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 RIASSUNTO 
 
Introduzione 
I metalli pesanti sono elementi con un elevato peso atomico, una 
densità almeno cinque volte maggiore di quella dell’acqua e tossici 
a basse concentrazioni. Le loro molteplici applicazioni industriali, 
agricole, mediche e tecnologiche hanno portato ad un’ampia 
distribuzione nell'ambiente, causando inquinamento ambientale e 
problemi per la salute umana.  
I metalli pesanti sono naturalmente presenti in alcuni ambienti del 
nostro pianeta, come le sorgenti geotermali (marine e terrestri), 
habitat considerati estremi poiché, oltre ad elevate concentrazioni di 
metalli, sono presenti una varietà di condizioni estreme, quali 
temperatura e/o pH, alta concentrazione di metallo e/o sale. In tali 
habitat si sono evoluti diversi microrganismi estremofili appartenenti 
ai domini dei Bacteria e Archaea che possiedono una straordinaria 
varietà di meccanismi dinamici e versatili per contrastare stress 
chimici e fisici e sopravvivere in condizioni ambientali considerate 
ostili per altre forme di vita. Essi dunque possiedono sistemi 
metabolici anche per contrastare la tossicità dei metalli pesanti e 
pertanto partecipano attivamente alla loro mobilizzazione e 
conversione chimica. Tali caratteristiche hanno attratto gli scienziati 
anche da un punto di vista applicativo. In questo lavoro di tesi ci 
siamo occupati di analizzare i meccanismi molecolari responsabili 
della sopravvivenza e dell'adattamento dei batteri termofili ai metalli 
pesanti, con particolare enfasi su arseniato As (V), arsenito As (III), 
cadmio Cd (II) e alla messa a punto di sistemi biotecnologici per il 
loro rilevamento. 
 
I sistemi di resistenza ai metalli pesanti 
I microrganismi si evolvono rapidamente e sono in grado di adattarsi 
alle variazioni delle condizioni ambientali grazie alla loro 
propensione al trasferimento genico orizzontale e ai loro alti tassi di 
crescita. I microrganismi hanno dunque acquisito nel corso 
dell’evoluzione una vasta gamma di meccanismi di difesa contro i 
metalli presenti nell'ambiente naturale, tra cui fattori trascrizionali 
metallo-sensibili che regolano la trascrizione dei geni che codificano 
per le proteine responsabili della detossificazione, sequestro, 
efflusso e assorbimento dei metalli.  
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Generalmente in un microrganismo un sistema di detossificazione è 
costituito da una proteina sensore, che è un regolatore trascrizionale 
dei geni per la resistenza ai metalli, enzimi, come reduttasi o 
metiltransferasi che modificano lo stato di ossidazione dello ione o 
aggiungono gruppi metilici, e proteine di membrana (trasportatori 
attivi e/o passivi) per l’efflusso per rimuovere direttamente i metalli 
dalla cellula. Nei batteri, il sistema di resistenza all’arsenico è uno 
dei meglio caratterizzati, ed è generalmente mediato dai prodotti 
genici dell’operone ars. Sebbene l’organizzazione dell’operone vari 
considerevolmente tra le diverse specie, alcuni geni chiave sono 
sempre presenti. L’organizzazione basale dell’operone è quella 
dell’operone arsRBC, che è presente nel genoma di E. coli e nel 
plasmide di Staphylococcus aureus pI2589 e che conferisce 
moderata resistenza a As(V), As(III) e Sb(III). È stato anche descritto 
in E. coli un operone organizzato in una serie di cinque geni, detto 
operone arsRDABC, che fornisce resistenza a concentrazioni di 
arsenico più elevate. Presenta infatti il gene arsC che codifica per 
un’arseniato reduttasi citoplasmatica che converte l’arseniato in 
arsenito, che viene estruso dalla cellula dall'azione di un 
trasportatore transmembrana codificato dal gene arsB. Negli 
organismi che hanno il gene arsA, il prodotto genico, un ATPasi, è 
accoppiato al trasportatore transmembrana ArsB e aumenta 
significativamente i livelli di resistenza. Il gene arsR codifica per un 
repressore appartenente alla famiglia ArsR/SmtB, coinvolto nel 
rilevamento dei metalli e nella regolazione trascrizionale dei geni 
della resistenza; il prodotto del gene arsD funge invece da 
metallochaperone aiutando il trasferimento di arsenito alla subunità 
ArsA del complesso ArsAB attivandolo. In alcuni batteri è presente 
un gene accessorio che codifica per una arsenito metiltransferasi, 
ArsM, questo enzima è in grado di produrre delle forme metilate 
dell’arsenico che possono diffondere dalla cellula oppure essere 
estruse tramite trasportatori di membrana. 
 
Thermus thermophilus come organismo modello 
Thermus thermophilus viene utilizzato da molti gruppi di ricerca 
come organismo modello a causa dei suoi alti tassi di crescita, delle 
alte rese cellulari delle colture, della disponibilità di strumenti 
genetici e dell'espressione costitutiva di un apparato di competenza 
naturale straordinariamente efficiente. Il ceppo HB27 di Thermus 
thermophilus (isolato dal prof. Oshima in una pozza termale in 
Giappone) è un Gram-negativo aerobico che cresce a temperature 
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comprese tra 50° e 82° C. Le cellule di T. thermophilus HB27 
appaiono morfologicamente come sottili bacilli, che tendono a 
formare filamenti in grado di dividersi per divisione binaria. Il 
genoma di T. thermophilus HB27 è composto da un cromosoma 
(TTC) di 1.894.877 bp e un megaplasmide (TTP) di 232.605 bp, 
chiamato pTT27. Il contenuto di GC è medialmente del 69,4%.  
 
Caratterizzazione dei sistemi di resistenza all’arsenico di T. 
thermophilus HB27  
Nel laboratorio dove ho svolto la mia tesi di dottorato era già stata 
iniziata la caratterizzazione del sistema di resistenza all’arsenico 
basandosi sull’evidenza che T. thermophilus HB27 è un 
microrganismo tollerante all’arsenico. L’analisi del genoma ha 
evidenziato tre geni codificanti i putativi elementi di resistenza: 
un’arseniato reduttasi TtArsC (codificata da TTC1502), un 
regolatore trascrizionale TtSmtB (codificato da TTC0353) e 
un’ATPasi di membrana (di tipo P1B) TtArsX (codificata da 
TTC0354) responsabile dell'efflusso. Il presente lavoro di tesi è stato 
rivolto alla comprensione delle basi molecolari del sistema di 
resistenza all’arsenico attraverso la caratterizzazione strutturale e 
funzionale delle sue componenti, anche allo scopo di utilizzarle per 
la messa a punto di biosensori per il rilevamento di metalli pesanti. 
Tra i risultati ottenuti durante questo progetto c’è stata la 
caratterizzazione di TtSmtB, un componente della famiglia 
ArsR/SmtB. I membri di questa famiglia sono molto diversi tra loro, 
ma condividono alcune caratteristiche, tra cui la struttura dimerica, 
la presenza di un dominio di legame al DNA (basato su un motivo 
strutturale helix-turn-helix) e un dominio di legame al metallo 
caratterizzato dalla presenza di cisteine (almeno due). 
Dall’approfondito studio di TtSmtB, del suo ruolo come regolatore e 
delle sue caratteristiche chimico-fisiche, è emerso che questa 
proteina fa parte di un sistema di resistenza promiscuo che è 
utilizzato dalla cellula per detossificare sia l’arsenico che il cadmio. 
Sia TtSmtB che TtArsX sono direttamente coinvolte nel processo di 
resistenza e infatti i ceppi mutanti che presentano delezioni di questi 
due geni risultano essere più sensibili sia al cadmio che all’arsenico 
(nelle forme ossidata e ridotta). Utilizzando tecniche di pull down 
associate ad analisi proteomica abbiamo identificato un’ulteriore 
componente del sistema di resistenza all’arsenico, cioè una arsenito 
metiltransferasi (TtArsM). L’identificazione e caratterizzazione 
strutturale e funzionale di questa proteina ci ha permesso di capire 
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ulteriormente come funziona e come è regolato il pathway della 
resistenza all’arsenico. TtSmtB è un repressore trascrizionale, che 
in assenza di arsenico/cadmio, impedisce l’espressione dei geni 
coinvolti nella resistenza. Abbiamo dimostrato che è infatti in grado 
di interagire con il suo stesso promotore e con i promotori di TtArsC, 
TtArsX, TtArsM e che l’interazione con i DNA bersaglio è impedita 
in presenza di cadmio o arseniato o arsenito. Inoltre, abbiamo 
individuato un nuovo livello di regolazione post traduzionale nel 
meccanismo di tolleranza all’arsenico. L’interazione fisica tra 
TtSmtB e TtArsM, dimostrata attraverso esperimenti in vitro di CoIP, 
a basse concentrazioni di arseniato o arsenito mantiene bloccato 
TtArsM, invece, ad elevate concentrazioni di As(III) o As(V) il 
complesso si dissocia rendendo TtArsM attiva enzimaticamente. In 
presenza di cadmio, metallo che non viene riconosciuto da TtArsM, 
il complesso TtSmtB /TtArsM viene ulteriormente stabilizzato, 
mantenendo la totale inattivazione dell’enzima TtArsM. Questo 
ulteriore sistema di regolazione è dovuto, probabilmente, ad 
un’esigenza cellulare di salvaguardare il suo potenziale redox in 
condizioni di stress ossidativo (causato dalla presenza di cadmio). 
La caratterizzazione di questo complesso sistema, in tutte le sue 
parti, è stata fondamentale per la realizzazione di nuovi sistemi di 
biosensing per il monitoraggio ambientale. 
 
Sviluppo di biosensori per il monitoraggio di arsenico e cadmio  
I biosensori sono dei dispositivi costituiti da una componente 
biologica (cellula, proteina, DNA) in grado di interagire con un dato 
analita e da un trasduttore che trasforma l’interazione in un segnale 
misurabile. Questi dispositivi consentono una determinazione 
rapida, diretta e selettiva di una particolare specie chimica anche in 
presenza di molecole chimicamente simili. La specificità della 
risposta di questi dispositivi, inoltre, in genere minimizza o elimina 
la necessità di manipolazioni preliminari del campione e rappresenta 
un'alternativa all'uso di sistemi analitici costosi e sofisticati, quali, per 
esempio, la spettrometria di massa. 
In questa tesi di dottorato, basandosi sulle conoscenze ottenute sul 
sistema di resistenza all’arsenico in T. thermophilus HB27, sono 
stati sviluppati due whole-cells biosensors per il monitoraggio di 
arsenico e cadmio. In particolare, il primo bioreporter è stato 
ottenuto a partire dal plasmide pMHpnqo, clonando: a) una cassetta 
contenente il promotore riconosciuto da TtSmtB, a valle del gene 
reporter codificante una versione termostabile della β-galattosidasi, 
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e b) una cassetta di espressione per il fattore TtSmtB sotto il 
controllo del promotore costitutivo pnqo. Questo sistema reporter è 
stato utilizzato per trasformare il ceppo wilde type di T. thermophilus 
HB27 e un ceppo mutante (T. thermophilus TTC0354::pK18) e, data 
la capacità di TtSmtB di interagire sia con il cadmio che con 
l’arsenico (quest’ultimo negli stadi di ossidazione +3 e +5), è stato 
in grado di rilevare 20 µM arsenico e 10 µM di cadmio. Il secondo 
biosensore “whole-cell” di T. thermophilus HB27 è stato messo a 
punto utilizzando un sistema di “genome editing” basato su 
CRISPR-Cas9, in collaborazione con il Prof. John van der Oost della 
Wageningen University & Research. La cellula modificata 
geneticamente attraverso il sistema di editing genomico esprime il 
gene reporter sYFP, codificante la proteina fluorescente YFP, a 
valle del promotore di TtArsX, utilizzando il sistema endogeno di 
resistenza all’arsenico e al cadmio, e rileva arseniato, arsenito e 
cadmio a concentrazioni di circa 0.5 µM. Questo sistema è risultato 
essere più stabile e riproducibile nel segnale di fluorescenza. Quindi 
può rappresentare un ottimo candidato per ulteriori caratterizzazioni 
ai fini di un impiego applicativo.  
Infine, è stato identificato e caratterizzato un nuovo ceppo di 
Geobacillus stearothermophilus, che mostra un’elevata resistenza 
all’arseniato, che rappresenta un ottimo candidato per lo sviluppo di 
nuovi sistemi di risanamento ambientale. 
In conclusione, i risultati ottenuti con questo progetto di dottorato ci 
hanno permesso di comprendere in maniera più dettagliata il 
funzionamento dei sistemi cellulari di resistenza all’arsenico e di 
sviluppare contestualmente dei bioreporter che possano fungere da 
punto di partenza per ulteriori manipolazioni volte alla realizzazione 
di biosensori da utilizzare nei processi industriali o per il 
monitoraggio ambientale.   
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SUMMARY  

