes in the mRNA levels of arsenic-tolerance
and siderophore biosynthesis genes in iron-depleting conditions, a RT-PCR of these determinants
was performed in presence of iron, in order to know if iron-depletion was a necessary factor to
trigger the translation of siderophore biosynthesis genes. RNA extraction was performed as
indicated by Sambrook and Russel (2001) in cells cultured in 100 mL of M9 medium with addition
of 40 uM of FeCls, and later stressed in presence of As(lll) and As(V) for 1 h, 1.5 h and 2h,in a
concentration of 1/8 of MIC which corresponds to 937 pM for As(lll) and 31.35 mM for As(V).
Retro-transcription was performed using the specific primers for the genes htbG (NRPS for
heterobactin synthesis), arsC (arsenate reductase) and 16s rRNA gene (Table S2) with the kit M-
MuLV Reverse Transcriptase, by New England BioLabs. RT-PCR was carried out using GoTaq,
Green Master Mix by PROMEGA. PCR cycle was performed in the following conditions: 30 s at
95°C and 30 cycles of 3 s at 95°C and 30 s at 60°C. Amplification of PCR products was evaluated
by visualization in a 2% agarose gel with ethidium bromide (10 pL of Et-Br per 100 mL of agarose)
and the relative level of transcripts was evaluated measuring the digital pixels of the

electrophoresis bands, using the software My Image Analysis by Thermo Scientific.

To detect the effect of arsenic on the mRNA levels of siderophore biosynthesis genes and
to elucidate whether these can be upregulated in a condition of arsenic stress, a transcriptomic
study by RT-gPCR was performed. Cells were cultured in 100 mL of culture media as explained
in 4.1.1. Three culture conditions were used for total RNA extraction, a control condition (M9
medium supplemented with FeCls 40 pM), an iron-depleted condition to allow siderophore
production (M9 iron-depleted medium) and an iron-depleted condition in presence of arsenic, to
evaluate the effect of the metalloid on siderophore production (M9 iron-depleted medium with
NaAsO2 937 uM). This last condition was also meant to allow to determine, if arsenic tolerance

genes are transcriptionally active.

Total RNA extraction was performed using the commercial kit RNeasy® mini (Qiagen)
and later quantified through photometric analysis. Quality and integrity were evaluated using an
Agilent Bioanalyzer 2100 and a RNA 600 Nano kit (Agilent Techinologies), where the samples of
total RNA with a RIN (RNA Integrity Number) above 7 were approved to be used in the study.

The synthesis of cDNA was performed using an AffinityScript gPCR cDNA Synthesis Kit

(Agilent Technologies). Gene expression of arsC (arsenate reductase) as an arsenic-stress

26



marker, and htbG (NRPS for heterobactin production) were analyzed by quantitative reverse-
transcriptase polymerase chain reaction (QRT-PCR) using a Kapa SYBR Green qPCR reaction kit
(Kapa Biosystems). For details of specific primers used in each qRT-PCR experiment, see Table
S2. All primer sets exhibited suitable efficiency as required for the comparative Ct(AACt) method
(Table S3). Reactions were performed in 20 uL reaction volumes containing 10 yL of KAPA SYBR
Fast qRT-PCR Master Mix 2X (Kapa Biosystems), 0.4 uL of each primer (at a concentration of 10
MM each), 0.4 pL of 50X ROX High, 7.8 yL of nuclease-free water, and 1 pyL of cDNA.
Quantification was carried out with a StepOne Real-Time PCR System (Applied Biosystems) using
the following conditions: 30 s at 95°C and 40 cycles of 3 s at 95°C and 30 s at 60°C. Appropriate
negative controls were included. For each gene expression analysis, three replicates were
performed. The data were analyzed according to the comparative Ct(AACt) method and were

normalized to the 16S rRNA (R. erythropolis S43) gene expression for each sample.

27



Arsenic polluted
environments

Sample
collection

' Culture

Strain Isolation

Minimal Inhibitory

concentration determination

(MIC)
1
Selection: As Discard: strains
tolerant strains susceptible to As Out of study

I—’ Siderophore

Production

Fe-chelating As-binding
activity activity = AS"'“‘;;E assay
evaluation evaluation P
Selection: Strain
producing As-binding
siderophores with best
activity
|
| 1
Siderophore extract High-throughput
analysis technologies
Thin layer [ l
chromatography Genome
m— sequencing
Fractionation and i
p“”f'cfit'o” Metabolic Gene expression
ISlructure determination | fEeOhEeion anaysis
I Gene search
i 1 . :
Arsenic Siderophore
I LC-MS l | NMR ] | IR I folerance production
| |

Figure 7.-Summary pipeline of Materials and Methods.
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IV. RESULTS

4.1. Isolation of arsenic-tolerant bacterial strains

Most bacterial strains used in this study were isolated from arsenic-contaminated water
obtained from a water-purification plant (Bad Schlema Wismut GmbH) close to Aue, Germany,
where the total content of As in the water sample ranged from 1.3 to 1.4 mg/L at the moment of
collection. After cultivation, and based on the morphological differences of the obtained colonies,
40 different strains were isolated. Of this total, based on their level of As tolerance 14 strains were
selected and received the designation ATW (Arsenic Tolerant from Water) plus a number from 1

to 14 (Table S3, Supplementary Material).

The identification of the 14 isolates was carried out by amplification and sequencing of the
16S rRNA gene. The obtained nucleotide sequences were compared with the ones available in
the NCBI database using BLASTn. Species assignments were made according to which type
strain in the BLASTn search showed the most similar 16S rRNA gene. Of the 14 strain 4 were
selected for more detailed analyses. For these, the queries were also compared with strains of
the reference database DMSZ (Table S4, Supplementary Material) and used to performed a
dendrogram to corroborate the classification (Figure S2, Supplementary Material). All 4 were
identified as belonging to the phylum Actinobacteria, specifically ATW1 to Rhodococcus
erythropolis (K5476725.1), ATW2 and ATW3 to Arthrobacter oxydans (NR_026236.1) and ATW4
to Kocuria rosea (NR_044871.1). In addition, this analysis included the strain Rhodococcus
erythropolis S43 (KM047507.1), a partially characterized strain which had previously been isolated
from an upper-soil horizon sample with high arsenic content taken at the “Rauchbléfle”,

Muldenhtten, an old smelting site close to Freiberg, Germany (Sultana et al. 2012).

The arsenic tolerance level of these five strains was determined experimentally by
determination of the minimum inhibitory concentration (MIC) for As(lIl) as NaAsO2, and As(V) as
NasAsOas (Table 3). This study revealed that the isolated strains possess a moderate level of
arsenic tolerance, with exception of the strain A. oxydans ATW3, which according to the

nomenclature of Pandey and Bhatt (2015) has a high tolerance level to arsenite.
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Table 3.- Minimal inhibitory concentration (MIC) values of five of the environmental strains against arsenite

and arsenate. The selected strains for siderophore production are highlited in bold.

Isolate Microorganism MIC MIC Isolation Genbank
Aslll (mM) AsV (mM) medium accession
number

ATW1 Rhodococcus erythropolis 7.5 250 ABM MH029266
ATW2 Arthrobacter oxydans 6.0 500 Marine MH028755
ATW3 Arthrobacter oxydans 10.0 500 Marine MH028873
ATW4 Kocuria rosea 5.0 500 Marine MH028608
ATW5 Arthrobacter sulfureus 5.0 500 ABM MHO031276
ATW6 Arthrobacter sulfureus 5.0 500 ABM MHO037148
ATW7 Rhodococcus erythropolis 5.0 500 ABM MH029273
ATWS8 Acinetobacter radioresistens 5.0 250 ABM MH028636
ATWO* Microbacterium foliorum 15.0 500 ABM MH029158
ATW10* Microbacterium foliorum 15.0 500 ABM MH029237
ATW11 Chryseobacterium koreense 7.5 125 ABM MH029144
ATW12 Alcaligenes sp. 7.5 250 ABM MH029897
ATW13 Rhodococcus sp. 7.5 500 Marine MH029274
ATW14 Chryseobacterium sp. 5.0 500 ABM MH029145
S43 Rhodococcus erythropolis 7.5 250 - -

* Bacteria not selected due to insufficient growth after 48 h.

4.2. Setup of an As-binding activity assay (As-mCAS)

In order to develop an assay to evaluate the As-binding capacity of bacterial siderophores,
modifications to an existent colorimetric assay had to be made. A modified version of the CAS
assay (Schwyn and Neilands 1987) replacing Fe (lll) with As (lll) was set up. To achieve the new
protocol which was named As-mCAS, it was necessary to modify the concentrations of the
reagents and the pH of the original CAS solution. The modified solution contained the following
reagents, 300 uM Chrome azurol S, 150 uM As(1ll) in the form of NaAsO: (in 10 mM HCI), 1.5 mM
HDTMA and 16 mM PIPES buffer (pH = 6.8). The pH of the solution was adjusted to 6.5 with HCI.

This method was used to measure As-binding activity of siderophore extracts using
methanol as eluent. To perform the assay, the conditions described by Schwyn and Neilands
(1987) were also modified. In this case, methanol without siderophore was used as fully colorized
reference for 0% of As-binding activity (150 uL As-mCAS solution + 150 uL methanol). For a fully
decolorized reference, 83.3 mM EDTA (150 yL As-mCAS + 50 yL 0.5 M EDTA and 100 yL

methanol) was used as a complete decolorization control of 100% As-binding activity. To
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determine the best photometric measurement condition, absorbance spectra were studied for both
controls. The fully colorized As-mCAS solution showed a maximum absorbance at 600 nm, while
the fully decolorized solution showed its minimum absorbance at the same wavelength. This
generates a range adequate for measurements for sample screening, this spectra and an image
of the fully-colorized and fully-decolorized Asm-CAS solutions are available in Figure S3,
(Supplementary Material). The solution showed stability through an incubation time of 4h, so the
decolorization obtained at the end of such a period is a product of the As-binding activity of the

extracts (or of the EDTA for the controls) and not of a spontaneous discoloration of the CAS dye.

This method has shown to be reproducible, economical and fast to screen As-binding
activity of siderophores. The protocol of As-mCAS and other results from this work have recently
been published (Retamal-Morales et al. 2018).