 
The high concentrations of heavy metals are the cause of one of the 
most serious pollution problems of our time. Different chemical or 
physical methods have been developed to treat polluted sites, but 
the problem persists given the necessity to dispose the treated 
waste and any, probably even more toxic, chemical by-product; so, 
considering advances in biotechnology, there is interest in the 
development of biosensors for monitoring polluted areas as well as 
bioremediation techniques. 
The aim of this PhD thesis was the development of whole-cell 
biosensors for monitoring of environmental pollutants starting from 
the characterization of the molecular mechanisms of heavy metal 
resistance in thermophilic microorganisms. 
The first part of this PhD-thesis focuses on the characterization of 
the TtSmtB, a trans-acting repressor belonging to the ArsR/SmtB 
family, involved in the metal sensing and in transcriptional 
regulation.  
The characterization of TtSmtB was carried out in order to 
investigate the molecular determinants of metal binding, DNA 
binding and to identify target promoter regions. 
The second part of this PhD thesis was focused on the development 
of whole-cell biosensors using two different approaches: plasmid-
based or genome-based detection systems.   
The first whole-cell biosensor was obtained starting from the 
knowledge acquired on the biological function of TtSmtB, where on 
a single plasmid we can found the promoter recognized by TtSmtB 
and the reporter gene. 
The second whole-cell biosensor was obtained by engineering 
Thermus thermophilus HB27 through a CRISPR-Cas9 system that 
allowed us to insert the reporter gene into the genome, under the 
control of a responsive promoter, allowing us to improve the 
sensitivity of our reporter system. 
The last part of this project was focused on the characterization of a 
new strain of Geobacillus stearothermophilus was isolated from a 
hot spring located in a solfataric area of Pozzuoli (Napoli). 
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Chapter I: General Introduction 
 

1. Environmental pollution 
Heavy metals are generally defined as metals with relatively high 
densities, atomic weights, or atomic numbers. Here we refer to 
heavy metals when they present the following characteristics: 
 

• density exceeding 5.0 g/cm3 

• general behaviour as cations 

• low solubility of their hydrates 

• aptitude to form complexes 

• affinity towards the sulphides 
 
Trace of some heavy metals are required for certain biological 
processes such as: iron (Fe) and copper (Cu) required for the 
oxygen and electron transport; or vanadium (V) and manganese 
(Mn) required for the enzyme regulation1.  
In high concentrations heavy metals are the cause of one of the most 
serious pollution problems of our time. Therefore, it is important to 
be informed about the heavy metals and to adopt protective 
measures against overexposure. 
Heavy metal toxicity can result in damaged or reduced mental and 
central nervous function, lower energy levels, and damage to blood 
composition, lungs, kidneys, liver, and other vital organs. Long-term 
exposure may result in slowly progressing physical, muscular, and 
neurological degenerative processes. Repeated long-term contact 
with some metals or their compounds may even cause cancer 
(International Occupational Safety and Health Information Centre, 
1999)2.  
Different chemical or physical methods have been developed to 
treat polluted sites, but the problem persists given the necessity to 
dispose the treated waste and any, probably even more toxic, 
chemical byproducts; so, taking into account advances in 
biotechnology, it’s interesting trying to develop biosensors for 
monitoring heavy metal pollution or to follow the efficacy of 
bioremediation procedures.  
 

2. Chemistry of Arsenic 
Arsenic is an ubiquitous toxic metalloid that contaminates both 
groundwater sources and soils. More than 100 million people in the 



Chapter I 
   

8 
 
 

 

 

world are at risk from consuming water contaminated by arsenic, 
and strategies to detect and prevent this global problem are urgently 
required. 
From a chemical point of view, arsenic is a metalloid of the VA group 
of the periodic table, toxic to the environment and humans3. In 
nature it is present in four different oxidation states: arsenite As(III) 
and arsenate As(V) are the most common, while the elemental 
arsenic (0) and arsenide As(-3) are rare4,5. The main chemical-
physical factors that control the speciation of arsenic are the pH and 
the redox potential6. The metalloid is found in sediments, water and 
soil both in inorganic form, where in oxidizing conditions prevail the 
pentavalent arsenic and under reducing conditions the trivalent one7 
and in organic form as the mono-methylarsonic acid (MMA) and di-
methylarsinic acid (DMA). Disclosure of organic arsenic is lower 
than inorganic forms. Since arsenic has different valence states, its 
treatment and removal from the contaminated sites is not an easy 
issue. 
 

3. Microbial resistance system to heavy metals 
Microorganisms quickly evolve and quickly adapt to environmentally 
changing conditions, due to their propensity for horizontal gene 
transfer and their high growth rates. The great genetic diversity of 
microorganisms accounts for their great metabolic versatility and 
ability to adapt even to extreme environments that do not allow 
proliferation of other living organisms8. Microorganisms have a wide 
variety of defence mechanisms against metals present in the natural 
environment, in fact they have developed metal-responsive 
transcriptional regulatory proteins that regulate the transcription of 
genes encoding proteins responsible for metal detoxification, 
sequestration, efflux and uptake (Fig. 1). Generally, a microbial 
detoxification system consists of a sensor protein, which is a 
transcriptional regulator of the genes for resistance to metals, a 
detoxifying enzyme, such as a reductase, and an efflux pump to 
remove the metals from the cell directly. 
Recent structural studies have revealed five distinct families of metal 
sensors proteins: MerR, ArsR/SmtB, DtxR, Fur and NikR. The 
families MerR and ArsR/SmtB regulate the expression of genes 
needed for metal ion detoxification, efflux and sequestration; here, 
metal binding results in the activation (MerR) or derepression 
(ArsR/SmtB) of the resistance operon. In contrast, the families DtxR, 
Fur and NikR regulate genes coding for proteins involved in metal 
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ion uptake; in these cases, the metal ions function as co-repressors 
to switch off uptake genes in defined concentrations of metals9. 
 
 

 
 
Fig. 1 Generalized illustration of the mechanism of resistance to toxic metals 
by microorganisms: 1) Extracellular barrier, a selectively permeable system; 2) 
Efflux of metal ions; 3) Enzymatic reduction of metal ions. 4) Intracellular 
sequestration by small molecule complexing agents or metal-chelating proteins. 

 

Arsenic tolerance in bacteria is usually mediated by the gene 
products of ars operon5,10,11. Although the right operon organization 
varies considerably among different species, there are some key 
genes which are always present: the gene set which confers a basal 
resistance consists in the arsRBC operon, present in the E. coli 
genome11 and in the Staphylococcus aureus plasmid pI25812. There 
is also a set of five genes, arsRDABC found in the E. coli plasmid 
R77313, that provides resistance to higher arsenic concentrations. 
The gene arsC encodes a small cytoplasmic arsenate reductase 
which converts arsenate into arsenite14, that is extruded from the cell 
by the action of a transmembrane transporter encoded by the arsB 
gene. In organisms that have the arsA gene, its gene product, an 
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ATPase, is coupled to transmembrane transporter ArsB and 
significantly increases the levels of resistance5. The arsR gene 
encodes a trans-acting repressor belonging to the ArsR/SmtB 
family, involved in the metal sensing and in transcriptional 
regulation; the arsD product acts as metallochaperon assisting the 
transfer of arsenite to the ArsA subunit of the ArsAB complex 
activating it. 
Some bacteria possess another gene in the ars operon, coding an 
arsenite methyltransferase. Arsenic methyltransferase is an enzyme 
that catalyzes the conversion of inorganic arsenic into mono-, di-, 
and tri-methylated products. Conversion of inorganic arsenic into 
methylated metabolites affects the environmental transport and the 
fate of arsenic as well as its metabolism and disposition at cellular 
and systemic levels 5 in higher organisms. 
 

4. Environmental biomonitoring 
There are currently two widely used methods of arsenic detection in 
drinking water: laboratory-based analytical methods and field-based 
testing methods. The laboratory-based analytical methods require 
highly trained personnel and expensive analytical machinery, such 
as inductively coupled plasma mass spectroscopy (ICP-MS) and 
atomic absorption spectroscopy. Further, the delay in turnaround 
time between specimen collection and result availability limits their 
day-to-day use. So different chemical methods have been 
developed to treat polluted sites, but the problem persists given the 
necessity to dispose the treated waste and any, probably even more 
toxic, chemical bioproducts. Biosensors and bioreporters are safe, 
alternative methods to detect environmental pollutants such as 
arsenic15. 
A biosensor is an analytical device, used for the detection of an 
analyte, that combines a biological component with a 
physicochemical detector16. In a biosensor, the bioreceptor is 
designed to interact with the specific analyte of interest to produce 
an effect measurable by the transducer. High selectivity for the 
analyte among a matrix of other chemical or biological components 
is a key requirement of the bioreceptor. While the type of 
biomolecule used can vary widely, biosensors can be classified 
according to the most common types of bioreceptor interactions 
involving: antibody/antigen17, enzymes/ligands, nucleic acids/DNA, 
cellular structures/cells, or biomimetic materials18. A whole-cell 
biosensor can be utilized as a rapid and sensitive method to detect 
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and quantify such toxic species; these types of biosensors rely on 
the analysis of the expression of a reporter gene that is controlled 
by a promoter responsive to a particular toxic compound19. 
 

5. Thermophiles and biotechnology 
Microorganisms can be roughly classified, according to the range of 
temperature at which they can grow, in: i) psychrophiles (below 
20°C), ii) mesophiles (from 20° up to 45°C), iii) thermophiles (from 
50° up 70°C) and iv) extreme thermophiles (above 70°C). From 
biological point of view, the study of these microbes, has an 
important implication in regard to ecology as well as evolution, for 
the peculiarity of some microbial metabolisms20. The impact of 
biotechnology on our lives is inescapable and the comparison 
between the natural habitats of thermophiles and the typical 
industrial cultivations reveals both the advantages and the limits of 
the applicability of these microorganisms21.Today the use of 
microorganisms has become so prevalent in biotechnology 
applications, to render their discovery and genetic modification a 
goal of our economy. Among industrial microorganism, thermophiles 
are highly promising to achieve this purpose. The lower cooling 
costs, lower contamination risk, and easier downstream processing 
of the final product, converted this microorganisms into ideal 
platforms for the new generation of sustainable bioprocesses22. 
In this thesis, we focused on thermophilic and extremophilic 
microorganisms with the aim to use them in environmental 
monitoring or bioremediation. 
For this purpose, we followed two strategies: 
 

• A model organism, T. thermophilus HB27, was employed to 
deeply characterize the molecular mechanism of resistance 
to toxic metals in order to develop tools for environmental 
biomonitoring; 

• New microorganisms were isolated from hot springs in order 
to exploit their genetic and physiological contents for future 
bioremediation purposes.  