4.3. Evaluation of arsenic-binding activity of siderophores from arsenic-tolerant strains

4.3.1. Evaluation of Fe(lll)-chelating and As(lll)-binding activity of bacterial siderophores

To evaluate Fe(lll)-chelating and As-binding activity of the siderophores contained in
methanol extracts obtained from the arsenic-tolerant isolates, the CAS and the As-nCAS assays
were used as screening methods. The Fe(lll)-chelating activity of each of the extracts is shown in
Figure 8. It is observed that all the extracts presented Fe(lll)-chelating activity. However, the
activity on ferric iron was characteristic for each tested strain. In this assay two groups are
recognizable, one with high chelating capacity showing a percentage of activity over 100% (103-
118%) (Rhodococcus erythropolis ATW1, K. rosea ATW4, and A. oxydans ATW2), and a group
of intermediate Fe(lll)-chelating capacity with decolorization percentages between 39 and 65%
(A. oxydans ATW3 and Rhodococcus erythropolis, S43), compared with the decolorization
obtained by EDTA.

Regarding the As(lll)-binding capacity, all evaluated strains showed a high activity against
the metalloid in a range from 82 to 123% (Fig. 9). Among all the tested strains, A. oxydans ATW3
and R. erythropolis S43 showed the highest As(lll)-binding activity, reaching above 100% of
activity compared to the decolorization obtained with EDTA and differing from their Fe(lll)-

chelating activity which was intermediate.
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Figure 8.-Evaluation of iron-chelating activity in siderophore extracts. The iron-chelating activity was
determined for siderophore extracts from the isolated actinobacterial strains grown under iron-limiting
conditions. Data represent the average and standard deviation of three independent experiments. Bars
represent percentages of CAS decolorization. EDTA was used as a reference for decolorization (100%
chelating activity).
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Figure 9.- Evaluation of arsenic-binding activity in siderophore extracts. The same extracts used for iron
chelating activity (as shown in Fig. 8) were used to determine also arsenic-binding activity. Data represent
the average and standard deviation of three independent experiments. Bars represent percentages of As-
mCAS decolorization. EDTA was used as a reference for decolorization (100% binding activity).
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Since the final aim of this work was to determine the chemical nature of the As(ll1)-binding
siderophores and to elucidate how these are related to metalloid tolerance, chemical
characterization and genetic expression studies were performed using the strain with the best
As(lll)-binding activity. At this point in the study it was unknown if the Fe(lll)-chelating and As(lII)-
binding activities were performed by the same compound or not. Since the strains A. oxydans
ATW3 and R. erythropolis S43 showed the highest As-binding activity, a way to select only one of
them, was to calculate the ratio between the As(lll)-binding and Fe(lll)-chelating activity, to
prioritize the first one in case this phenomenon is mediated by the same molecule. A. oxydans
ATWS3 has a ratio of 2.32; while the strain Rhodococcus erythropolis S43 has a ratio of 2.58. Thus,
the strain selected for the following analyses of chemical characterization of siderophores and

subsequent transcriptomic analysis was Rhodococcus erythropolis S43.

4.3.2. Detection of siderophore-As(lll) complex formation

In parallel, to determine if the As(lll)-binding activity of siderophores, measured through
the As-mCAS assay is a product of the siderophore-As(lll) interaction and not of a non-specific
decolorization of CAS, an assay based on the capacity of the siderophores to emit fluorescence
was performed. The fluorescence spectrum of the extracted siderophores in the presence of As(lll)
was compared to a siderophore solution without As and to an As(lll) solution, in the form of sodium
arsenite (Del Olmo et al. 2003). As a positive control, a fluorescence spectrum of the siderophore-
Fe(lll) complex was recorded by using the same siderophore extracts obtained from the strains
under study.

In Figure 10 and Figure 11, the emission spectra of the extracts from each arsenic-tolerant
strain are shown, in comparison with the fluorescence emission spectra of the siderophore-arsenic
and siderophore-iron complex, respectively. In presence of arsenic an increase in the fluorescence
peak at the maximum emission wavelength was observed for all analyzed siderophore extracts,
compared with the fluorescence emitted by the siderophores without addition of the metalloid,
similarly as it happens with iron. Interestingly, for the strains R. erythropolis ATW1 and A. oxydans
ATWS3, the fluorescence spectrum of the free siderophore presented an almost imperceptible
maximum. In addition, it can be observed that for the strain A. oxydans ATW2, the intensity of the
fluorescence of the siderophore-As complex is approximately ten times higher than for the other
isolates. These results show that the fluorescence emission spectrum of the siderophores is
particular for each strain and in this sense, a useful method to determine that there is interaction

between extracted siderophores and As (llI).
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Figure 10.- Detection of siderophore-As(lll) complexes by fluorescence emission spectra. The graphs show
the fluorescence emission spectra of the siderophore-As(lll) complex (black line), of the siderophore alone
(black dashed line), and of As(lll) (grey line) for each actinobacterial strain. A) Rhodococcus erythropolis
ATW1, B) Kocuria rosea ATW4, C) Arthrobacter oxydans ATW3, D) Rhodococcus erythropolis S43 and E)
Arthrobacter oxydans ATW2.
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Figure 11.- Detection of siderophore-Fe(lll) complex by fluorescence emission spectra. Graphs show the
fluorescence emission spectrum of siderophore-Fe(lll) complex (black line), siderophore alone (black dashed
line) and Fe(lll) (grey line) for each actinobacterial strain. A) Rhodococcus erythropolis ATW1, B) Kocuria
rosea ATW4, C) Athrobacter oxydans ATW3, D) Rhodococcus erythropolis S43, E) Arthrobacter oxydans
ATW2.
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4.4. Chemical characterization of arsenic-binding siderophores

4.4.1. Extract separation using thin-layer chromatography (TLC)

In order to determine the complexity of the extract of R. erythropolis S43 which contained
the Fe(lll)/As(lll) binding siderophores, and to separate the components of it, a thin-layer
chromatography was carried out using silica sheets and elution with dichloromethane-methanol in
a ratio 9:1 on 1 mg of dry weight of siderophore extract dissolved in methanol. After the
chromatographic separation process the compounds were observed by illumination with UV light
at 254 nm and 365 nm and subsequently a development with 10% H2S04 was performed to
visualize all the compounds present in the extract. Finally, a different plate was developed with
10% FeCls, which was used as an indicator of Fe(lll)-chelating activity. As seen in Figure 12, a
single band with Fe(lll)-chelating activity was obtained, which showed a retention factor (Rf) of

0.436 and blue fluorescence in both wavelengths observed.

A B C

<+—R= 0,436
R¢= 0,436 —>

Figure 12.- Thin layer chromatography (TLC) of siderophore extract from R. erythropolis S43. 1 mg of
siderophore extract was deposited on an aluminum-based silica plate. The band indicated with an R value
of 0.436 corresponds to the compound(s) with Fe(lll)-chelating activity. A) Visualization with fluorescence
displayed with excitation at 365 nm. B) Visualization with fluorescence displayed with excitation at 254 nm.
C) Development with 10% FeCls.

35



4.4.2. IR spectroscopy of the TLC-isolated compound

To elucidate the functional groups that are present in the compound(s) with Fe(lll)-
chelating activity observed through TLC (Section 4.4.1), an infrared-spectral analysis of the band
of interest was carried out. In order to perform this, a new TLC plate was run and the silica of the
band containing the compound with an Rr value of 0.436 was removed. Then, the chelating
compound was eluted with methanol and used directly to determine its IR profile. This analysis
(Fig. 13) suggested the presence of some of the classical groups found in siderophores (Miethke
and Marahiel 2007). A wide zone of low intensity at 3400 cm™! indicated the presence of hydroxyl
groups (-OH), which could be indicative of the catechol or phenol groups, classical functional
groups with Fe(lll)-chelating capacity in siderophores. This interpretation is consistent with a peak
observed at a wave number of 1600 cm™', which is an indicator of aromatic rings. Finally, a peak
of transmittance at 2900 cm-' indicates the presence of alkyl chains, which could correspond to

the hydrocarbon skeleton of the siderophore.
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Figure 13.- Infrared spectrum of the Fe(lll)-chelating compound with Rf value of 0.436 during purification by

TLC, after elution with methanol.
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4.4.3. High performance liquid chromatography (HPLC) analysis of extract fractions

According to the results obtained in 4.4.1 and 4.4.2, the compound of interest was
contained in a complex extract, and its quantity proved to be insufficient to perform more specific
chemical characterization assays, rising the necessity of improving the siderophore recovery. In
order to optimize the yield and purification of the chelating metabolites and to be able to perform
structure analyses of the compound(s) of interest, a new culture method was established using a
bioreactor with continuous stirring and air injection. Also, a fractionation protocol for the extracts
was set up. These methods were carried out with new cultures in Fe-free M9 medium (control
condition) and Fe-free M9 medium supplemented with 937 uM sodium arsenite. The latter
corresponded to 1/8 of the MIC and was added in order to determine if the addition of As (lll)
triggers the production of As-binding siderophores with different chemical characteristics

compared with those detected under the control condition.

The siderophore extracts were fractionated using a C18 Hypersep column (Thermo
Scientific) as indicated in Materials and Methods. Tables 4 and 5 show the purification steps and
the CAS and As-mCAS activities of the extraction and fractionation process. For the fractions
obtained from Fe-free M9 medium, the best Fe-chelating and As-binding activity was observed in
the fraction eluted in 80% of methanol, while for the fractions obtained from Fe-free M9 medium
supplemented with As(lll) the best Fe-chelating and As-binding activity was obtained at a
concentration of 60 % methanol. Later, HPLC analyses with linear gradients were carried out in
all the fractions. However, when choosing the fractions for the chemical analyzes, only those with
the highest CAS and As-mCAS activity were used. Therefore, the selected fractions used for the
following chemical characterization were the ones obtained at 80% for the extract obtained from
culture in M9 medium and 60% methanol for the extract obtained from a culture carried out in M9
medium with As (lll) (Fig. 14).
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Table 4.- Fractionation of siderophore extracts obtained from R. erythropolis S43 in iron-free M9 medium.
Extracts were obtained from a seven-day incubation using a 3 L bioreactor. Stepwise fractionation was
obtained with fixed 10 mL volume of methanol from 20% to 100%. Fold increase evaluated in comparison
with 100% decolorization achieved with EDTA. All activity, concentration and yield values are average values
of two replicates of 3-L extractions. Values for Mm DFOB Eq were calculated using a DFOB calibration curve
(Figure S3).

Siderophore extract in Fe-free M9
As-,CAS

Fraction

Purification step Fraction volume CAS(aﬂa)Ic;;vity activity (E,?G](E;:torast]l ;n) Y:;I)d
(mL) (fold) q °
Supernatant Crude extract 3000 11 85 160.9 100
collection
XAD Extraction
with MeOH XAD Extract 300 57 705 6.5 405
elution
20% MeOH 10 0 0 0 0
40% MeOH 10 0.23 0.49 1.1 2.2
Fractionation 60% MeOH 10 5.9 10.1 4.5 9.3
80% MeOH 10 44 10.8 104 21.6
100% MeOH 10 7.2 0.90 21 4.3

Table 5.- Fractionation of siderophore extracts obtained from R. erythropolis S43 in iron-free M9 medium
supplemented with As(lll) as sodium arsenite. Extracts were obtained from a seven-day incubation using a
3 L bioreactor. Stepwise fractionation was obtained with fixed 10 mL volume of methanol from 20% to 100%.
Fold increase evaluated in comparison with 100% decolorization achieved with EDTA. All activity,
concentration and yield values are average values of two replicates of 3-L extractions. Values for Mm DFOB

Eq were calculated using a DFOB calibration curve (Figure S3).

Siderophore Extract M9 +As(lll) 937uM

Fraction CAS As-,CAS Concentration
Procedure Step volume Activity Activity Yield (%)
(mL) (fold) (fold) (mM [DFOB]Eq
Supernatant o\ Extract 3000 0.90 100 0.09 100
collection
XAD Extraction
with MeOH XAD Extract 300 33.6 80.9 4 401.7
elution
20% MeOH 10 0.99 0.94 14.5 4.9
40% MeOH 10 12 2.52 15.3 5.1
HyperSep C18 50% MeOH 10 13 14 19.8 6.6
Fractionation 60% MeOH 10 38 8.4 24 7.9
80% MeOH 10 16.1 1.8 10.1 16.2
100% MeOH 10 19 0.41 12 0.074
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The chromatograms obtained by HPLC of the fractions are shown in Figure 14. Regarding the
fractions obtained from Fe-free M9 medium, Figure 14A shows the chromatogram of the
compounds obtained in 60% methanol elution. The analysis shows multiple absorbance peaks,
but one principal peak at retention time 9.6 min, that when tested for Fe(lll)-chelating activity and
As(lll)-binding activity using CAS and As-nCAS assay, respectively, turned out to have no
chelating capacity, therefore did not contain siderophores. A group of peaks observed around 12
min retention time was isolated and tested using CAS and As-mCAS assay as well, these peaks
presented both arsenic and iron-chelating activities. Therefore, it is suggested that the
siderophore(s) of interest must be contained in this retention time. Figure 14B corresponds to the
HPLC run of the compounds obtained in the fraction eluted at 80% methanol. Here, only one
principal peak was found at retention time 11.8 min, which showed Fe(lll)-chelating and As(lll)-
binding activity (Table 6). Therefore, it is suggested that in the extract obtained from Fe-free M9

medium the siderophore(s) of interest is(are) contained in this single peak.

Meanwhile, Figure 14C shows the chromatogram of the 60% methanol fraction for the
extract obtained from Fe-free M9 medium supplemented with 937 uM of As(lll). Just as in the
previous condition a high intensity absorbance peak was observed at the retention time 11.8 min.
However, a new peak with lower intensity was recorded at retention time 10.5 min, which was not
observed in the culture in Fe-free M9 medium without As(lll). Both peaks were recovered and their
chelating capacity of iron and arsenic was evaluated. As indicated in Figure 14C and summarized
in Table 6, the absorbance peak at 10.5 min did not show chelating activity, while the one obtained
at retention time 11.8 min presented Fe(lll)-chelating and As(lll)-binding activity. Figure 14D
shows the HPLC run of the compounds obtained in the fraction eluted at 80% methanol where the
same principal peak at retention time 11.8 min is the one with the activity of interest. Nevertheless,
in this fraction the intensity of this peak is lower, which correlates with the Fe(lll)-chelating and
As(lll)-binding activity values presented previously in Table 5. Finally, as observed in the control
condition, the compound(s) contained in the absorbance peak which eluted at 11.8 min seem(s)

to be the one(s) containing the siderophore(s) of interest.
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Figure 14.- HPLC analyses of fractions with highest CAS /As-mCAS activity. Blue squares with a black “+”
indicate Fe-chelating activity detected on the peaks and with a black “-“ indicate that the activity test was

performed, but was negative, Green squares with a black “+” indicate As-binding activity detected on the

“ o

peaks and with a black “-“ indicate that the activity test was performed, but was negative. Analyses were
performed with a linear methanol gradient as shown in Figure 6 for the following fractions of the preparative
C18 HyperSep runs shown in Tables 2 and 3: (A) 60% methanol fraction from culture obtained from Fe-free
M9 medium, (B) 80% methanol fraction from culture obtained from Fe-free M9 medium, (C) 60% methanol
fraction from culture obtained from Fe-free M9 medium and sodium arsenite, (D) 80% methanol from culture

obtained from Fe-free M9 medium and sodium arsenite.

Once the elution profile of the Fe(lll)-chelating and As(lll)-binding siderophores had been
detected by HPLC, a study of the absorbance spectra of the compounds of interest was carried
out, so the absorption properties of these compounds could be compared. The spectra of the
peaks obtained at retention time of 11.8 min for the iron-depleted (M9 medium) and the iron-
depleted and arsenic-augmented (M9 + As(lll)) conditions were analyzed. Figure 15 shows a
comparison between the absorbance spectra of these peaks and previously reported absorbance
spectra of the siderophore heterobactin (in its A and S1 forms). The absorbance spectrum of
heterobactin has been described previously (Bosello et al. 2013) and shows a single maximum
absorbance around 300 nm. For both conditions, a single maximum of absorbance was observed.
The similarity between the absorbance spectra described for heterobactin and those obtained in

the extracts under study strongly suggests that these could contain this type of siderophore.
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Table 6.- Evaluation of Fe(lll)-chelating and As(lll)-binding activity of absorbance peaks obtained by HPLC.

Condition Fraction Retention CAS As-nCAS
Time (min) activity activity

Fe-free M9 60% methanol 9.6 - -
11.8 + +

80% methanol 11.8 + +

Fe-free M9 60% methanol 10.5 - -
+ As(lll) 937 pM 11.8 + +
80% methanol 11.8 + +

After the HPLC analysis, the peaks of interest that showed Fe(lll)-chelating and As(ll1)-
binding activity were recovered, and used for the next stage of chemical characterization by LC-
MS. In parallel, the fractions with the best activity (80% methanol from Fe-free M9 medium and
60% methanol from Fe-free M9 medium supplemented with sodium arsenite) were dried and
dissolved in d-DMSO for NMR analysis.
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Figure 15.- Comparison of absorbance spectra of CAS/As-mCAS active peaks obtained from HPLC and
heterobactins absorbance spectra. (A) Absorbance spectrum of the principal peak with retention time 11.8
min obtained from the culture in Fe-free M9 medium. (B) Absorbance spectrum of the principal peak with
retention time 11.8 min obtained from Fe-free M9 medium supplemented with sodium arsenite. (C)
Absorbance spectrum of the siderophore heterobactin A, with red line representing the siderophore with
bound Fe(lll) and blue line representing the siderophore alone (Bosello et al. 2013). (D) Absorbance
spectrum of siderophore heterobactin S1 with red line representing the siderophore with bound Fe(lll) and

blue line representing the siderophore alone (Bosello et al. 2013).

4.4.4. Nuclear magnetic resonance spectroscopic (NMR) and mass spectrometric (LC-MS)

analyses of As-binding compounds

To determine the structure of the compounds with Fe(lll)-chelating and As(lll)-binding
activity contained in the HPLC peaks, 'H-NMR spectroscopic and mass spectrometric (MS)
studies were performed for the fractions with the highest activity from both culture conditions. The
'"H-NMR analysis was made at the Central Analysis Unit of the University of Freiberg, Germany;
while the MS analysis was carried out in the Institute of Applied Microbiology of the University of

Bochum, Germany.

To this date, the '"H-NMR spectra of heterobactin A and B have been previously reported
and described (Bosello et al. 2013; Carrano et al. 2001), and in these studies the proton signals
have been assigned to the amino acids and acids fragments that conform with the heterobactin
structure. The "H-NMR spectroscopic analysis performed for the fractions with the best activity

showed high similarity for both culture conditions (Fe-free M9 medium and Fe-free M9 medium
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supplemented with NaAsO:), suggesting the presence of the same principal compound,
regardless of the additional presence of arsenic stress. The NMR spectrum of this principal

compound from the arsenic-supplemented culture can be seen in Figure 16.
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Figure 16.- '"H-NMR spectrum in d6-DMSO of the 60% methanol extract fraction with CAS / As-mCAS activity.
The spectrum was obtained from the culture in Fe-free M9 medium with 937 yM sodium arsenite. The 'H-
NMR spectrum of the 80% methanol fraction from normal Fe-free M9 medium (without arsenic) turned out to

be highly similar (Figure S4, Supplementary material).