 
6. Thermus thermophilus as a model organism 

Many research groups use Thermus thermophilus as model 
organism, because of its high growth rates, cell yields of the cultures, 
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the availability of genetic tools, and the constitutive expression of an 
impressively efficient natural competence apparatus23.  
T. thermophilus HB8 and HB27 are aerobic Gram-negative 
microbes, that grows at temperatures ranging from 50° to 82°C. 
HB27 strain was originally isolated from a natural thermal 
environment in Japan by Professor Tairo Oshima24; its optimal 
growth is at 74°C and at pH 7.0. Many thermophilic organisms are 
strictly anaerobic, as a result of an adaptation to the low solubility of 
oxygen at these temperatures. However, the Thermus gender is an 
exception: T. thermophilus HB8, for example, can grow in anaerobic 
conditions by complete or partial denitrification, or using heavy 
metals as final acceptors of the anaerobic respiration. HB27 strain, 
nevertheless, cannot grow in anaerobic conditions. T. thermophilus 
cells morphologically appear as thin bacilli, which tend to form 
filaments able to divide by binary division. As all Gram-negative 
bacteria, it is surrounded by an outer membrane composed primarily 
of phospholipids and lipopolysaccharides, and a thin layer of 
peptidoglycan, responsible for the structural rigidity of the cell; this 
last is itself surrounded by amorphous material, covalently linked to 
the peptidoglycan23. T. thermophilus HB27 genome is composed by 
a chromosome (TTC) of 1.894.877 bp and a megaplasmid (TTP) of 
232.605 bp, named pTT27. GC content is medially 69.4%. Regions 
that show a low GC content represent ribosomal RNA clusters (Fig. 
2)25. 
 

 
Fig. 2 Maps of T. thermophilus HB27 chromosome and plasmid 25. 

 

Some thermophilic bacteria belonging to the genus Thermus, 
isolated from different geothermal vents, could use arsenate for 
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respiration (Thermus sp. HR13) and to rapidly oxidize arsenite (T. 
aquaticus and T. thermophilus). T. thermophilus HB27 showed high 
tolerance to concentrations of arsenate and arsenite; investigation 
on the molecular mechanism underlying this resistance, started from 
the identification, characterization and regulation of the arsenate 
reductase (TtArsC)26. Showing that TtArsC is an important 
component in the arsenic resistance in T. thermophilus and giving 
the first structural-functional characterization of a thermophilic 
arsenate reductase26. 
In the past years, our research group has developed an efficient 
enzyme-based biosensor, immobilizing TtArsC on gold-
nanoparticles, representing a first attempt to develop a biosensor 
using the components of the arsenic resistance system of Thermus 
thermophilus HB27. This device provides a rapid method to evaluate 
the presence of arsenic and gives a proof of principle that 
thermophilic/thermostable metal sensing proteins are effective tools 
for biomonitoring27,28. 
 

7. CRISPR-Cas9 technology 
CRISPR (Clustered Regularly Interspaced Short Palindromic 
Repeats) and CRISPR-associated (cas) genes constitute a system 
of innate immunity of some bacteria and archaea that allow to 
defend themselves from the intrusion of exogenous genetic 
materials. A CRISPR locus is composed of two components: a 
CRISPR array, and an operon where the cas-genes are located. The 
CRISPR array includes 30 to 40 nt partially palindromic repetitive 
segments, also known as repeats, interspaced by short variable 
DNA sequences  known as spacers, obtained from previous 
exposures to exogenous DNA/RNA29,30. The expression of these 
components is regulated by a leader sequence that contains 
regulatory elements including a promoter30,31. The cas-gene operon 
encodes several and highly diverse genes that are essential not only 
for targeting the invading DNA, but also for the crRNA processing, 
and for the addition of new spacers to the CRISPR array32. In recent 
years, genome editing was exploited for industrial applications, 
especially for improvement and development of strains with the 
ability of converting an unsustainable bioprocess into sustainable 
one such as those involving bioethanol and bioplastic33,34.    
ThermoCas9 consists in a class 2 type-IIC, RNA-guided DNA-
endonuclease, which was discovered in Geobacillus 
thermodenitrificans T12 by Daas et al.35. It is shown to be active, in 
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vitro, between 20 and 70 °C, and up to 55 °C in vivo, becoming a 
powerful tool for genome editing both in mesophilic and thermophilic 
organisms36. Its PAM (Protospacer Adjacent Motif) sequence is 
composed by 8 nt, where the last 4 positions are crucial for 
protospacer recognition (optimal: 5′-NNNNCCAA-3′)36. Also, 
protospacers ranging 19 to 23 nt, cleave targets with the highest 
efficiency36. The DBS takes place 3 nucleotides upstream the PAM 
sequence36. ThermoCas9 shows several advantageous 
characteristics when comparing to the most widely employed Cas9 
for genome editing, SpCas9. Firstly, ThermoCas9 is active in vitro 
between 20 and 70 °C and  up to 55 °C in vivo36, while SpCas9 is 
not active, in vivo, at or above 42 °C, meaning that can only be 
applied in mesophilic or facultative thermophilic organisms37. 
Secondly, the size of ThermoCas9 (1082 amino acids) is smaller 
than its orthologue SpCas9 (1368 amino acids)37. ThermoCas9 has 
stringent PAM-preference at its lower temperature range, providing 
potentially less off-targets. Also, in vitro, showed to tolerate fewer 
spacer-protospacer mismatches than SpCas9, contributing to a 
higher specificity36. In this thesis, we investigated what are the limits 
of ThermoCas9 activity in vivo, adapting the system to use it in T. 
thermophilus HB27, hence developing a new powerful tool for 
genome editing. 
 

8. Aim of the work 
The aim of this thesis has been focused on the identification of the 
molecular mechanisms that drive bacterial resistance to heavy 
metals for the construction of devices for environmental monitoring 
of arsenic or other heavy metals. 
The chapter II is an overview of main heavy metal microbial 
resistance systems, focused on thermophilic microorganisms in 
view of potential biotechnological applications. 
Chapter III describes a thorough characterization of TtSmtB, an 
ArsR/SmtB family member that is the playmaker of the 
arsenic/cadmium resistance system in T. thermophilus HB27. In this 
chapter, Paper-I reports the first structural-functional 
characterization of the protein, identifies the specific sequences 
recognized by the protein on target DNAs and the realization of 
mutant strains of T thermophilus (Δsmtb::kat and TTC0354::pk18) 
that allowed us to study the function of these two proteins in vivo. 
The Paper-II focuses on the chemical-physical characterization of 
the protein to shed light on the molecular mechanisms of the 
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interaction with the effectors, arsenic and cadmium. Knowledge at 
molecular level of protein-metal interaction is important to design 
metal binding domains as scaffolds in metal biorecovery or 
biosensing in the environment. 
Chapter IV describes the characterization of TtArsX, a P1B-type 
membrane ATPase responsible for the efflux of heavy metals. 
Through this characterization, it was possible to obtain a whole-cell 
biosensor, based on a plasmid containing a thermo-adapted version 
of β-galactosidase as a reporter gene, under the transcriptional 
control of TtArsX responsive promoter. Measurements of β-
galactosidase activities are linked to the detection of low quantities 
of arsenate, arsenite and cadmium. 
The identification of a new component of the arsenic resistance in 
T. thermophilus HB27 is the main objective of the chapter V, which 
reports the application of pull-down and proteomic techniques for the 
identification of new molecular partners involved in heavy metal 
resistance. in this chapter it is also described the development of a 
genome-editing technique based on CRISPR-Cas9 technology to 
knock out the gene coding for the arsenite methyltransferase and to 
realize a plasmide-free whole-cell biosensor. 
In the chapter VI we describe the identification and characterization 
of a new arsenic resistant strain of Geobacillus stearothermophilus, 
isolated from a hot spring located in a solfataric area of Pozzuoli 
(Napoli). 
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Chapter II 
 
 

Metal-Tolerant Thermophiles: From the Analysis of 
Resistance Mechanisms to their Biotechnological 

Exploitation. 
  
The extreme environments on our planet are excellent places to find 
microorganisms capable of tolerating conditions of temperature, pH, 
salinity, pressure and high elevated concentrations of heavy metals.  
The study of the genetic and physiology of these microorganisms 
has highlighted the presence of multiple mechanisms for facing 
different chemical and physical stresses.  
In the last decades, the study of extremophilic microorganisms has 
had a massive increase, also due to the boost of these 
microorganisms in biotechnology. 
In the context of this PhD thesis, the study of heavy metal resistance 
systems in thermophilic microorganisms represents the starting 
point for the development of new systems for environmental 
monitoring. 
This review is focuses on the molecular mechanisms responsible for 
survival and adaptation of thermophiles to toxic metals, with 
particular emphasis on arsenate As(V), arsenite As(III), cadmium 
Cd(II), and on current biotechnologies for their detection, extraction 
and removal. 
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Chapter III 
 
 

The biological, chemical-physical characterization of 
TtSmtB, a transcriptional factor belonging to the 

ArsR/SmtB family 
 

In order to develop a whole-cell biosensor for environmental 
monitoring of heavy metal ions, a detailed understanding of the 
molecular mechanisms responsible for resistance to toxic metals is 
a crucial.  
In this chapter we focus on TtSmtB, a transcription factor belonging 
to the ArsR/SmtB family.   
This chapter describes the biological role of the metal sensor 
TtSmtB transcriptional factor putting emphasis on the identification 
of the specific sequence recognised on the DNA and the chemical-
physical characterization; the results obtained are organized in: 
Paper I) An ArsR/SmtB family member regulates arsenic resistance 
genes unusually arranged in Thermus thermophilus HB27; and 
Paper II) A physicochemical investigation on the metal binding 
properties of TtSmtB, a thermophilic member of the ArsR/SmtB 
transcription factor family. 
The Paper I report a detailed in vivo and in vitro characterization of 
TtSmtB with identification of target DNA binding sites, regulated 
genes and response to arsenic. This study allowed us to understand 
the biological role of this protein that is transcriptional regulation of 
the expression of arsenic resistance genes in Thermus thermophilus 
HB27 upon arsenic challenge.  
The Paper II describes the complete characterization of the 
chemical-physical abilities of TtSmtB. This study allowed us to better 
understand the mechanism of interaction with metals, the specificity 
as well as resistance to extreme conditions of this protein. 
Furthermore, this study has provided us fundamental information for 
the development of a new type of whole-cell biosensor for cadmium 
and arsenic. 
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Chapter IV 
 
 

Characterization of a promiscuous cadmium and 
arsenic resistance mechanism in Thermus 

thermophilus HB27 and potential application of a 
novel bioreporter system 

 
In this chapter we analyze the biological role of another component 
of the detoxification system which’s responsible for the export of 
arsenic. This protein named TtArsX is a P1B-type membrane ATPase 
responsible for the efflux of heavy metals. 
Bioinformatic and biochemical data prove that TtArsX is capable of 
also exporting cadmium supporting the idea that the arsenic 
resistance system in T. thermophilus HB27 is promiscuous. In this 
chapter, it’s also demonstrated that TtSmtB is capable of interacting 
with Cd(II). 
Based on the knowledge obtained in the previous and in the present 
chapter, we have developed a biosensing system: in which in the 
plasmid pMHpnqo, has been cloned a cassette containing the 
promoter recognized by TtSmtB, downstream of the reporter gene 
coding for a thermostable version of β-galactosidase, and an 
expression cassette for the factor TtSmtB under the control of the 
constitutive promoter pnqo. Using this reporter system, we have 
obtained a first example of whole-cell biosensor for heavy metals, 
obtained transforming thermophilic cells of T. thermophilus HB27 
with this construct. 
This paper outlines the importance of a detailed characterization of 
the molecular components (intrinsic promoter activity, 
repressor/promoter and repressor/metal(s) binding affinities) and 
points to T. thermophilus as suitable chassis cell for design and 
development of robust metal biosensors. In this context, 
advantageous modifications can be programmed to increase 
biosensor sensitivity, selectivity and/or ability to detect metal 
mixtures. 
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Chapter V 
 
 

Identification and characterization of a unique 
thermoactive arsenite methyltransferase  

 
In this chapter it’s described the approach used to identify other 
potential partners involved in arsenic resistance acting as TtSmtB 
interactors. Among partners, a novel putative arsenite 
methyltransferase was identified using a pull-down approach 
combined with LC-MS/MS.  
The arsenite methyltransferase encoding gene was cloned and 
expressed in E. coli and the recombinant protein, named TtArsM, 
was characterized. Indeed, the protein showed arsenite 
methyltransferase activity in vitro and its heterologous expression in 
E. coli increased the arsenite tolerance of the recombinant strain. In 
order to create strains in which the gene encoding for TtarsM was 
deleted genome editing technology based on CRISPR-Cas9 system 
was employed. This system was also used to create a genomic 
whole-cell biosensor, which is more stable and sensitive than that 
previously described. 
T. thermophilus ΔarsM is more sensitive to arsenite than the wild 
type in agreement with the role of this protein in arsenite 
detoxification. 
The discovery of TtArsM, the first thermophilic arsenite 
methyltransferase, adds a new piece in the puzzle of the arsenic 
resistance system in T. thermophilus HB27. Moreover, the 
occurrence of interaction between TtSmtB and TtArsM suggests a 
post-transcriptional sophisticated role of the two proteins in 
controlling the concentration of free arsenic in the cells.  
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Introduction 
Environmental arsenic consists in many inorganic species, 
associated with minerals or organic substances in the soils. 
Inorganic trivalent As(III) is more toxic then pentavalent As(V), 
because the trivalent species react with thiols and protein sulfhydryl 
groups affecting their function1. As result of continual exposure to 
arsenic, bacteria evolved different arsenic detoxification pathways2; 
in bacteria As(V) is taken by phosphate transport system3, where it’s 
reduced, by an arsenate reductase2, in As(III) that can be extruded 
by an efflux pump or methylated by an arsenite methyltransferase4,5. 
Methylation of arsenic by bacteria occurs in several steps which, 
starting from As (III) lead to mono, di and tri-methylated forms by S-
adenosylmethionine methyltransferase encoded by arsM gene6. 
The function of the ArsM proteins was first demonstrated in an 
hypersensitive strain of Escherichia coli, where recombinant 
expression of an arsM gene conferred As resistance. 
Methyltransferases belong to the enzyme class of transferases (EC 
2). They are widespread enzymes in nature, for example, in 
Escherichia coli approximately 2% of all proteins are 
methyltransferases7. 
All methyltransferases share the need for a cofactor to perform their 
action. S-Adenosyl-l-methionine the methyl donor used most 
frequently in biological systems8. The methylation reaction occurs 
through a direct SN2 mechanism with the inversion of the 
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configuration at the reacting carbon atom9.  Methyltransferases can 
be classified either according to the substrate (DNA, RNA, proteins, 
lipids, carbohydrates, and small molecules) or to the type of atom 
(element) they methylate10. The methyl transfer from SAM to its 
substrate has a very favourable enthalpy and leads to selective 
methylation10. As a result of their versatile substrates, the roles of 
these enzymes are different, for example, regulation, signalling, and 
biosynthesis. Although the catalytic mechanism has been 
extensively studied and the ArsM coding genes have been found in 
all kingdoms, it remains unknown how these were distributed. In a 
lot of bacteria the arsenic resistance system is arranged in an 
operon11, but in the thermophilic bacterium, T. thermophilus HB27 
has an unusual machinery to face arsenic toxicity; in fact, the 
molecular components are not encoded in a single operon, but they 
are interspersed in the genome12 and are: an arsenate reductase 
TtArsC13, an efflux pump TtArsX 14  and the transcriptional repressor 
TtSmtB12,15 ; the latter regulates the expression of all these genes in 
dependence of arsenic intracellular concentration. In our recent 
past, we developed a bioreporter system based on the regulation of 
the expression of the β-galactosidase, as reporter gene, by 
TtSmtB14, this system was sensitive to the increasing concentration 
of As(III), As(V) and cadmium. In this study, a novel arsenic 
methyltransferase gene (TtarsM) that catalyses methylation of 
inorganic arsenicals was identified from T. thermophilus HB27. 
TtarsM was heterologous expressed in E. coli and purified for 
functional characterization of the protein.  
In addition, for the present work we have developed a genome 
editing system based on CRISPR-Cas9 technology, in order to 
create strains in which the gene encoding for TtarsM has been 
deleted and also to create a genomic whole-cell biosensor, which 
should be more stable and sensitive, as upgrade of our previous 
work14. 
 
Results 
 
Discovery of the first thermotolerant arsenite 
methyltransferase 
Recent studies demonstrated that the key transcriptional regulator 
of the arsenic and cadmium resistance systems in Thermus 
thermophilus HB27 is a metalloregulatory transcriptional repressor 
that belongs to the ArsR/ SmtB family. TtSmtB detaches from target 
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DNA regulatory sequences when bound to As(V), As(III) or Cd(II), 
thus permitting the expression of genes involved in heavy metals 
tolerance12,14,15. Since the members of the ArsR/SmtB family 
possess a dimerization domain that allows them to form 
homodimers16; we hypothesized that such domain could allow 
TtSmtB to interact with other intracellular partners. A protein pull-
down approach, employing purified TtSmtB and T. thermophilus 
HB27 cell free extracts from cultures exposed to arsenic, followed 
by mass spectrometry confirmed our hypothesis that TtSmtB 
interacts with other proteins.  
Among the proteins that were identified to interact with TtSmtB, 
TTC0109 (Accession No. AAS80457, UniProt code Q72LF0) was 
selected for further investigation as it is highly conserved among the 
members of the Thermus genus. Bioinformatic analysis of the 
TTC0109 conserved domains lead to the identification of a thiamine-
binding domain at the N-terminus of the protein and a S-
adenosylmethionine-dependent methyltransferase domain at the C-
terminus. This preliminary analysis indicated that TTC0109 could be 
a member of the methyltransferase superfamily that potentially uses 
arsenite as its substrate. To corroborate the hypothesis that 
TTC0109 is an arsenite methyltransferase, a multiple sequence 
alignment of characterized prokaryotic arsenite methyltransferases 
was performed (Fig. 1).  
All the proteins included in the alignment contain a typical C-terminal 
Rossman fold with a characteristic GxGxG motif in a loop region, 
which presumably interacts with SAM, and a highly conserved acidic 
residue at the end of the β2 strand of the Rossman fold, which 
interacts with the ribose moiety of the cofactor17,18. In the case of 
TTC0109, the predicted GxGxG motif is composed of the G114, 
T115, G116, T117, G118 residues and the D135 aspartic acid is 
predicted to be the conserved acidic residue. Moreover, all the 
arsenite methyltransferases possess at least two catalytic cysteines, 
which are employed to perform arsenic methylation19. The alignment 
revealed a unique conserved cysteine in position 76 of TTC0109, 
suggesting the occurrence of an unknown arsenic methylation 
mechanism.  
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Fig. 1: Multiple sequence alignment of functionally characterized archaeal 
and bacterial arsenite methyltransferase (ArsM) proteins with the Thermus 
thermophilus HB27 putative arsenite methyltransferase TTC0109. The 
aligned sequences originate from the ArsM of Clostridium sp. BMX20 (28% identity 
to TTC0109), Rhodopseudomonas palustris21 (32% identity to TTC0109), 
Methanosarcina acetivorans22 (29% identity to TTC0109), Halobacterium 
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salinarum23 (25% identity to TTC0109) and Pseudomonas alcaligenes24 (31% 
identity to TTC0109). The alignment shown here encompasses the conserved 
catalytic cysteine (black box); SAM-binding domain (red box) and the two-
histidines interacting with As(III) (black arrows). 

 
We further aimed to evaluate, both in vitro and in vivo, the potential 
arsenite methyltransferase activity of TTC0109. For this reason, a 
His-tagged fusion protein was generated by cloning the 
corresponding gene in pET30b(+) plasmid expressing it in E. coli 
BL21-CodonPlus (DE3)-RIL and purifying to homogeneity the 
recombinant protein (about 3 mg from 1 liter of culture) through a 
single purification step (Fig. 2 A). 
 

 
 
Fig. 2: A) Purification of recombinant TtArsM. Lane M, protein marker. Lane NI, 
protein extract from non-induced cells. Lane I, protein extract from induced cells. 
Lane P, pure protein after His-trap chromatography. B) Size exclusion 
chromatogram of TtArsM showing an elution volume of 1.43 ml corresponding to 
a dimeric form.  

 
A colorimetric coupled enzyme assay was set up to detect the 
potential TTC0109 arsenite methyltransferase activity at 50°C, using 
saturating concentrations of SAM and As(III) and increasing 
concentrations of TTC0109. Indeed, the specific arsenite 
methyltransferase activity calculated for the TTC0109 purified 
enzyme, under the tested conditions, was 4 mU/mg. In parallel, the 
recombinant E. coli strain expressing TTC0109 was challenged with 
different concentrations of arsenite for 24 h to confirm in vivo the 
arsenite detoxification activity. Although the growth rate of the 
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TTC0109-expressing strain was lower than the control strain when 
cultured in an arsenic-free medium (Fig. 3, red and blue lines), the 
TTC0109-expressing strain grew better at 2.5 mM of As(III) than the 
control strain (Fig. 3 red and blue dashed lines).  The in vitro and in 
vivo results demonstrate that TTC0109 is a thermotolerant arsenite 
methyltransferase, and from here onwards TTC0109 will be denoted 
as TtArsM. 
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Fig 3: Growth curves of E. coli BL21 transformed with pET30b(+) (E.coli pET30) 
in blue and growth curves of E.coli BL21 transformed with pET30/TtarsM 
(pET30/TtarsM) in red. The cells were cultured in LB medium supplemented with 
1 mM IPTG (continuous line), or LB medium supplemented with 1 mM IPTG and 
either 2.5 mM (dashed line) or 5 mM (dotted line) As(III). The graph reported was 
obtained by fitting the average OD600nm value of three independent growths in a 
non-linear regression curve.   

 
TtSmtB; a unique transcriptional and post-translational 
regulator 
TtSmtB is a transcriptional regulator of genes involved in arsenic 
and cadmium resistance of T. thermophilus HB2712,14,15. Aiming to 
discover whether TtSmtB regulates the transcription of TtarsM too, 
EMSA assays were carried out using purified TtSmtB preincubated 
with a putative regulatory region 108 bp-long, located exactly 
upstream of the TtarsM coding region, in the presence or absence 
of As (III), As (V), Cd (II) and Sb(III).  
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Fig. 4: Electrophoretic mobility shift assay (EMSA) on the predicted 
promoter of TtarsM using TtSmtB and increasing concentrations of protein 
or heavy metals. Electrophoretic mobility shift assays (EMSA) of TtarsM 
promoter (TtarsMp) with purified TtSmtB, in the presence of As(V), As(III), Cd(II), 
Sb(III) at molar ratio 1:25 or in the presence of TtArsM at molar ratio 1:1. 
 

It was demonstrated that TtSmtB binds to the provided TtarsM 
promoter sequence, while all the tested metal ions, with the 
exception of Sb(III), prevented DNA binding (Fig. 4). 
As described above in this study TtArsM and TtSmtB interact in vivo. 
To date, none of the characterized bacterial transcriptional 
regulators has post-translational interactions with the product of the 
gene that regulates. Hence, we reasoned to further confirm the 
surprising protein-protein interaction between TtArsM and its 
transcriptional repressor TtSmtB, and to evaluate whether TtSmtB 
effectors influence this interaction. For this purpose, a Co-IP assay 
was carried out upon incubation of purified TtArsM and TtSmtB 
proteins in the presence or not of As(III), As(V), Cd(II) and Sb(III). 
After immunoprecipitation with anti TtSmtB antibodies, the detection 
of his-tagged TtArsM by anti-His antibodies confirmed that the two 
proteins interact also in-vitro (Fig. 5).  
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Fig. 5: Co-ImmunoPrecipitation assay using anti-TtSmtB antibodies and 
revealing with anti-His antibodies. Upper half: Blots of the TtSmtB-TtArsM co-
ImmunoPrecipitation assays upon incubation with increasing molar ratio of As(V), 
As(III), Cd(II) and Sb(III); TtSmtB and TtSmtB-TtArsM complexes were 
immunoprecipitated with anti-TtSmtB antibodies and the abundance of the 
complexes was revealed with anti-His antibodies. Lower half: Densitometric 
analysis of the corresponding blots employing the intensity of the TtSmtB-TtArsM 
complex as reference. Statistical analysis was performed using a Student’s t-Test; 
significant differences are indicated as: * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001. 