In order to maintain the data interpretation consistent with the currently published studies,
the analysis of the sample was performed by segmenting the molecule into amino acids and acids
(ornithine, glycine, and 2,3-dihydroxybenzoic acid) that comprise the siderophore structure. Table
7 shows the signal assignment for the presented NMR spectrum used for the final elucidation of
the siderophore. The samples show proton signals chemical shifts of 7.27, 6.89 and 6.64 ppm that
indicate the presence of an aromatic ring corresponding to 2,3-dihydroxybenzoic acid, which gives
a catechol group to the siderophore (Carrano et al. 2001). The signals at 8H = 8.12 ppm and oH
=7.13 ppm correspond to the hydroxyl groups of this compound. Regarding the presence of the
amino acid ornithine, proton signals belonging to an amide group (6H = 7.39 ppm) and an amino
group (6H = 1.23 ppm) were identified, as well as the aliphatic protons corresponding to the dH =

4.31 ppm, 6H = 1.88 ppm and &H = 1.77 ppm signals. In relation to the amino acid glycine, it is
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represented by the presence of a signal at 8H = 8.30 ppm, that suggests the presence of a proton
belonging to an amide group and an aliphatic proton at 8H = 3.74 ppm. Finally, a signal at dH =
9.01 ppm would indicate the presence of a proton belonging to an amide group, together with an
aliphatic ring of 6 atoms (6H = 7.14 ppm, 6H = 3.45 ppm, &H = 1.23 ppm, 6H = 4.56 ppm) and a
hydroxyl group (6H = 8.61 ppm). It was not possible to calculate the coupling constants (J) for all
hydrogen signals, because, although the described compound was the main one, some mix
signals happened specially in the signals arranged in multiplets. Figure 17 shows the signal
assignment together with the structure of the principal siderophore present in the studied fractions,
which after these analyses was determined to be the mixed-type siderophore heterobactin B.
Similar results have been reported by other authors studying siderophores from R. erythropolis
(Bosello et al. 2013; Carrano et al. 2001). To corroborate this structure analysis, MS analyses

were performed with the purified HPLC peaks of the active fractions from both culture conditions.

7.13(d)
OH 0 0 9.01s) ©
8.12(d) 431(m) 1.77(m) 374d) H
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1.23(m)

Figure 17.- Structure of heterobactin B elucidated by 'H-NMR signal assignment. Numbers represent
chemical shifts (ppm) in the "H-NMR spectrum, while letters in parentheses represent the type of multiplicity

of each hydrogen signal, s (singlet), d (doublet), t (triplet), m (multiplet).
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Table 7- Assignments (ppm) of the "H-NMR spectrum in d6-DMSO of the CAS/As-CAS active HPLC peak

from Fe-free M9 with 937 uM sodium arsenite culture.

Signal Integration ()  Multiplicity (m) Coupling Constant (J) Segment
7.13 1 d 7,14-7,12 10
8.12 1 d 8,13-8,11 10
6.89 1 d 6,90-6,88 10 DHBA
6.64 1 t 6,66-6,64-6,63 10-5
7.27 1 d 7,29-7,28-7,27-7,27 5-5
7.39 1 dd 7,40-7,40-7,38-7,38 10
4.31 2 m -
1.88 2 m -
1.77 2 m 1,78-1,77-1,76 5-5 om
2.80 1 m -
1.23 2 m -
8.3 1 t 8,31-8,30-8,28 5-10
374 2 d 3,75-3,74 5 Gly
9.01 1 s -
714 1 d 7,14-7,13 5
3.45 2 m -
1.23 2 m - om
4.56 2 m -
8.61 1 s -

To corroborate the elucidation of the structure obtained by the NMR analyses, mass
spectrometry of the purified peaks obtained from HPLC (peaks at retention time 11.8 min of Table
6) with Fe(lll)-chelating and As(lll)-binding activities was carried out. The mass spectra of
heterobactin A and B have previously been studied (Bosello et al. 2013) and could be used as a
model to compare signal assignment. The fragments were analyzed using as reference the
heterobactin B molecule obtained from the "H-NMR analysis. The fragment assignment is shown
in Figure 18, and was performed by Dr. Christoph Senges at the Institute of Applied Microbiology
of the University of Bochum. One principal compound was found to be present in both fractions,
and it was determined to have the same structure, and the molecular mass of the siderophore
heterobactin B (PubChem ID 53261294) which is 437,453 g/mol, while the molecular mass of the

isolated compound was determined to be 437,191 g/mol.
In summary, the combined analyses by "H-NMR and mass spectrometry strongly suggest

that the CAS/As-mCAS activity detected in the extracts obtained from R. erythropolis S43, is due

to the activity of heterobactin B.
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Figure 18.- Structure of heterobactin B with mass spectrometry signal assignment. Gray arrows represent

the fragments found in the mass spectrum, numbers represent the mass of each segment.

4.5. Identification of arsenic effect on the transcriptomic profile of R. erythropolis S43

4.5.1. Genome sequencing of the arsenic-tolerant bacterium R. erythropolis S43

In order to obtain the genetic information related to arsenic tolerance and siderophore
production encoded in the genome of the selected arsenic-tolerant bacterium, the genomic DNA
of the strain R. erythropolis S43 was sequenced using the lllumina MiSeq massive sequencing
technology in the laboratory of the Interdisciplinary Ecology Center at the University of Freiberg,
Germany. A genome of 6,152,541 bp was obtained, assembled in 264 scaffolds and 848 contigs
(Table 8). Using various bioinformatic platforms, a search for arsenic-tolerance mechanisms
described in the literature and genes involved in the production of siderophores (NRPS clusters)

was performed. The main results are mentioned below.
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Table 8.- Genome overview for R. erythropolis strain S43, predicted with Artemis Bioinformatics and RAST
4.0.

Feature Value
Sum of contig length (bp) 6,152,541

Number of contigs 848
N50 8361
L50 848
Protein coding genes 6,040
%G+C 62.5
tRNA 49
rRNA* 55

*rRNA number was estimated using Artemis Bioinformatics.

4.5.2. Genetic determinants of arsenic tolerance and siderophore production in
R. erythropolis S43

Based on the information in the sequenced genome, a search for classical determinants
of arsenic tolerance and siderophore production was performed, using as guideline the genomic
annotation obtained by RAST 4.0.

Using Artemis, Metacyc and BLASTp, a putative ars operon was found in the genome of
R. erythropolis S43. This cluster was compared with the genetic determinants of the ars operons
of 5 other strains of the same species, R. erythropolis DN1 (Genbank Accesion: AUZK01000000),
R. erythropolis CCM2595 (Genbank Accesion: CP003761), R. erythropolis P27 (Genbank
Accesion: AVCO001000000), R. erythropolis XP (Genbank Accesion: AGCF00000000), R.
erythropolis PR4 (Genbank Accesion: AP008931.1). It is important to mention that not all strains
showed the predicted arsenic resistance genes in the classical disposition of an ars operon.
Although their genomes do code for arsenic resistance determinants, the strains R. erythropolis
DN1, R. erythropolis CCM2595 and R. erythropolis P27, have these coding sequences spread
across the different contigs and do not present the classical operon disposition. Figure 19 shows
a comparison between strain S43 and the two strains that do have their predicted arsenic
resistance genes in a putative operon, R. erythropolis XP and the plasmid pREL1 of R. erythropolis
PR4. Figure 19A shows the ars gene cluster found in strain S43 (arsCRCRCODA), containing the
coding sequences for the ArsA protein (efflux pump ATPase), ArsC (arsenate reductase), ArsD

(transcriptional regulator), ArsO (flavin-dependent monooxygenase) and ArsR (transcriptional
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regulator). Figure 19B and 19C show the structure of arsenic tolerance operons predicted for the
strains XP and PR4. In comparison, the presence of the putative ars operon found in
R. erythropolis S43 correlates not only with what is found in other stains of the same species, but
also may be responsible of the arsenic-tolerant phenotype of R. erythropolis S43, since other
tolerance mechanisms as arsenite oxidases, methylases and dissimilatory reductases were not

detected.

arsRC arsC arsR arsC arsQ arsD arsA
arsRC arsC arsR acr3 arsC arsT arsC arsO arsD arsA

g D, oy aaEee s,

Cc

arsR arsC arsC  arsC arsT arsC arsD arsA

Figure 19.- Bioinformatic reconstruction of ars operons in different strains of R. erythropolis. The genes
represented correspond to arsO (in white, flavin binding monooxygenase), arsC (in yellow, arsenate
reductase), arsD (in grey, transcriptional regulator ArsD), arsA (in gold, extrusion pump and ATPase), arsR
(in black, transcriptional regulator ArsR), arsT (in red, thioredoxin reductase) and acr3 (in orange, arsenic
resistance protein). A) R. erythropolis S43. B) R. erythropolis PR4, pREL1 (NC_007491.1). C) R. erythropolis
XP (NZ_AGCF00000000.1).

In order to predict which secondary metabolites are produced by R. erythropolis S43, a
study using the bioinformatics platform anti-SMASH was carried out on the whole draft genome
(Fig. 20). According to this analysis, strain S43 has 100% of the elements for an NRPS cluster to
produce the siderophore heterobactin. A predicted NRPS cluster for heterobactin production has

previously been found in the strain R. erythropolis PR4 (Bosello et al. 2013).
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Figure 20.- Analysis of secondary-metabolite-production clusters by anti-SMASH. Diagram of homologous
clusters in different R. erythropolis strains for the production of the siderophore heterobactin, compared with

the cluster found in the draft genome of R. erythropolis S43 and shown on top as “Query sequence”.

The predicted cluster that codes for the proteins required for heterobactin synthesis in
R. erythropolis PR4 has been designated as the "htbABCDEFGHIJK" cluster (Bosello et al. 2013)
(Fig. 21). Within this sequence, the gene htbG has been predicted to encode for an NRPS that
synthesizes a ftripeptide arginine-glycine-ornithine which is the structural base of the final
siderophore in the strain PR4. Also, the htbABC genes encode the proteins involved in the
formation of 2,3-dihydroxybenzoic acid, which is the main precursor of a catechol group, and one
of the responsible groups for the chelating activity in the siderophore (Miethke and Marahiel 2007).

Finally, the htbHIJK genes encode proteins related to siderophore export.

To locate the putative cluster for the synthesis of heterobactin in the genome of R.
erythropolis S43, an additional bioinformatic search was performed using a local alignment
(BLAST) between the predicted sequence of strain PR4 and the complete genome of strain S43.
The alignment results showed 100% identity and 100% coverage (in BLASTp) with a sequence
encoded in a single contig, the query was contained in the CDS between the nucleotides
1,211,118 and 1,231,390. Here, the arrangement of the genes in S43 (Fig. 21B) turned out to be

identical to the one found in strain PR4 (Fig. 21A), suggesting some level of conservation in this
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cluster among some strains of R. erythropolis. Additionally, a bioinformatic prediction on the
substrate specificity of the adenylation-domains (A-domains) from the genes htbE and htbG, from
to the NRPS for the synthesis of heterobactin was carried out. Differently as found in the strain
PR4, the first adenylation-domain of the gene htbG has specificity for the amino acid ornithine
instead of arginine (Table 9), which is consistent with the results obtained in the chemical
characterization. The different substrate specificities of this adenylation-domain will be

commented more in depth in the discussion chapter.
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Figure 21.- Comparison of gene clusters for heterobactin production in R. erythropolis PR4 and R.
erythropolis S43. A) Putative heterobactin cluster in R. erythropolis PR4 taken from the paper (Bosello et al.
2013). B) Putative heterobactin cluster found in the genome of R. erythropolis S43 as drawn with the
SnapGene Bioinformatic tool. Siderophore export and iron release genes are shown in green, NRPS related
genes in red, 2,3 dihydroxibenzoic acid byosinthesis genes in blue and NADPH-dependent FMN reductase

in brown.

Table 9.- Adenylation substrate specificity prediction of the htb-cluster A-domains performed with the
NRPSsp Bioinformatic platform (Prieto, 2016).

Adenylation Substrate Score (HMMER Prediction-conditioned
Domain Prediction bit-score) fallout
2,3 dihydroxibenzoic
htbE acid 914 0.0037
htbG A1 Ornithine 329.6 0.1438
htbG A2 Glycine 495.9 0.1303
htbG A3 Ornithine 499.6 0.1303
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4.5.3. Determination of gene expression of siderophore biosynthesis determinants under

arsenic stress

Before the determination of the changes in the mRNA levels in the genes htbG and arsC
in siderophore-production conditions, a determination of the transcription of these genes in iron-
supplemented conditions was carried out, to determine if iron-depletion is a necessary
requirement, as it is indicated in literature (Miethke and Marahiel, 2007; Bosello et al. 2013,
Johnstone and Nolan, 2015). In Figure 22 a 2% agarose electrophoresis with the RT-PCR
products of the genes htbG, arsC and 16srRNA, obtained from R. erythropolis S43 are shown,
cells were cultured in presence of iron and arsenic stress, against a control condition without
arsenic (marked as C in the figure). The cultures stressed with arsenic for time periods from 1 h
to 2 h showed an increase in the mRNA levels of the gene arsC in presence of arsenic stress ( for
both arsenite and arsenate) in comparison with the control condition, which does not show
detectable presence of the transcripts for this gene. Meanwhile, the gene htbG, for siderophore
synthesis, did not show an increase in the transcript levels in comparison with the control, being
not detectable via this method. This indicates that the presence of arsenic by itself it is not enough
to trigger synthesis of siderophores, and an iron-depletion condition must be present. Therefore,

this condition with arsenic stress and presence of iron was not included in the following RT-gPCR

studies.
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Figure 22.- 2% Agarose gel with RT-PCR products of arsC and htbG genes. Electrophoresis shows the
presence of fluorescent bands that indicate amplification of cDNA from the studied genes. L :100 bp marker,
“+” : positive control with genomic DNA of R. erythropolis S43, “-“: negative control without cDNA, C: control

condition with presence of iron and without arsenic stress.

To determine the effect of arsenic on the siderophore biosynthesis genes, specifically on
the NRPS gene htbG of R. erythropolis S43 in iron-depletion conditions, an RTq-PCR was
performed. Also, the gene arsC for an arsenate reductase was used as an arsenic-tolerance

marker. Three culture conditions, a control condition (M9 medium supplemented with 40 uM
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FeCls), a condition of iron deficiency (Fe-free M9 medium) and a condition of iron deficiency and
arsenic stress at 1/8 of the MIC (M9 medium with 937 pM As (lIl)) was carried out. The total
(protein-free and DNA-free) extracted RNA is shown in Table 10. The degradation in the samples
was monitored by the 23S/16S ratio, while the RNA Integrity Number (RIN) was used to select the
samples. All samples that showed a RIN above 7 were selected for cDNA synthesis and later for

study of gene expression.

Table 10.- Total RNA values of transcriptomic samples of R. erythropolis S43 incubated under conditions of

Fe-depletion and arsenic stress.

RNA conc. 23S/16S RNA Integrity

Condition Sample Replicate . Selected
(ng/pL) ratio Number (RIN)
1 260 1.73 10 Yes
M9+Fe 2 143 1.75 10 Yes
Control
Glucose 0.4% 3 175 1.94 10 Yes
4 122 1.95 N/A No
1 386 1.45 9.5 Yes
M9 2 448 1.44 9.6 Yes
Fe depleted
Glucose 0.4% 3 374 1.51 9.6 Yes
4 225 1.52 9.6 Yes
1 420 1.4 9.5 Yes
Fe depleted M9+As 2 240 1.42 9.2 Yes
As stress Glucose 0.4% 3 543 1.99 7.6 Yes
4 504 1.2 8.5 Yes

In Figure 23A, gene expression of arsC (arsenate reductase) and htbG (NRPS for
heterobactin synthesis) evaluated by RTg-PCR are shown. The arsenate reductase gene showed
a seven-fold rise in its expression in the culture condition with arsenic stress (M9 + As condition)
compared with the control without arsenic (M9 + Fe condition) and the siderophore production

condition (M9), indicating a genetic response against arsenic-stress in the studied condition.

Figure 23B shows the gene expression of htbG, the NRPS for the biosynthesis of
heterobactin. As expected, a rise in expression was found in the iron-depleted siderophore
production condition (M9) with an increase of 5.9 times in total mRNA. In the condition of iron-
depletion and arsenic stress an increase of 5.3 times was found. Thus, there was no statistically

significant difference between the total mMRNA levels of these two conditions.
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Figure 23.- Total mRNA level fold-change of arsenic-tolerance and heterobactin-biosynthesis marker genes
in R. erythropolis S43 investigated by RTg-PCR. (A) Differential expression profile of gene arsC (arsenate
reductase). (B) Differential expression profile of gene htbG (non-ribosomal peptide synthetase). Expression
of both genes was evaluated in three culture conditions, control (M9 + Fe), iron-depleted condition (M9) and
iron depletion with arsenic stress (M9 + As). Stars (****) represent statistical significance calculated using the

t-test (p-value >0.001).
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V. DISCUSSION

During this chapter the main results obtained during this thesis will be discussed, starting
with the use and implications of the isolated arsenic-tolerant bacteria and their capacity to produce
arsenic-interacting molecules, including the limitations and applications of the assays performed
to screen said activity. Additionally, the characterization of heterobactin and their biosynthesis
genes in R. erythropolis S43 will be discussed and compared with the current literature, where the
presence and functioning of the siderophore-production cluster and arsenic-tolerance genes will
be discussed. Also, the implications of arsenic-binding siderophores in arsenic tolerance will be
commented, taking in consideration the results obtained during this thesis and what has been
described by other authors. Finally, the biotechnological applications and projections of the results

obtained in this work will be commented.

In this work, forty strains were isolated from arsenic-contaminated mining water from Bad
Schlema purification plant (Aue, Germany). Of these forty strains, fourteen were identified and
later, four arsenic-tolerant Actinobacteria from the genera Rhodococcus, Arthrobacter, and
Kocuria were selected for further studies, due to their ability to grow in traditional culture media
and possessing the highest tolerance to arsenic. In addition, the previously isolated R. erythropolis
S43 (Sultana et al. 2012) was included in the further analysis. All the selected isolates, according
to the parameters described by Pandey and Bhatt (2015), showed a moderate level of arsenic
tolerance, with the exception of A. oxydans ATW3 which proved to be highly tolerant to As(lI).
The extracellular extracts obtained from a culture in Fe-free M9 medium contained siderophore-
like molecules able to bind iron and also arsenic as trivalent arsenite, properties that were
evaluated using the CAS assay to detect the iron-chelating activity (Schwyn and Neilands 1987)
and the As-mCAS assay, a modified version of the first (Retamal-Morales et al. 2018), developed
during this thesis work. A screening test to detect arsenic-binding activity has previously been
used to evaluate the capacity of siderophores produced by P. azotoformans to bind the metalloid
(Nair et al. 2007). However, the changes required to perform this assay had not been described,
turning it into a methodology impossible to reproduce. In the current work, the As-nCAS assay has
been developed carrying out specific modifications to the traditional method, considering pH,
concentration of the CAS dye and element to chelate, which have allowed its reproducibility and
publication. Also, the effectiveness of this methodology has been proven by studying the spectra
of fluorescence emission of the arsenic chelating siderophores, corroborating the effectiveness of

the As-mCAS assay for detection of As-binding siderophores.
The five selected strains in this study are members of the phylum Actinobacteria, typically

described as mostly free-living microorganisms that are widely distributed and abundant in both

terrestrial and aquatic ecosystems, although they are mostly found in soil (Barka et al. 2016).
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Several reports have highlighted the importance of Actinobacteria as a source of novel secondary
bioactive metabolites (Barka et al. 2016), including siderophores with traditional iron-chelating
activity (Emmanuel et al. 2012; Solecka et al. 2012; Bosello et al. 2013). However, the ability of
these iron-chelating siderophores to bind arsenic remained understudied in members of this
lineage. Therefore, in this study the capacity of the five selected isolates to produce As-binding
siderophores has been addressed and studied with more depth. It is noteworthy that the Fe-
chelating and As-binding activity of the tested extract do not seem to correlate between the
isolates. Thus strains that presented intermediate Fe-chelating activity showed a high activity As-
binding activity. For example, A. oxydans ATW3 and R. erythropolis S43 showed a comparatively
high arsenic-binding activity, while their iron-chelating activity was relatively low, while the opposite
behavior was observed in other strains. This may be due to the fact that the two screening methods
used in this study, CAS and As-nCAS assay, are different and that their pH conditions, dye
concentrations and element-to-chelate concentrations are not the same. Therefore, in this case it
is not possible to directly compare the activities of Fe(lll)-chelating and As(lll)-binding among the
isolates, and the results must be interpreted separately. Nevertheless, the lacking correlation of
the Fe-chelating and As-binding activities between the strains also indicates that the strains may,

to some extent, be equipped with different siderophores.