 
Notably, increasing As(III) and As(V) concentrations negatively 
affected the stability of the TtSmtB and TtArsM interaction. 
Densitometric analysis revealed up to a 3-fold decrease (at 1:100 
protein-arsenic ratio) of the TtSmtB and TtArsM binding stability, 
indicating that the TtSmtB/TtArsM complex formation is destabilized 
in the presence of both arsenite and arsenate. Interestingly, the 
presence of Cd(II) had the opposite effect, enhancing by up to 2-fold 
the TtSmtB and TtArsM binding complex stability (Fig. 5). A 
negligible effect was observed in the presence of antimony, in 
agreement with previous data showing that this metal ion is not an 
effector for TtSmtB (Fig. 5). Altogether these data confirm the 
formation of a TtSmtB/TtArsM complex which is destabilized by 
arsenate and arsenite and is stabilized by cadmium. Finally, these 
data demonstrate that TtSmtB is the first member of a novel 
category of bacterial regulators, that perform simultaneous 
transcriptional and post-translational regulation of the same gene.  
 
Model of the TtSmtB:TtArsM complex 
The surprising and unique protein-protein interaction of a bacterial 
protein with its transcriptional repressor motivated us to further study 
this interaction. A de-novo tridimensional model of TtArsM was 
generated with I-TASSER, followed by molecular docking, aiming to 
identify the amino acid residues that are potentially involved in the 
binding of As(III) and SAM, as well as in the interaction with TtSmtB 
25.  
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Fig 6: A) Graphical representation of the molecular docking of the TTC0109 3D 
model with As (III) (the arsenic atom is the purple sphere and the oxygen atoms 
are the red spheres). The coloured blue amino-acid residues correspond to His-
40 and His-179, the responsible residues for the As (III) coordination. B) Graphical 
representation of the molecular docking of the TTC0109 3D model with the 
TtSmtB 3D model. The docking revealed a possible interaction between the α1 
helix of TTC0109 and the α3 helix of TtSmtB. The proximal Cys residues from the 
two protein that potentially interact (77 of TTC0109 and 64 of TtSmtB) are shown 
in orange. 

 
Fig. 6 A shows that As(III) can be coordinated by the C77, H40 and 
H179 residues, strongly supporting the fact that TtArsM is an 
arsenite methyltransferase. Notably, H40 is encompassed in a 
sequence motif (34-YRVFPTHSE-42) which shares 45% identity 
with a sequence motif at the C-terminus of the TtSmtB metal binding 
site15. Fig. 6 B shows that the interaction between the two proteins 
could involve the α3 helix of TtSmtB, which contains the conserved 
N-terminal metal binding site15, and the α1 helix of TtArsM, which 
contains the hypothetical catalytic cysteine. Interestingly, the model 
highlights that two cysteine residues, one from TtSmtB and one from 
TtArsM, are near each other. Moreover, the bioinformatics analysis 
predicted that TtArsM forms homodimers and native gel filtration 
chromatography confirmed this prediction, showing that purified 
TtArsM forms a homodimer of approximately 65 kDa (Fig. 2 B).  
 
ThermoCas9-based genome editing and evaluation of TtArsM 
activity in T. thermophilus 
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We aimed to further evaluate the contribution of TtArsM in the As(III) 
detoxification mechanism of T. thermophilus HB27 via the deletion 
of the TtarsM gene from the T. thermophilus HB27 genome. 
Nonetheless, the currently available genome editing tool for T. 
thermophilus is time consuming and inefficient26. For this purpose, 
we reasoned to develop a plasmid-based, homologous 
recombination(HR) ThermoCas9 counter-selection (CS) genome 
editing tool27 for T. thermophilus HB27. To date, ThermoCas9 has 
been used for the development of bacterial editing and silencing 
tools at temperatures between 37°C and 55°C27. Moreover, it has 
been demonstrated that purified ThermoCas9 is active in vitro at 
temperatures at least up to 70°C, hence it has the potential to edit 
the T. thermophilus genome. We cloned the 3 components of the 
HR-ThermoCas9 CS system in the pMK18 vector, constructing the 
pMK-ThermoCas9-spNT editing vector: i) the T. thermophilus 
codon-harmonized version of the thermocas9 gene under the 
control of the constitutive nqo promoter28, ii) the sgRNA expressing 
module -with a non-targeting spacer- under the transcriptional 
control of the T. thermophilus 16S-rRNA promoter, and iii) the HR-
template for the deletion of the TtarsM gene, composed of the fused 
1kb upstream and 1kb downstream genomic regions of the TtarsM 
gene. We then constructed 2 additional editing vectors, denoted as 
pMK-ThermoCas9-sp1 and pMK-ThermoCas9-sp2, substituting the 
non-targeting spacer of pMK-ThermoCas9-spNT with 2 TtarsM 
targeting spacers (Fig. 7 A). The 2 editing vectors were transformed 
into T. thermophilus cells grown at 70°C, while the recovery and 
plating phases were performed at 60°C and 65°C respectively, due 
to the sensitivity of pMK18 at temperatures above 65°C. All the 
colonies transformed with both targeting vectors were ΔTtarsM, 
upon colony PCR screening with genome specific primers and 
subsequent sequencing verification (Fig. 7 B-C). On the contrary, all 
the colonies transformed with the pMK-ThermoCas9-spNT non-
targeting vector were wild type. In sum, a, highly efficient 65°C, 
ThermoCas9-based genome editing tool for T. thermophilus was 
developed and a T. thermophilus ΔTtarsM strain was constructed in 
less than a week-time. 



Chapter V 
   

83 
 
 

 

 

 
 
Fig. 7: A) Schematic overview of the basic pMK-ThermoCas9-sp construct. The 
thermocas9 gene was introduced either to the pMK vector. Homologous 
recombination flanks were introduced 1 kb upstream (blue) and downstream (red) 
region of the gene of interest (TtarsM) in the targeted genome. A sgRNA-
expressing module was introduced downstream the thermocas9 gene. B) 
Agarose gel electrophoresis showing the resulting products from genome-specific 
PCR on seven colonies from the ThermoCas9-based TtarsM deletion process 
from the genome T. thermophilus HB27. All seven colonies contained the ΔarsM 
genotype. C) Mutagenesis efficiency of ThermoCas9 system in T. thermophilus 
HB27. 
 

The so-far described results support the hypothesis that TtArsM 
plays an important role in the arsenic detoxification of T. 
thermophilus. To confirm this hypothesis, we determined the 
minimum inhibitory concentration (MIC) values of As(III) and As(V) 
for the T. thermophilus ΔTtarsM and wild-type strains, as previously 
described49. As shown in Table 1, the resistance of the T. 
thermophilus ΔarsM strain to As(III) was significantly lower 
compared to the wild-type strain, while the resistance of both strains 
to As(V) was similar. In sum, we confirmed that TtArsM is an arsenite 
methyltransferase involved in the detoxification of T. thermophilus 
HB27. 
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MIC 

Strain As(III) As(V) Cd(II) 

T. thermophilus HB27* 40 mM 44 mM 3 mM 

T. thermophilus ΔarsM 18 mM 42 mM 3 mM 

T. thermophilus ΔarsX(syfp) 3 mM 3 mM 0.2 mM 

T. thermophilus ΔarsM-ΔarsX(syfp) 0.5 mM 2 mM 0.2 mM 

 
Table 1: MIC of T. thermophilus wild type and mutant strain to arsenic. 
*(values already reported in Antonucci et al.12-14) 

 
Development of a fluorescent bioreporter for arsenic and 
cadmium detection 
In a previous study we developed a T. thermophilus HB27- based 
fluorescence bioreporter system for toxic metal ions. Nonetheless, 
the plasmid-based nature of this bioreporter negatively affected the 
stability and sensitivity of the system, and required antibiotic 
selection14. Hence, we reasoned to create a stable fluorescence 
reporter system in order to overcome these problems. For this 
purpose, we employed the ThermoCas9-based editing tool to 
exchange the TtarsX gene in the genomes of the T. thermophilus 
HB27 wild-type and ΔarsM strains with a sYFP coding sequence29, 
obtaining the T. thermophilus HB27 ΔarsX (syfp) and T. 
thermophilus HB27 ΔarsM-ΔarsX (syfp) strains.  
We determined the MIC values of the ΔarsX (syfp) and ΔarsM-
ΔarsX (syfp) strains on As(V), As(III) and Cd(II) and compared them 
to other T. thermophilus HB27 strains. The MIC values of the 
ΔarsX(syfp) strain were similar to those of the previously 
constructed T. thermophilus ΔarsX (also denoted as 
TTC0354::pK18) strain12,15, demonstrating that the arsX to syfp 
substitution and the sYFP expression does not impose a burden on 
cells’ viability. On the contrary, the MIC value of the ΔarsM-ΔarsX 
(syfp) double mutant on As(III) was further decreased when 
compared to the single ΔarsX (syfp) and ΔarsM mutant  strains 
(Table 1), demonstrating that there is an in vivo synergy between 
TtArsM and TtArsX that enhances arsenic resistance.  
We subsequently challenged the ΔarsX (syfp) and ΔarsM-ΔarsX 
(syfp) fluorescence bioreporter strains with varying As(V), As(III) or 
Cd(II) concentrations at 70°C, in order to evaluate the sensitivity and 
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the robustness of the developed systems. The fluorescence 
intensity of the cultures (normalized for the corresponding OD600 
values) was measured 1 hour after the addition of the metals. The 
background fluorescence for both bioreporter strains was low when 
cultured in the absence of metal ions, indicating low levels of 
“leakiness” for the system. Moreover, increasing concentrations of 
all the metal ions tested resulted in a dose-dependent increase 
(though not linear) in the yfp expression for both bioreporter strains. 
Interestingly, the emitted fluorescence from the double mutant 
ΔarsM-ΔarsX (syfp) strain was significantly enhanced even at 
concentrations as low as 0.5 μM Cd(II) or 1 μM As(III)/As (V) (Fig. 
8). In sum, the ΔarsM-ΔarsX (syfp)  bioreporter strain substantially 
decreased the lower metal detection limit by to 10 times for Cd(II) 
and 20 times for As(V) and As(III) when compared to the previously 
developed plasmid-based system 14.  
 

 
Fig. 8: Fluorescent As(III) bioreporter response of T. thermophilus ΔArsM-
ΔArsX (syfp). Statistical analysis was performed using a Student’s t-Test; 
significant differences are indicated as: * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001. 