Regarding the study of fluorescence emission spectra from siderophores, this has been
shown to be useful to detect the interaction between siderophores and a particular element. For
example, this method has previously been used to identify the ability of pyoverdine, a siderophore
produced by P. aeruginosa, which has the capacity to interact with Al(lll). For this species a
change in the fluorescence profile of the metabolite was observed when AICIs was added to a
siderophore extract (Del Olmo et al. 2003). In the present study, the fluorescence emission spectra
for A. oxydans ATW3 and R. erythropolis ATW1 (Figs. 10 and 11) showed that their iron- and
arsenic-siderophore spectra had a different profile in terms of the wavelength of maximum
emission and number of peaks, suggesting the occurrence of different chemical characteristics of
the siderophores produced by these two isolates, which would result in their different binding
profiles. These findings suggest that the binding activity of a siderophore (or a siderophore extract)
can happen against different ligands, this has been described before in literature, where it has
been reported that the activity of siderophores against different elements can be modified when
manipulating the pH (Neubauer et al. 2000), or in Azotobacter vinelandii, where azotobactin and
azotochelin have different affinities for different metals (Thomas et al. 2009). Also, in P.
aeruginosa, the siderophores pyoverdine and pyochelin are implicated in iron uptake, but they can
also bind other metals with different affinities (Braud et al. 2009a; Braud, et al. 2009b). Since in
this case, the physical-chemical characteristics of the media were not modified, it could indicate a

double-specificity of one molecule.
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However, if only this assay is taken in consideration, and since it was performed with a
complex extract (which can contain more than one molecule with binding activity), it could also
suggest the co-occurrence of different compounds able to bind different elements, being this a
possible explanation of the variation in the binding activity. In this sense, there are several non-
exclusive mechanisms that could explain the observed differences in iron-chelating and arsenic-
binding activities for a given extracellular extract, and they must be explored studying more in

depth each siderophore extract for each strain.

Regarding the relation with tolerance, how widely this presumed tolerance mechanism is
spread in the bacterial domain and how the mechanistic works is not yet clear in the current
literature. While the findings of Drewniak et al. (2008) and Ghosh et al. (2015) indicate a correlation
of siderophore formation and arsenic tolerance, but did not show binding, Nair et al. (2007) showed
binding, but no association to arsenic tolerance. In this work, was shown that compounds formed
by arsenic-tolerant Actinobacteria do, in fact, interact with arsenic. However, the possible
implication in tolerance of these chelators had to be studied using an interdisciplinary approach,
which not only took in consideration the production of arsenic-binding compounds, but also the
gene expression of the siderophore biosynthesis genes in response to arsenic stress, which will

be discussed further in this chapter.

The finding of arsenic-tolerant Actinobacteria able to produce As(lll)-binding (or
interacting) siderophores opens interesting perspectives for application. Due to their high
abundance and their ability to produce secondary metabolites, it is possible to suggest that
Actinobacteria might represent an interesting source of arsenic-binding compounds which can be
further studied, and when overproduced or in association with plants (Braud et al. 2009a) may be

used to decontaminate soil or water and for other potential biotechnological applications.

When studying the chemical characteristics to determine the structure of these chelating
compound(s), it was necessary to select the isolate with the highest As(lIl)-binding activity. Since
A. oxydans ATW3 and R. erythropolis S43 showed a high As(ll1)-binding activity, reaching above
100% of decolorization (in comparison with EDTA), a way to select only one of them was to
calculate the ratio between the As(lll)-binding and Fe(lll)-chelating activity. This was made to
prioritize the As(lll)-binding activity in case this phenomenon was mediated by the same
compound. This possibility had to be evaluated with the results later obtained by the chemical and

mRNA level of siderophore biosynthesis gene studies.

To be able to perform the chemical analyzes, it was necessary to obtain an amount of
extract equivalent to 10 mg of dry weight. However, it is important to mention that siderophore

production is a phenomenon that happens under nutrient depletion conditions (Miethke and
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Marahiel, 2007). Thus, these molecules are produced in small amounts, but present high activity.
Therefore, obtaining a sufficient quantity of rapidly purified siderophores for chemical
characterization poses a challenge that still needs to be resolved. To face this problem, the culture
of strain S43 was improved and scaled up from a traditional flask method to a bioreactor with
constant agitation and air injection, which allowed a higher siderophore production than previously.
The extracts obtained by this method were sufficient to perform the chemical characterization via
"H-NRM and LC-MS for structure elucidation of the siderophore(s).

After the evaluation with analytical HPLC, the absorbance spectra of the HPLC peaks of
potential siderophores were compared with the absorbance spectra of previously isolated
siderophores. It was found that they had high similarity with the spectrum of the previously
described siderophore heterobactin, a mixed-type siderophore (that presents catechol and
hydroxamate functional groups). The siderophore produced by the strain S43, as well as
heterobactin (Bosello et al. 2013), showed an absorbance spectrum with only one maximum of

absorbance around 320 nm when evaluated in a range of 250 - 800 nm.

From these results, it is possible to suggest that, under both culture conditions with and
without arsenic stress, the obtained siderophores have similar chemical characteristics, since they
have a similar HPLC profile and similar absorbance spectra. However, this interpretation is not
definitive, since it has been described that some siderophores can undergo modifications and
despite having differences in their structure, possess the same chromatographic profile by HPLC
(Boiteau et al. 2016). To address this issue, a protocol for the separation of siderophores by HPLC,
that allows to differentiate isoforms has recently been published (Heine et al. 2017). With this in
mind, it is possible that the analyzed peaks contain more than one type of heterobactin. It has
been reported that heterobactin can occur in four isoforms, heterobactin B, heterobactin A,
heterobactin S1 and heterobactin S2. Heterobactin S1 and S2 are sulfonated forms of
heterobactin A (Bosello et al. 2013). While heterobactin B has a hydrogen on the alpha-amino
group of the amino acid, the forms A, S1 and S2 present a 2,3-dihydroxybenzoyl rest in this
position, which is probably added after the peptide synthesis in the siderophore production

process (Bosello et al. 2013; Carrano et al. 2001).

When elucidating the structure of the As(lll)-binding compounds obtained under both
culture conditions, the analyzes by 'H-NMR and MS indicated that these corresponded to
heterobactin B. At the moment of the development of this manuscript, the siderophore
heterobactin has been characterized by NMR and MS twice in literature, a first approach was
carried out by Carrano et al. (2001) studying the 'H-NMR, "*C-NMR for heterobactin A and B, with
an additional mass spectra for heterobactin A, both isolated from R. erythropolis IGTS8. In that

work, the coupling constants of said NRM analyses were not disclosed, so it was not possible to
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compare them with the ones obtained in the studied compound produced by the strain S43,
however, a similarity in the amino acid and acid composition of the siderophore heterobactin B
has to be highlighted. In this thesis, the amino acids and acids that form heterobactin B are DHBA-

Ornithine-Glycine-Ornithine, similarly to what was found by Carrano et al.

A second approach on elucidation of heterobactin produced by R. erythropolis PR4 was
carried out by Bosello et al. (2013) where a Heteronuclear Multiple Bond Correlation (HMBC) NMR
for C and H was carried out, in addition with the study of the mass spectra of the isolated
heterobactin siderophores. Also, siderophores produced by the strain IGTS8 (the same used by
Carrano et al.) were studied to compare if the siderophores produced by both strains had different
chemical characteristics. In that work, it was determined that under iron-limiting conditions both R.
erythropolis PR4 and R. erythropolis IGTS8 produce three iron-binding compounds, whereas two
of them are modified by sulfonation. The authors determined that the most lipophilic compound
was identical as one described previously, and it was corroborated to be heterobactin A, whereas
the two other sulfonated forms were named heterobactin S1 and S2. In this study, the form
heterobactin B was not found neither by MS or NMR, showing a discrepancy in the current
literature, regarding the reports of heterobactin. In this thesis, the independent structure
elucidation via MS give more evidence to think that R. erythropolis S43 produces heterobactin B,
however, a bi-dimensional NMR could be the solution to characterized more detailed the obitained

arsenic-binding molecule.

As it was discussed further up, siderophores can occur in different forms, so the presence
of the form heterobactin B in the studied extracts it is possible and does not rule out the presence
(in lower concentration) of heterobactin A, S1 or S2, although the additional presence of a 2,3-
dihydroxybenzoayl group could be expected to been visible in the analytical HPLC if present in
enough concentration. Thus, the Fe(lll)-chelating and As(lll)-binding capacity of the extracts
obtained from strain S43 can be attributed mostly, but not necessarily exclusively, to heterobactin
B.

The finding of heterobactin as the isolated siderophore from the strain S43 is consistent
with the presence of the heterobactin production cluster htbABCDEFGHIJK, and the substrate
prediction that indicated Adenylation-domains for DHBA, ornithine, glycine and a second ornithine,
which corresponds with the obtained chemical characterization. However, this is not similar to the
findings by Bosello et al. (2013), which reported that heterobactin not only includes a 2,3-
dihydroxybenzoayl, but also that the substrates adenylation-domains are DHBA, ornithine, glycine
and arginine, which was predicted bioinformatically and also carried out using a ATP/*?PP;
exchange assay, where the adenylation-domain from the dissected initiation module of the protein
HtbG was highly specific for arginine, so in order to bring some light into this, it would be possible

to perform a substrate specificity test as the one described by Bosello et al., and determine if the
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Adenylation-domaing of HtbG of the strain S43 does in fact has activity over ornithine. For now,
the bioinformatic approach seems consistent with the chemical characterization by NMR and MS,
but the limitations of these predictions cannot be ignored, since using different platforms, it is
possible to obtains different results depending on the internal algorithm of the specific
bioinformatic tool. Specifically, if different platforms are used to predict the substrates of the
adenylation-domains of HtbG in the strains S43 and PR4, both show a prediction for ornithine
using the platform NRPSsp (Prieto, 2016), and for glutamic acid when using the platform LS/ A-
domain function predictor (Baranasic et al. 2014), which can be observed in Figure S6
(Supplementary Material). Therefore, an experimental approach is necessary to clarify if the NRPS

present in R. erythropolis S43 can use either ornithine or arginine, or both.

When evaluating the potential of R. erythropolis S43 to tolerate arsenic and to produce
As(lll)-binding siderophores, the bioinformatic reconstruction showed interesting findings
regarding the presence of arsenic tolerance determinants, where a putative ars gene-cluster
regulated by ArsR was found as the only determinant related to tolerance. Putative sequences for
an ars operon regulated by ArsR have been found in a variety of bacterial species and this seems
to be the classical way of regulation (Prithivirajsingh et al. 2001). For example, in Campylobacter
Jjejuni, the activation of the operon genes has been described to happen when the concentration
of extracellular arsenic increases, in both oxidation states: As (lll) and As (V) (Wang et al. 2009).
ArsR is a repressor protein, member of the metal-responsive transcriptional regulator ArsR/SmtB
family (Shi et al. 2004), which has been extensively reviewed in recent years (Busenlehner et al.
2003; Pennella and Giedroc 2005; Qin et al. 2006; Murphy and Saltikov 2009; Osman and Cavet
2010; Antonucci et al. 2017). The DNA binding motif consists of a homodimeric ‘winged’ helix-
turn-helix structure. The homodimeric ArsR has generally only a single metalloid binding site per
monomer, coordinating As(lIl), As(V) or Sb(lll). This protein is normally inhibiting the expression
of the ars operon by binding as a homodimer to an imperfect inverted repeat sequence proximal
to, or overlapping, the -35 element of the ars promoter, thus blocking the initiation of transcription.
However, the binding As(lIl) or As(V), induces a conformational change leading to DNA release
and to the initiation of transcription. This model has been described as a response mechanism to
arsenic in different species (Yang et al. 2005, Rosen and Tamas 2010) and, consequently, it is
expected to be found also in a strain isolated from an arsenic-contaminated environment. The
presence of this operon as the only mechanism of tolerance in the genome of strain S43 allows
us to postulate that its arsenic-tolerant phenotype is mainly due to the presence and functionality
of this operon.

Before the beginning of this work, R. erythropolis S43 was characterized as an arsenic-
tolerant Actinobacteria with the capacity of oxidize arsenite through dissimilatory oxidation, based

in a growth curve carried out in presence of arsenite, in which after the incubation time, a decrease
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in the concentration of As(lll) was found (Sultana et al. 2012), However, as it was stated before,
when looking into the genome of this strain, no arsenite oxidase genes were found, therefore, an
experimental assay was performed in parallel of this thesis, to determine if the arsenic-oxidation
capacity of this bacteria was in fact accurate. A measurement of a growth curve and oxidation of
arsenite was carried out (Fig. S7, Supplementary Material), and it was found that although As(lIl)
concentration decreased about 20% during the measurement time, there was no generation of
As(V). It is possible that this decrease of arsenite concentration in the culture media is due to a
minor accumulation in the dead biomass, which is removed previous to the measurement of
arsenic species via ICP-MS, which is carried out in the culture supernatant. Regarding the
presence of an arsenite oxidase marker gene, Sultana et al. reported that there was no PCR
amplification with the AOXI primers in R. erythropolis S43, therefore, the lack of this gene in the

now sequenced genome is consistent with was determined experimentally during this work.

When the structure of the ars operon of S43 was compared with others found in strains of
the same species, the results is that, first, not all evaluated genomes of R. erythropolis show the
arsenic determinants in a cluster fashion, even though the arsenic-tolerance genes classically
described as ars operon determinants are present. Second, for the strains that do present an
organized operon containing the arsenic tolerance genes, a common pattern was found, where all
the operons start with an arsR gene, followed by arsC and finishing with arsD, followed by arsA.
Third, this general pattern in the Rhodococcus strains is highly modified by occurrence of
additional genes, like arsRC plus arsC preceding arsR in S43 and PR4, additional copies of arsC
especially pronounced in strain XP, but also in PR4, arsT in PR4 and XP, ARC3 in PR4, and arsO
in S43 and PR4 (Fig. 19). These patterns could be common in the strains of R. erythropolis that
possesses an ars gene-cluster (Fig. 19). Regarding this, the characterization of the ars cluster in
these strains has shown the presence of a specific arrangement of the genes for each strain. This
has been reported before after studying ars gene-cluster of Gram-positive bacteria, where the
organization of the genes seems to be specific for each bacterial species studied (Achour-Rokbani
et al. 2010). It is necessary to mention that since the sequenced genome of R. erythropolis S43 is
not yet complete, and the analyses were performed in an assembly of several contigs, a better
sequencing effort must be carried out to complete the sequencing of the genome and have a better
characterization of this ars cluster, since as it is shown in Figure 19, a gap between arsR and arsC
is present, since these sequences are in different contigs, so the distance between them can not
be easily determined. To solve this issue, a PacBio sequencing of the complete genome is being
planned at the moment, this way the already existing sequences can be complemented with a

more accurate method of sequencing.

Regarding the implications of the synthesis of heterobactin in arsenic-tolerance, the

physiological implications of this arsenic-binding siderophore are still unclear. Nowadays, only few
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studies describe in depth the biological role of siderophores chelating elements different from
Fe(lll) in bacteria. Some of them have focused in the capacity of these chelators to recover
elements with nutritional value for the microorganism, for example, the production of azotochelin
and azotobactin by A. vinelandii, which can chelate and uptake molybdenum and vanadium to be
used as cofactors for a nitrogenase enzyme (Thomas et al. 2009). In other studies, the capacity
of siderophores to bind potentially toxic elements as a tolerance mechanism has been suggested.
In some approaches, based on the detection of radioactive isotopes of these toxic elements bound
to siderophores, it was determined that in contrast to Fe(lll) uptake, some elements are chelated,
but not internalized into the cell biomass (Braud et al. 2009a; Braud et al. 2009b; Dimkpa et al.
2009; Dimkpa et al. 2008).

However, when studying the transcript levels of htbG under arsenic stress, a stress-
related response resulting in tolerance does not seem to be clear for R. erythropolis S43. As it
could be expected, an increase in the expression of htbG was found when strain S43 was cultured
in Fe-free M9 medium, since iron depletion has been broadly described as the triggering factor for
siderophore production (Miethke and Marahiel 2007). But, when the strain was cultured in
additional presence of arsenic stress, no significant difference in the expression of htbG was
observed. From a physiological perspective, if only this result is taken into consideration, it
suggests that arsenic stress does not trigger the expression of the NRPS for heterobactin B
production. Therefore, in R. erythropolis S43 the production of this siderophore may not be a
tolerance mechanism in response to arsenic. Nevertheless, this is only argued from the
perspective that tolerance can be regulated by the over-expression of biosynthesis-related genes,
which is not necessarily accurate. This consideration can be explained using the example of some
P. aeruginosa strains that produce siderophores. These strains seem to be more resistant to
metals than strains that do not produce siderophores (Braud et al. 2010). In P. aeruginosa,
pyochelin production reduced the intracellular accumulation of Al(IIl), Co(lll), Cu(ll), Zn(ll) by more
than 80%, and pyoverdine decreased the uptake of Al(Ill) and Cu(ll) by 80% and that of several
other metals by 40%. Although it is not clear yet, how this mechanism is regulated for each toxic
metal/metalloid, it has been shown that pyoverdine binds a number of different metals, and several
of these metal-pyoverdine complexes also bind to the outer-membrane siderophore transporter
(FpvAl), but only when siderophores are bound to Fe(lll), the complex can efficiently be

transported into the cell by the TonB system (Braud et al. 2009b).

Therefore, tolerance can be related to the specificity of the uptake mechanisms, which
depends on the transport system and not just on the biosynthesis of the siderophore itself. This
fits to the observation that in P. aeruginosa, copper exposure increases siderophore production
by upregulating the expression of genes required for pyoverdine synthesis, while the expression

of fpvA, encoding a pyoverdine-Fe transporter, is downregulated, increasing siderophore
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production, but decreasing the uptake of the siderophore-metal complex (Schalk et al. 2011).
Siderophores from S. acidiscabies and S. tendae can bind nickel or cadmium, respectively, thus
protecting the bacteria from metal toxicity (Dimkpa et al. 2009). These findings suggest that in the
presence of certain toxic metals/metalloids, cells respond by inducing siderophore production,
chelating the free-metals by forming a metal-siderophore complex, which would not be transported
into the cell. In this context, to elucidate the specific interaction between siderophore biosynthesis
and transport pathways, and arsenic stress, a global transcriptomic study may be expected to

bring more light into this process that seems to be very specific for different bacterial species.

Overall, this study has highlighted possible novel biotechnological applications of bacterial
siderophores against arsenic, including the characterization of several actinobacterial strains as a
potential tool for discovering new interesting metabolites. Additionally, the characterization of
heterobactin B as an arsenic-binding molecule, which had not been described before, and the
development of a screening method for arsenic-binding molecules as a useful method for
detecting different metabolites, all are oriented to face the environmental and public health

problem that arsenic still is.

Biotechnological implications and projections of this work

The presented thesis work has allowed to isolate and identify fourteen arsenic-tolerant
bacteria from contaminates sites, which comprehend an interesting niche of biotechnological
capacities that remain to be studied. The study of tolerance to different metals and metalloids
among these isolates can be recommended to discover the new tolerance mechanisms against
toxic elements, which can be very useful to understand the metabolic pathways involved in
tolerance to several toxic elements, a base for fundamental research and then, find new bacterial
products of industrial interest. Additionally, the capacity of the studied Actinobacteria to produce
arsenic-binding siderophores, although being not fully characterized molecules, makes them
interesting organisms to be used in bioremediation when coupled with other biological

technologies of decontamination.

It is important to mention that during the development of this work, it was noticed that the
production and purification of siderophores in enough quantity to develop any type of technological
prototype (for example, filters containing siderophores) is a process with high costs, which not
necessarily relates with the requirements of the industry, specially in contaminated sites with low
income and low technology-input communities, which are many around the world (Ferrechio and
Sancha, 2006; Sancha, 2003). Therefore, since arsenic-free (or with concentrations below the
limit) drinking water is a necessity for human health, we should emphasize that the purification of

water should be researched looking for the most effective, economically achievable. This way, the
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chemical characterization of heterobactin B as an arsenic-binding siderophore is an interesting
contribution to the research in the field, but not a technology possible to apply broadly in a short-
period of time. Considering the economical limitations in the application of this technology, it is
possible to propose the use of this bacterial species producing of arsenic-binding molecules
instead of an isolated compound. A plausible way to do this is to study the interaction of these
bacteria with the rhizosphere of vegetal species used in bioremediation, where the production of
these metabolites can give these plants a higher chance of survival in the inhospitable
environments they are put in (Mesa et al. 2017; Oller et al. 2013). Also, rise the possibility of only
apply not only the isolates described in this work, but to use environmental Actinobacteria present
in soil and water of the same contaminated sites, since these are a dominant phylum in many

environments (Tekaya et al. 2012).