 
Discussion 
The distribution of arsenic resistance genes reflects the ubiquitous 
presence of arsenic in nature, but these genes are also present in 
microorganisms that live in ideally arsenic-free environments. 
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The presence of these genes on plasmids and genomic islands 
underlines the involvement of horizontal gene transfer11. Usually in 
bacteria the arsenic resistance genes are arranged in ars operons, 
regulated by the protein ArsR, a member of the SmtB/ArsR family of 
metalloregulatory proteins. ArsR is a trans-acting transcriptional 
repressor protein that binds to the promoter region of ars operons. 
The interaction of ArsR with arsenite dissociates the repressor 
protein from the DNA thus allowing transcription of the operon. In 
our recent work, we have characterized the role of TtSmtB in T. 
thermophilus HB27 as member of the SmtB/ArsR family12,15; that 
regulates arsenic resistance genes that are unusually arranged in 
the genome of T. thermophilus HB27. 
In order to gain thorough insights into the mechanism of TtSmtB 
regulation of arsenic tolerance we applied a proteomic approach to 
identify in T. thermophilus HB27 cells challenged with As(V) or 
As(III), putative TtSmtB interacting proteins with a role in arsenic 
metabolism/detoxification. In this study, we discovered a new 
arsenite methyltransferase, TtArsM, as protein interacting with 
TtSmtB.  
The arsenite methyltransferases (ArsM; EC 2.1.1.137) are enzymes 
which catalyze the methylation of As(III) into monomethyl-arsenite 
MMA(III) or in DMA(III); in this work we identified and characterized 
the first thermophilic ArsM from bacteria. In particular, the presence 
of this protein in T. thermophilus HB27 highlights the presence of a 
new protein involved in the arsenic resistance system and motivates 
the high resistance of this bacterium to high concentrations of 
arsenic. 
Starting from the in vitro characterization of this enzyme, its 
methyltransferase activity appeared to be evident but to obtain a in 
vivo data, we decided to generate a ΔArsM mutant strain, which is 
devoid of the coding gene for arsenite methyltransferase. To pursue 
this goal we developed a new editing system based on the CRISPR-
Cas9 technology because the currently employed genome editing 
tools for T. thermophilus are well established but time consuming 12. 
CRISPR-Cas based technologies have been extensively applied on 
many different bacteria for genome engineering purposes, 
substantially accelerating metabolic engineering studies. 
Nonetheless, till date only one thermotolerant CRISPR associated 
endonuclease, ThermoCas9, has been used for engineering 
purposes at temperatures above 37°C and up to 55°C27,30. 
Meanwhile, it was shown that ThermoCas9 can efficiently introduce 
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double stranded DNA breaks in vitro at temperatures as high as 
70°C, motivating the development of a T. thermophilus 
ThermoCas9-based genome editing tool, designed to knockout 
TtarsM at 65°C. With this genetic editing system, it was possible, not 
only to obtain and characterize the mutant strain T. thermophilus 
ΔArsM, but also to develop a bioreporter system (plasmide free) for 
monitoring arsenic and cadmium [T. thermophilus ΔArsM-ΔArsX 
(syfp)], able to detect 0.5 µM Cd (II) and 1 µM As (III) and As (V). 
This result is an improvement on our previous system14, with an 
increase of about 10 times in sensitivity to these two heavy metals. 
Furthermore, the interaction between TtSmtB and TtArsM verified 
with Pull-Down assays was then confirmed by Co-Ip experiments, 
which also revealed the biological role of this interaction. Using Co-
Ip experiments in the presence of different heavy metals, it is 
possible to hypothesize that the interaction between TtSmtB and 
TtArsM has a regulatory function on TtArsM. In fact, in the presence 
of As (V) and As (III), the complex is highly destabilized, thus 
releasing TtArsM allowing the methylation of arsenite and 
detoxification. When the TtSmtB-TtArsM complex is compared in the 
presence of Cd (II), a metal that is recognized by TtSmtB15 and 
detoxified by TtArsX14, the result is an increase in the stability of the 
complex. This is since cadmium is not a metal recognized by 
TtArsM, therefore the interaction with TtSmtB leads to the complete 
inactivation of methyltransferase. In this way any TtArsM activity is 
inhibited, leading to an energy saving by the cell, which in this way 
can divert the redox recycling path (which usually accompanies the 
activity of arsenite methyltransferase) due to the resistance to 
oxidative stress induced by the cadmium. 
Another level of regulation that TtSmtB operates on TtArsM, is at the 
transcriptional level. In fact, like all genes involved in arsenic and 
cadmium resistance, the TtArsM promoter is recognized by TtSmtB, 
which in the presence of As (III), As (V) and Cd (II) detaches from 
the promoter thus allowing the expression of the protein. So, for the 
first time there is a double level of regulation operated by TtSmtB, at 
the transcriptional and post-translational level. As has already been 
described for other bacterial systems, it is evident that the interaction 
between the transcription factor TtSmtB and TtArsM, can be very 
important to maintain an energy balance of the cell in a condition of 
oxidative stress induced by the presence of heavy metals. 
 
Materials and methods 
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T. thermophilus HB27 growth and cell-free extract preparation 
T. thermophilus HB27 (purchased from DSMZ) was grown 
aerobically at 70°C in TM medium as described13; cells grown up to 
0.5 OD600nm (350 ml) were treated or not with 8 mM NaAsO2 or 12 
mM NaH2AsO4 (Sigma, referred to throughout this article as As(III) 
and As(V) respectively) and harvested at 0 and 60 min after their 
addition. Cells were lysed by sonication (10’cycle: 30’’on/30’’off) in 
20 mM Na3PO4 pH 7.5 and centrifuged; a protease inhibitor cocktail 
(Thermo Scientific) was added to prevent protease activity in the 
obtained protein extracts. 
 
Purification of recombinant TtSmtB 
TtSmtB was purified from E. coli BL21-CodonPlus (DE3)-RIL cells 
transformed with pET28/TtsmtB (E. coli BL21-TtSmtB) as already 
described 12. At each purification step an inhibitor protease cocktail 
(Roche) and 1 mM DTT were added to prevent protease activity and 
oxidation. TtSmtB was digested with thrombin (Sigma-Aldrich) and 
treated with ultrafiltration in order to remove the histidine tag. The 
complete removal was assessed by Western blotting using anti-
poly-Histidine-Peroxidase antibodies (Sigma-Aldrich)15.  
 
Immobilized Metal Affinity Chromatography (IMAC) and pull-
down  
Purified His-tagged TtSmtB (2 mg), was incubated with 200 µL of 
Ni2+-NTA resin (Sigma-Aldrich) equilibrated in 20 mM Na3PO4, 0,5 
M NaCl, 20 mM imidazole, pH 7.5 for 16 h at 4 °C and then washed 
three times with the same buffer to remove unbound protein. T. 
thermophilus HB27 protein extracts, prepared as described before 
(not treated, treated with As(V) or treated with As (III)) were 
incubated with the functionalized resin (Ni2+-NTA/TtSmtB) for 16 h 
at 4 °C under stirring conditions; the resin was extensively washed 
and the interacting proteins were eluted with the 20 mM Na3PO4, 0,5 
M NaCl, 0,5 M imidazole; pH 7.5. As negative controls, samples of 
Ni2+-NTA resin not functionalized with TtSmtB were incubated with 
the same three T. thermophilus protein extracts.  
 
In-situ hydrolysis and LC-MS/MS analysis 
The eluted fractions were analyzed by 15 % SDS-PAGE and 
hydrolyzed in situ for mass spectrometry analysis. Specifically, 
mono-dimensional SDS-PAGE gel was colored with Coomassie 



Chapter V 
   

89 
 
 

 

 

Brilliant Blue, the revealed bands were cut and de-stained with 100 
µL of 0,1 M ammonium bicarbonate (AMBIC) and 130 µL of 
acetonitrile (ACN). Each band was subjected to in-situ hydrolysis 
incubating at first for 1,5 h at 4 °C and then for an additional 16 h at 
37°C in 10 mM AMBIC, 0,1 µg/µl trypsin. The hydrolysis reactions 
were stopped by adding acetonitrile and 0,1% formic acid. The 
samples were then filtered and dried in a Savant vacuum centrifuge. 
The filtered samples were analyzed with mass spectrometry LC-
MS/MS using a Q-TOF instrument. Before analysis, the samples 
were dissolved in 10 µL of 0.1% formic acid and 5 µL were directly 
loaded into the instrument. Reverse-phase capillary liquid 
chromatography (HPLC 1200 system experiments), followed by MS 
analysis was performed using a binary pump system connected to 
a nano-spray source of the mass spectrometer. The latter is 
represented by a hybrid Q-TOF spectrometer (MS CHIP 6520 
QTOF) equipped with a chip (Agilent Technologies). 
 
In-silico analysis  
Putative TtSmtB protein interactors were identified using the Mascot 
software (http://www.matrixscience.com/search_form_select.html). 
Among interactors, ORF TTC0109, (UniProt code Q72LF0) herein 
named TtArsM was analyzed using the UniProt database 
(http://www.uniprot.org); homologous proteins and conserved 
domains were identified by performing a Blast analysis 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).  
Models of TtArsM were generated through I-TASSER31 
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) using as input 
the complete sequence of TtArsM. Molecular docking between 
TtArsM and As(III) was obtained using Hex Protein Docking 
server32; 100 rigid body docking solutions were generated and the 
best 10 obtained refined by energy minimization. The proposed 
model for the metal ion docked into TtArsM is the structure with the 
smallest distance between As(III) and histidine (4.33 Å from His40 
and 5.77 Å from His179 in TtArsM model). To better understand how 
happens the interaction between TtSmtB and TtArsM, molecular 
docking was obtained using ClusPro server34-36. The proposed 
model for the interaction between TtSmtB and TtArsM was the one 
with the best hydrophobic-ionic ratio.   
 
Cloning, expression, and purification of recombinant TtArsM 

http://www.matrixscience.com/search_form_select.html
http://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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The gene encoding TtarsM was amplified by PCR from T. 
thermophilus HB27 genomic DNA, using Taq DNA polymerase 
(Thermo Fisher Scientific) and the primers containing the NdeI 
(ArsMfw, Supplementary Table 1) and HindIII (ArsMrv, 
Supplementary Table 1) sites at the 5’ and 3’ ends, respectively. 
Amplified fragments were purified, digested, and cloned into 
NdeI/HindIII-digested pET30b(+) vector (Novagen). For protein 
expression, E. coli BL21-CodonPlus(DE3)-RIL cells transformed 
with pET30b(+)/TtArsM were grown in LB medium containing 
kanamycin (50 µg/ml), chloramphenicol (33 µg/ml); when the culture 
reached 0.7 OD600nm, protein expression was induced by the 
addition of 1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG) and 
the bacterial culture was grown for 16 h at 37°C. Cells were 
harvested and lysed by sonication in 20 mM NaP pH 7.4, 50 mM 
NaCl and 20 mM Imidazole. The recombinant protein was purified 
to homogeneity through HisTrap HP (1 ml; GE Healthcare) 
connected to an AKTA Explorer system (GE Healthcare). The 
fractions containing His-TtArsM were pooled and dialyzed for 16 h 
at 4°C against 20 mM NaP pH 7.4. To prevent protease activity an 
inhibitor cocktail (Roche) was added at each step. The identity of the 
purified protein was assessed by mass spectrometry and protein 
aliquots stored at -20°C. 
 
TtArsM quaternary structure assessment  
To determine the quaternary structure of TtArsM, the native 
molecular mass was determined by loading 500 µg of the purified 
protein to an analytical Superdex PC75 column (3.2 by 30 cm) 
connected to an AKTA Pure system, in 50 mM Tris-HCl, pH 7.5, 0.2 
M KCl. The column was calibrated using a set of gel filtration 
markers (low range, GE Healthcare), including Ovalbumin (43.0 
kDa), Carbonic anhydrase (29.0 kDa), RNase A (13.7 kDa) and 
Aprotinin (6.5 kDa) as described13. 
 
Methyltransferase activity assay 
TtArsM activity was measured using the enzyme coupled assay 
SAM510: SAM Methyltransferase Assay Kit (G-Biosciences) 
according to the manufacturer’s suggestions with some 
modifications (temperature, SAM concentration and time). A typical 
reaction mixture containing 200 µM As(III), 800 µM SAM, 1x reaction 
buffer and 10 µg of enzyme in a final reaction volume of 115 µL was 
incubated for 1h at 50°C in a Synergy™ HTX Multi-Mode Microplate 
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Reader (BioTek) and enzyme activity was measured following the 
increase in absorbance at 510 nm due to the formation of the 
chromogen 3,5‐dichloro‐2‐hydroxybenzene sulfonic acid (DHBS 

with mM=15.0). As a negative control, the same reaction mixture 
was tested with 10 µg of TtArsC13. To determine the saturating 
concentrations of As(III) and SAM, they were alternatively varied 
from 50 µM to 300 µM and from 200 µM to 1.2 mM, respectively. 
 
Co-Ip assay  
Co-immunoprecipitation assay was performed to verify the 
interaction between recombinant TtSmtB and TtArsM using TtSmtB 
and His-tag antibodies (Sigma-Aldrich); 5 µg of TtSmtB were 
incubated in the absence or presence of As(III), As(V), Cd(II) and 
Sb(III) in increasing molar ratio (1:25, 1:50 and 1:100) for 10 min at 
60°C, then TtArsM (5 µg) was added in 1 ml of Co-Ip buffer (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol and 0.1% Triton X-
100) and incubation was performed at 4°C for 2 h in continuous 
rotation. As controls, TtArsM (5 µg), TtSmtB (5 µg) and TtGalA73 
were also incubated alone. All the samples were 
immunoprecipitated with 2 µL of purified anti-TtSmtB antibodies (2 
µg/µL) (GeneCust™) for 3 h at 4°C in continuous rotation before 
adding 15 µL of Protein A-Sepharose beads (Sigma-Aldrich) and 
continuing incubation for 16 h at 4°C. The immunocomplexes were 
washed with Co-Ip buffer and analysed by Western Blot on 15 % 
SDS-PAGE, using PVDF membranes (Millipore), anti-poly-
Histidine-Peroxidase antibody (Sigma-Aldrich) diluted 1:10000 and 
following already described procedures37. Densitometric analysis 
was performed using the ImageJ tool, considering as 100% the band 
intensity corresponding to the sample containing TtArsM and 
TtSmtB; each experiment was performed in technical and biological 
triplicates; statistical analysis was performed using a Student’s t-
Test and significative differences are indicated as: * p < 0.05, ** p < 
0.01, *** p < 0.001. 
 