A suitable method to apply the products of this work, instead of the decontamination
industry, is the biomedical field, where purified siderophores have been previously used to treat
diseases, based on their capacity to chelate iron (Saha et al. 2016). Here, these arsenic-binding
molecules could be potentially immobilized and used to develop arsenic-capturing displays, a
novel technology that it has been recently improved for heavy metals (Peng et al. 2018). It would
be interesting also to test the chelating activities of the isolated siderophores against different
metals of economic interest such as gold, gallium, or indium, and apply this technology in fields

where a highly technical approach is more suitable.

Finally, the fluorescent properties of the studied siderophores (seen in figs. 10 and 11)
allows them to be tried as biosensors. Methods based in the capacity of emission of fluorescence
by siderophores (Del Olmo, Caramelo, and SanJose 2003) have been developed using these
chelators as sensors in environmental samples. One example is the use of the siderophore
parabactin, a chelator produced by Paracoccus denitrificans that can be used to determine iron
concentration in sea water, with a sensitivity in a pM range (Lam et al. 2006). Although the use of
siderophores as biosensors is mainly focused on iron, they are not limited to it, since they have
been reported to be able to bind other elements selectively, such as molybdenum (Duhme et al.
1996). In the case of arsenic, the fluorescent properties of siderophores remain to be an interesting
characteristic which can be perfected and standardized to measure arsenic in water, at least for

research purposes.
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VI.- CONCLUSIONS

The arsenic-tolerant Actinobacteria isolated from contaminated environments produce arsenic-
binding siderophores, activity of which was measured with a method developed during this work,
the arsenic-binding and iron-chelating activity relative values cannot be compared between
themselves, since the screening methods work in different conditions and the chemical

interactions between arsenic and the isolated siderophores is not yet clear.

In the arsenic-tolerant Actinobacteria R. erythropolis S43, the arsenic-binding and iron-chelating

activity of the extracellular extract is carried out by the mixed-type siderophore heterobactin B.

The biosynthesis of heterobactin B in R. erythropolis S43 does not seem to be related with arsenic

tolerance, when studying the transcript levels of the siderophore synthesis gene htbG
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SUPPLEMENTARY MATERIAL

Table S1.- Arsenic content of water rivers in Chile (obtained and translated from Aidis Chile,

2014)
Service Plant Source Pollutants Flow (L/s) Total As
(mg/L)
lquique- Alto .
Hospicio Santa Rosa Groundwater Arsenic 240 60-80
- Arsenic,
Calama Cerro Topater Superficial Water turbidity 500 400-450
Salar del - Arsenic,
Antofagasta Carmen Superficial Water turbidity 1000 400-450
Taltal Taltal Groundwater Arsenic 30 60-80
. . Arsenic,
Diego de Diego de Superficial Water chloride, 35 100-500
Almagro Almagro
sulfates
Santiado Mixed Ground Arsenic,
ntiag El Gallo and superficial chloride, iron, 650 100-500
Oriente
water manganese
Lampa Alto Lampa Groundwater Arsenic 50 60
Qulicura Quilicura Groundwater Arsenic 100 60
- Arsenic,
Rancagua Nogales Superficial Water turbidity 500 100-500
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Figure S1.- Concentrations of the arsenic species in groundwater at different pH values, with total
As concentration of 100 ug/L (Obtained from Holl and Deschamps, 2011) . (A) Concentration of

As(lll) species’, (B) Concentration of the As(V) species. Shaded area indicates the pH range of
most groundwater.
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Table S2.- RTq-PCR primer sequences used in this study

Name

Sequence (5’-3’)

Tm

RES43_arsC_fw
RES43_arsC_rv
RES43_htbG_fw
RES43_htbG_rv
RES43_16s_fw
RES43_16s_rv

ATC CAC ACC CATCTC ACC TC
CAC GTC CTT GGT GAG TGC
GTACCACCT GCT CGG CTACT
GAT CAG ACC GGC GAACTC
CAG AAG AAG CAC CGG CTAAC
GAC AAA CCG CCT ACG AAC TC

60 °C
60 °C
60 °C
60 °C
60 °C
60 °C
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Table S3.- Primer efficiency values for RTg-PCR

Primer set Intercept R? %Efficiency
RES43_arsC 0.792 0.996 93.754
RES43_htbG 0.948 0.995 96.453
RES43_16s 0.98 0.993 92.034
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Table S4.- Sequence Alignment via BLASTn of 16s rDNA for the selected arsenic tolerant isolated

strains.

Isolate Q. Identity Query NCBI Access
Reference Strain E-value

Code (%) (%) Length (bp) number

S43 Rhodococcus erythropolis 100 99 1502 0.0 KM047507.1
DSM 25948

ATWA1 Rhodococcus erythropolis 99 99 892 0.0 K5476725.1
DSM 43066

ATW2 Arthrobacter oxydans DSM 99 99 876 0.0 NR_026236.1
20119

ATW3 Arthrobacter oxydans DSM 98 99 896 0.0 NR_026236.1
20119

ATW4 Kocuria rosea DSM 20447 99 100 892 0.0 NR_044871.1
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Arthrobacter oxydans ATW2 (MH028755)
Arthrobacter oxydans ATW3 (MH028873)
Arthrobacter oxydans IHBB11072 (KR085845.1)
Arthrobacter oxydans IHBB9838 (KR085876.1)

Arthrobacter oxydans strain 32 (KF923442.1)

Arthrobacter sulfureus BLH(2) (KT369871.1)
Arthrobacter sulfureus XSH(1) (KT369868.1)
Arthrobacter sulfureus ZJY-988 (KP282830.1)
Arthrobacter sulfureus ATW5 (MH031276)
Arthrobacter sulfureus ATW6G (MH037148)

Kocuria rosea S17 (MF620093.1)
Kocuria rosea TSS17 (MF620075.1)

97 | Kocuria rosea AT12 (MG016449.1)

Kocuria rosea ATW4 (MH028608)

0.020

100

Rhodococcus erythropolis KAL-29 (MGB46087.1)

Rhodococcus erythropolis ATW1 (MH029266)
Rhodococcus erythropolis HX-2 (MG015900.1)
Rhodococcus erythropolis MC 15 (LT984719.1)
Rhodococcus erythropolis ATW7 (MH029273)

Figure S2.- Dendrogram of arsenic tolerant actinobacterial strains. Dendrogram performed using

a Maximume-likelyhood method with Boostrap of 1000 replications. Bars represent 2 substitutions

per 100 nucleotides .Clades show bacterial strains and their Genbank Accession number in

parenthesis.
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Figure S3.- Absorbance spectra of the As-mCAS solution and image of fully-colorized and fully-
decolorized Asm-CAS. (A) The grey line represents a fully decolorized solution (100% arsenic
activity), the black line represents a fully colorized solution (0% arsenic-binding activity). (B) In
blue is presented the fully colorized As-mCAS solution (150 yL methanol + 150 pL of As-mCAS)
and in yellow is presented the fully-decolorized solution (150 yL EDTA 83.3 mM + 150 pL of As-
mCAS).
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Figure S4.- Desferroxamine B (DFOB) Calibration curve for Fe-CAS assay. Decolorization

percentage values were interpolated in the linear regression equation. Measurements with values

above linear regression were diluted until they could be interpolated.
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Figure S5.- "H-NMR spectrum in d6-DMSO of the absorbance peak at retention time 11.8 min
with CAS / As-mCAS activity. The spectrum obtained from the 80% methanol fraction of

R. erythropolis S 43 cultured in Fe-free M9 medium (without arsenic addition).



LSI A-domain function predictor NRPSsp

(Baranasic et al. 2014) (Prieto, 2016)
_ Rhodococcus erythropoiis S43 Rhodococcus erythropolis S43
Adenylation HMMER E- Adenylation Score (HMMER Prediction-conditioned
Domain Substrate Prediction LSl Score value Bit Score Domain Substrate Prediction bit-score) fallout
2,3 dihydroxibenzoic 2,3 dihydroxibenzoic
htbE acid 0.795 1.1E-27 83.0 +/- 0.0 hibE acid 914 0.0037
htbG A1 Glutamate 0.666 1.3E-28 86.0 +/~ 0.1 hthG A1 Ornithine 330 0.14
htbG AZ Glycine 0.724 24E-36 111.0+-0.2 hthG A2 Glycine 495 013
hthG A3 Ornithine 0.821 4.8E-35 106.8 +- 0.0 htbG A3 Ornithine 499 0.13
_ Rhodococcus erythropolis PR4 Rhodococcus erythropolis PR4
Adenylation HMMER E- Adenylation Score (HMMER ~ Prediction-conditioned
Domain Substrate Prediction LS| Score value Bit Score Domain Substrate Prediction bit-score) fallout
2.5 dihyaroxbenzale 2.3 dihydroxibenzoic
htbE acid 0.795 1.1E-27 83.0 +- 0.0 hibE acid 916 0.0041
htbG A1 Glutamate 0.666 1.3E-28 96.0 +/-0.1 hthG A1 Ornithine 329 0.13
htbG A2 Glycine 0724 2.4E-36 111.7 +-0.1 htbG A2 Glycine 485 0.13
hthG A3 Ornithine 0.821 4.8E-35 106.4 +/- 0.0 hthG A3 Ornithine 480 0.13

Figure S6.- Substrate prediction for Adenylation-domains of NRPS for heterobactin production in
R. erythropolis S43 and R. erythropolis PR4. LSI A-domain function predictor and NRPSsp
bioinformatic platforms were used to predict the substrate specificity of each adenylation site in
the amino acid strands of the genes htbE and htbG of the strains S43 and PR4. All scores show

high specificity for each of the substrates present in the figure.
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Figure S7.- Growth curve of R. erythropolis S43, with monitoring of arsenite oxidation. Graph
shows the growth curve of R. erythropolis S43 in M1 medium (Sultana et al. 2012) with addition
of As(lll) as NaAsOz2 5mM. Gray triangles represent As(lll) (mM) concentration, grey squares
represent As(V) (mM) concentration, black circles represent As(lll) (mM) concentration in an
abiotic control, grey diamonds represent bacterial growth, measured by turbidity at 546 nm.
Measurements of As(lll) and As(V) concentration were performed by ICP-MS in the Institue of
Biosciences of the University of Freiberg (TUBAF) by MgSc. Fabian Giebner. Graphed data

represent the average and standard deviation of three independent measurements.
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