Electrophoretic mobility shift assay (EMSA) 
To determine if TtSmtB bound to the promoter region upstream 
TtarsM, electrophoretic mobility shift assays (EMSA) were 
performed. The TtarsM promoter region was amplified by PCR using 
specific primer pair: ArsMp Fw and ArsMp Rv, going from position -
105 to position +3 from the ATG translation codon (Table S2). EMSA 
reactions were set up as described38 using 3 µM of proteins pre-
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incubated or not with As (III), As (V), Cd (II) and Sb(III) at molar ratios 
of 1:25 (considering TtSmtB as a dimer). In order to determine if the 
complex TtSmtB-TtArsM was able to bind to TtarsM promoter 
region, EMSA reactions were set up using 3 µM of each protein in 
1:1 ratio. 
 
Arsenic tolerance in E. coli 
E. coli BL21-CodonPlus (DE3)-RIL, transformed with pET30/TtArsM 
or with empty pET30 (control), were inoculated into 10 ml of LB 
medium at 37°C for 16 h at 180 rpm. Cells were then diluted in 50 
ml at 0.08 OD up to 0.6 OD600nm, then TtarsM expression was 
induced with 1 mM IPTG for 3h. After that, the culture was diluted to 
0.05 OD600nm (in fresh LB medium supplied with 1 mM IPTG, 
kanamycin (50 µg/ml) and chloramphenicol (33 µg/ml) and 1 mL 
transferred in a 24-well dish containing 2.5 mM or 5 mM As(III). The 
growth was monitored measuring the increase in absorbance at 600 
nm at 30 min intervals for 20 h at 37°C in a Synergy™ HTX Multi-
Mode Microplate Reader (BioTek). Minimal inhibitory concentration 
(MIC) was determined as the lowest concentration of As(III) (tested 
in a range from 2.5 mM to 7.0 mM) that completely inhibited the 
growth of E.coli expressing or not TtarsM after 16 hours of 
incubation in LB medium at 37°C. The values reported are the 
average of three independent experiments. 
 

Construction of arsM mutant  
For the realization of a ∆arsM mutant of T. thermophilus HB27, a 
new genome-editing strategy based on a thermophilic CRISPR-
Cas9 system was used27. All the primers and plasmids are listed in 
Table S1; the cloning procedure and the control plasmids are 
described in Table S3. In detail, a plasmid based on the pMK-Pnqo-
sYFP backbone (Table S2) was developed, containing: a codon-
harmonized version of the gene encoding thermoCas9 (synthesized 
by Twist Bioscience) under the control of the constitutive nqo 
promoter28, the sgRNA sequence between 16S rRNA promoter of T. 
thermophilus and Rho-independent terminator of Geobacillus 
thermodenitrificans T1227, two different 23 bp spacers targeting at 
different positions of the arsM gene and a 1.9 kbp homologous 
recombination fragment consisted of the fused 907 bp upstream and 
1 kbp downstream genomic regions of the TtarsM gene; as a control, 
a plasmid containing non-targeting spacer was used. The fragments 
for assembling the plasmids were obtained via PCR amplification 
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with the Q5 High-Fidelity DNA polymerase (NEB) and were 
designed with 25 nucleotide-long complementary overhangs for 
NEBuilder HiFi DNA assembly (NEB). The constructed vectors were 
sequence verified (Macrogen Inc). T. thermophilus HB27 cells were 
transformed as previously described using 300 ng of each plasmid, 
including the pMK-Pnqo-sYFP vector as transformation-efficiency 
control12 Since the optimal conditions for ThermoCas9 genome 
editing in this organism are not known, the transformed bacteria 
were incubated for 6 h at 70 °C and plated in TM medium with 
kanamycin 33 µg/ml (Sigma-Aldrich) and grown at two different 
temperatures (60 °C and 65°) for 48 h. The colonies were counted 
and the efficiency of the genome editing process in the recombinant 
colonies was assessed by colony PCR, using the genome specific 
BG16545-BG16546 primers (Table S1). The TtarsM deletion for the 
edited cells was further confirmed by PCR on purified genomic DNA 
(GenomeJET Genomic DNA Purification Kit, Thermo Fisher 
Scientific) and sequencing (Macrogen Inc). 
 
Arsenic and cadmium resistance in T. thermophilus 
T. thermophilus ΔarsM mutant strain was grown aerobically at 70°C 
in TM medium as described12. Exponentially growing cultures of T. 
thermophilus HB27 (as control) and T. thermophilus ΔarsM were 
diluted at 0.08 OD600nm in 50 ml tubes containing increasing 
concentration of As(III), As(V) and Cd(II) (from 5 mM to 50 mM for 
arsenic ions and from 0.05 mM to 10 mM for Cd(II)) and grown at 
70°C as described 12. The MIC value was determined as the lowest 
concentration of As(III), As(V) and Cd(II) that completely inhibited 
the growth of the strain as evaluated by OD600nm after incubation for 
18 h at 70°C. The values reported are the average of three 
independent experiments. 
 
Bioreporter design 
Using the already obtained plasmids as backbone (pMK-
ThermoCas9-sp1 and pMK-ThermoCas9-sp2), a new set of 
plasmids was constructed to obtain the insertion of syfp gene into 
TtarsX. For this reason, a 2 kbp repair fragment containing 1kbp 
sequence upstream and 1 kbp downstream the TtarsX gene 
sequences was amplified from genomic DNA; with the encoding 
sequence for sYFP (721 bp) in the middle. Two different 23 bp 
spacers targeting at different positions of TtarsX were designed. 
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The obtained plasmids were used to transform wild-type T. 
thermophilus and ΔarsM as described above. The genome editing 
process in recombinant colonies was verified by colony PCR using 
BG16496-BG16497 and BG17398-BG17399 primers. The absence 
of TtarsX and the presence of syfp, in recombinant colonies was 
confirmed by PCR on purified genomic DNA (GenomeJET Genomic 
DNA Purification Kit, Thermo Fisher Scientific) and DNA sequencing 
(Macrogen Inc). The obtained bioreporter strains were named T. 
thermophilus ΔArsX (syfp) and T. thermophilus ΔArsX-ΔArsM (syfp), 
respectively.  
 
Fluorescence measurements  
To analyze reporter sYFP fluorescence, an overnight culture of the 
bioreporter strains [T. thermophilus ΔArsX (syfp) and T. 
thermophilus ΔArsX-ΔArsM (syfp)] were diluted to 0.08 OD600nm in 
TM medium and grown at 70 °C until 0.5 OD600nm and aliquots of 5ml 
were incubated in the presence of increasing concentrations of 
As(III), As(V) and Cd(II) (from 0.5 μM to 5 μM) for 1h at 70 °C. After 
this time 200 μL of growing cells were centrifuged for 5’ at 6000 rpm 
and the pellet was washed twice with an equal volume of PBS 1X. 
sYFP fluorescence intensity was measured adding 50 μl of 
resuspended culture into a 96-well plate and using excitation and 
emission wavelengths of 458 nm and 540 nm respectively. 
Measurements were taken using a Synergy™ HTX Multi-Mode 
Microplate Reader (BioTek) and fluorescence intensity was 
normalized for the optical density at 600nm in each well. Each 
experiment was performed in technical and biological triplicates; 
statistical analysis was performed using a Student’s t-Test; 
significant differences are indicated as: * p < 0.05, ** p < 0.01, *** p < 
0.001. 
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Table S1 Primers used in this study for PCR reactions. 
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Table S2: Q5 PCR reactions for the construction of all plasmids. 
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Chapter VI 
 
 

Identification of a new heavy metal resistant strain of 
Geobacillus stearothermophilus isolated from a 
hydrothermally active volcanic area in Southern Italy 
 
Microorganisms thriving in hot springs and hydrothermally active 
volcanic areas are dynamically involved in heavy metal 
biogeochemical cycles; they have developed peculiar resistance 
systems to cope with such metals that nowadays can be considered 
among the most permanent and toxic pollutants for humans and the 
environment. For this reason, their exploitation is required to unravel 
mechanisms for the detoxification of toxic metals and to address 
remediation of heavy metal pollution with eco-sustainable 
approaches. In this work, we isolated a novel strain of the 
thermophilic bacterium Geobacillus stearothermophilus from 
solfataric terrains in Pisciarelli, a well-known hydrothermally active 
zone of the Campi Flegrei volcano located near Naples in Italy 
through ribotyping, 16SrRNA sequencing and mass spectrometry 
analyses. The Minimal Inhibitory Concentration (MIC) towards 
several heavy metal ions indicated that the novel G. 
stearothermophilus isolate is particularly resistant to some metal 
ions. Genomic, functional and morphological analyses suggest that 
it is endowed with metal resistance systems for arsenic and 
cadmium detoxification. 
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Introduction 
Heavy metals are among the most persistent and toxic pollutants. 
Differently from organic xenobiotics, which can be converted into not 
harmful substances, they cannot be completely removed from the 
environment1. Anthropogenic sources including mining and various 
industrial (vehicle emissions, lead-acid batteries, paints) and 
agricultural activities (fertilizers, aging water supply) led to their 
increasing accumulation2-4. The prolonged exposure to heavy metal 
is responsible for several human diseases, as documented by the 
World Health Organization5. For example, arsenic and cadmium 
have been classified as carcinogenic compounds by 
the International Agency for Research on Cancer (IARC) in both 
humans and animals6,7, while the exposure to lead is responsible for 
3% of cerebrovascular disease worldwide 8. Therefore, reduction of 
heavy metal pollution appears among the greatest challenges of the 
new century9-11.  
Because of massive accumulation of toxic metals into the 
environment, the majority of microorganisms has developed genetic 
resistance mechanisms12-14 and even peculiar metabolic pathways 
to cope with toxic metals15-17. For instance, Gram-positive and 
Gram-negative bacteria possess arsenic resistance systems 
encoded by operons carried either on plasmids or on the 
chromosome; the operon structure most commonly found is made 
up of three genes (arsRBC)18,19, where arsR encodes a trans-acting 
repressor of the ArsR/SmtB family involved in transcriptional 
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regulation20-22, arsB encodes an As(III) efflux transporter 
(ArsB/Acr3)23, and arsC encodes a cytoplasmic arsenate reductase 
that converts As(V) to As(III), the latter extruded outside the cell24-

26. Other proteins can also improve the arsenic resistance, such as 
the arsenite methyltransferases ArsM27. The arsenic resistance 
system of some microorganisms is also responsible for Cd(II) 
tolerance28-30. Cadmium resistance systems generally consist of at 
least two genes, i.e., cadC and cadA, the first coding for a helix-turn-
helix transcriptional regulator that regulates cadA the gene coding 
for a cadmium-translocating P-type ATPase31. 
Volcanic and geothermal springs also represent a rich source of 
heavy metal resistant microorganisms, since many metals, such as 
arsenic, are naturally present in these particular niches32,33; it has 
been reported that microorganisms living in such ecosystems can 
remodel extreme environments participating in metal geochemical 
cycles promoting or inhibiting their release from sediments34. The 
interest in the comprehension of the molecular mechanisms 
underlying heavy metal resistance in extreme environments is 
growing fast because it is fundamental to develop systems effective 
towards heavy metal pollution through eco-sustainable 
approaches35-39. 
In this work, we describe the isolation and characterization of a new 
thermophilic heavy metal resistant microorganism from the solfataric 
terrain of Pisciarelli in the Campi Flegrei volcano located near 
Naples in Italy. The site has extreme environmental conditions in 
terms of temperature, acidity and As rich geochemistry40,41. 
 
Results and Discussion 
 
Geochemical characterization of the sampling site 
As other similar volcanic systems worldwide, the volcano is an acidic 
sulfate environment determined by the hot circulation of aggressive 
sulfurous fluids during the dormant dynamics deriving from mixing 
between deeply infiltrating meteoric waters and ascending 
magmatic gases with associated intense rock alteration and 
concentration of certain elements, such as As40, 42-46. 
However, differently from the diffuse and fumarolic outgassing 
characterizing the Solfatara crater, the Pisciarelli site is a water 
dominant environment, showing the formation of boiling pools and 
water springs and the opening of low-energetic geyser-type vents. 
The site represents the shallowest portion of a widespread 
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geothermal system that develops in the subsurface and converts 
into brines in its deeper roots directly supplied by the magmatic 
outgas. Due to the increased hydrothermal activity since 2006, the 
site shows maximum temperatures of ca. 110 °C and up to 260 
tons/day of CO2

47 with abundance of H2S and presence of minor 
gaseous species such as CH4, N2, H2 and CO.  
At the time of sampling, the bubbling mud pool was at pH 4.8 and 
94.3°C and the marginal mud at pH 6.0 and 55.3°C, while 
surrounding soils were at temperature up to 98-99°C and very acidic 
pH. These values are in the range known for the area, although 
lower temperatures were also measured in the mud pool (c.a. 70°C). 
Also, the mineralogical and chemical features of the sampled 
materials40 are those usually determined. Indeed, the mud was 
typically gray in color and essentially enclosed sulfates (i.e. K- and 
Al- bearing alunite), sulfides (i.e., Fe- plus S-bearing pyrite), and 
silica-phases; dried water samples crystallized NH4-bearing 
sulfates. The mud is enriched in As (10-20 ppm) and Hg (around 40 
ppm) compared to the protolith volcanic deposits, contains few wt% 
of Fe2O3, ca. 60 ppm of V, 10-20 ppm of Pb, <10 ppm of Co, Ni and 
Cr, 10-20 ppm of Cu, 1-2 ppm of Tl, and practically lacks of Cd being 
at <0.1 ppm. Based on Valentino and Stanzione48, Pisciarelli waters 
are rich in SO4-2 (1400-7000 mg/l) and NH4 (500-1000 mg/l), 
contains F (0.5-30 mg/l), Al (65-20 mg/l) and B (0.1-0.8 mg/l), lacks 
of carbonate species and of chlorine; the content of As, Hg, Tl, Pb 
is ca. 40-2000, 40-250, 2-8 and 5-30 µg/l, respectively. The general 
enrichment in S, NH4, As and Hg is consistent with the volcanic 
setting and the magmatic /geothermal outgas support. 
 
Isolation and identification of Geobacillus stearothermophilus 
Upon incubation of mud samples taken from the marginal water-
poorer portion, cell growth was observed in LB medium at pH 7 and 
50°C. Single colonies were isolated by serial dilutions in the same 
medium. Ribotyping and 16S rRNA sequencing led to the 
identification of a Geobacillus specie. Geobacilli were firstly 
described by Nazina et al. in 200149; they are Gram-positive, 
endospore-forming, aerobic or facultative anaerobic thermophiles, 
growing optimally at temperatures between 50°C and 72°C 
exploitable for various biotechnological applications50,51. The 
isolated strain showed an optimal growth temperature of 60°C. Due 
to the peculiar taxonomy of Geobacillus, where several species are 
candidates for unification, it was not possible to differentiate 
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unambiguously the species by 16S rRNA sequencing (see e.g. 
LTPs123_SSU_tree of the SILVA Living tree project); therefore a 
MALDI TOF MS analysis was committed to DSMZ, which identified 
the new isolate as Geobacillus stearothermophilus. To the best of 
our knowledge, the genomes of only three strains of G. 
stearothermophilus have been completely sequenced (Table 1): 
strain “10” isolated from the Yellowstone hot spring (USA); strain 
“DSM458” isolated from a sugar beet factory in Austria 52 and strain 
“B5” isolated from a rice stack in China.  
 

 
Table 1: List of G. stearothermophilus strains with sequenced genomes, as 
reported in NCBI genome databank.  

 
Metal ion resistance and antibiotic susceptibility in G. 
stearothermophilus 
MICs towards different antibiotics and heavy metals were 
determined to evaluate the sensitivity and the tolerance of the new 
G. stearothermophilus isolate, respectively. To this purpose, the 
microorganism was grown in the presence of different heavy metals 
(see Table 2) and antibiotics (ampicillin, kanamycin, 
chloramphenicol, tetracycline, hygromycin, bleomycin).  
G. stearothermophilus resulted to be sensitive to all the antibiotics 
tested even at the lowest concentration used; actually, to the best of 
our knowledge, no antibiotic resistances have been documented, 
although the genome of G. stearothermophilus 10 presents a 
sequence coding for a putative tetracycline MFS efflux protein (locus 
tag: GT50_RS17520). Interestingly, G. stearothermophilus showed 
high tolerance to As(V), as well as V(V), as reported in Table 2. This 
is not surprising, considering the similarity in structure of the 
vanadate ion with the arsenate ion, which is itself like the phosphate 
ion. Both ions could be taken up by phosphate transport systems53. 
The low tolerance to As(III) in comparison to As(V) (MIC values: 1.9 

Organism Strain 
Genome Size 

(Mb) 
CG% Gene Protein BioProject 

Geobacillus 

stearothermophilus 
10 3.67 52.61 3645 3312 PRJNA252389 

Geobacillus 

stearothermophilus [52] 
DSM458  3.46 52.10 3683 3165 PRJNA327158 

Geobacillus 

stearothermophilus 
B5 3.39 52.50 3426 3045 PRJNA513473 

 1 
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mM and 117 mM, respectively) could be traced back to the lack of 
active transport systems for As(III) efflux (see also below). Likewise, 
the legume symbiont Sinorhizobium melitoti is very tolerant to As(V) 
but is very sensitive to As(III) since it is deficient of As(III) transporter 
systems53,54. 
 

 
Table 2: G. stearothermophilus resistance to heavy metal ions. 

 

Consequently, as shown in Fig. 1 the presence of As(V) in the 
growth medium slowed down G. stearothermophilus growth: the 
generation time changed from 30 min for cells grown in the absence 
of As(V) to 60 min and 125 min for those grown in the presence of 
As(V) 25mM and 50 mM, respectively. 
 

 

Metal ions mM ± 

As (III) 1.90 0.10 

As (V) 117 3.00 

Cd (II) 0.90 0.10 

Co (II) 2.00 0.50 

Co (III) 2.75 0.25 

Cr (VI) 0.25 0.01 

Cu (II) 4.10 0.10 

Hg (II) 0.02 0.00 

Ni (II) 1.30 0.10 

V (V) 128 2.00 

 1 
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Fig. 1: Growth curves of G. stearothermophilus grown in the presence and 
absence of As(V). 
 

In order to analyze the arsenic transformation activity of G. 
stearothermophilus, a AgNO3 colorimetric method was employed45, 

55-57. This method is based on the formation of colored precipitates 
upon reaction of AgNO3 with arsenic; in particular the addition of 
AgNO3 to the grown cells produces Ag3AsO4, a brown precipitate if 
AgNO3 reacts with As(V) and Ag3AsO3, a bright yellow precipitate if 
AgNO3 reacts with As(III). Fig. 2 shows a brown precipitate 
indicating that As(V) is the predominant chemical specie and 
suggesting the inability of G. stearothermophilus to extrude As(III), 
in line with the hypothesis of the lack or low activity of As(III) efflux 
systems.  
 

 
 
Fig. 2: (A) Silver nitrate test on G. stearothermophilus grown on LB agar plate 
supplemented with 50mM As(V); (B) LB agar plate supplemented with 50mM 
As(V) (control). (C) Determination of precipitate color as function of As(V)/As(III) 
ratio (%). The concentration of total arsenic in solution is each sample is 50 mM 
(i.e. for the ratio 50/50 there are in solution As(V) 25mM and As(III) 25mM). 
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Bioinformatic analyses 
In order to verify if different isolates of G. stearothermophilus had 
arsenic and cadmium resistance systems and to understand if such 
systems were conserved inside the specie, a comparative genomic 
analysis was carried out on the sequences of three G. 
stearothermophilus genomes available at NCBI (Table 1). The study 
revealed differences in the abundance and type of putative arsenic 
and cadmium resistance genes in the genomes analysed (Table 3). 
All of them contained one conserved copy of cadC and cadA: the 
alignment of the corresponding proteins from the three different 
strains showed a high degree of identity (92%). Regarding arsenic 
resistance systems, a copy of ArsB/Acr3 arsenite efflux transporters 
was found in each genome, whereas at least a simple ars system 
encoding the arsenate reductase (arsC) in tandem with an 
ArsR/SmtB transcriptional regulator was found in the genomes of G. 
stearothermophilus 10 and B5 strains (86% of identity of both 
proteins). On the other hand, the strain DSM 458 encodes a unique 
arsenate reductase. Taken together, the in silico analysis of the 
genomes showed that the number and type of genes coding for 
elements involved in arsenic resistance can be variable within the 
same species and depends on the specific evolutionary adaptation 
of that particular strain58. 
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Table 3: List of putative genes for As and Cd(II) resistance in Geobacillus 
stearothermophilus strains. 
 
 

Strain Locus Protein Name Protein ID 

 
GT50_RS07590 

ArsR: “family transcriptional 

regulator” 
WP_014196895.1 

 
GT50_RS07505 

ArsC: "arsenate reductase 

(thioredoxin)” 
WP_053414123.1 

 
GT50_RS07510 

ArsB: "ACR3 family arsenite 

efflux transporter 
WP_053414999.1 

Geobacillus 

stearothermophilus 10 
GT50_RS06280 

ArsC: "arsenate reductase 

family protein" 
WP_053413998.1 

(PRJNA252389) 

GT50_RS12465 

Hypothetical CadC "helix-

turn-helix transcriptional 

regulator" 

WP_013523123.1 

 
GT50_RS12470 

CadA: "cadmium-

translocating P-type ATPase" 
WP_053414489.1 

 
GS458_RS16830 

ArsC: arsenate reductase 

(thioredoxin)" 
WP_044745043.1 

 
GS458_RS16835 

ArsB: "ACR3 family arsenite 

efflux transporter" 
WP_095860271.1 

Geobacillus 

stearothermophilus   DSM 

458 

GS458_RS15800 
ArsC: "arsenate reductase 

family protein" 
WP_033010367.1 

(PRJNA327158) 

GS458_RS03695 

Hypothetical CadC: "helix-

turn-helix transcriptional 

regulator" 

WP_015374106.1 

 
GS458_RS03700 

CadA: "cadmium-

translocating P-type ATPase" 
WP_095860189.1 

 
EPB69_RS07030 

ArsR: “ArsR/SmtB family 

transcription regulator” 
WP_160270653.1 

 
EPB69_RS15665 

ArsR: “ArsR/SmtB family 

transcription regulator” 
WP_160270373.1 

 
EPB69_RS15730 

ArsR: “ArsR/SmtB family 

transcription regulator” 
WP_160270745.1 

Geobacillus 

stearothermophilus B5 
EPB69_RS15655 

ArsC: “arsenate reductase 

(thioredoxin)" 
WP_011232692.1 

(PRJNA513473) EPB69_RS15660 Arsenical-resistance protein WP_011232693.1 

 
EPB69_RS03435 

CadC: "helix-turn-helix 

transcriptional regulator" 
WP_033005425.1 

 
EPB69_RS03440 

CadA: "cadmium-

translocating P-type ATPase" 
WP_160268846.1 

 1 
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Analysis of cellular morphology 
In order to better define G. stearothermophilus morphology, we 
resolved to analyse cells through TEM. As shown in Fig. 3 cells have 
a typical bacillar rod shape when they are actively growing. 
 

 
 
Fig. 3: TEM images of G. stearothermophilus in exponential phase at different 
scales: (A) 1000 nm; (B) 200 nm. 

 
Moreover, with the aim to verify whether As(V) and Cd(II) had any 
effect on cell morphology, TEM images were also acquired on 
samples of G. stearothermophilus grown for 16 hours in the 
presence of As(V) and Cd(II) at concentrations corresponding to the 
MIC values, and they were compared to images of control cells 
without heavy metal treatment (Fig. 4). The sections obtained 
revealed the structure of the cell more clearly in the control cells 
(panel A of Fig. 4) than in those treated with heavy metals. However, 
the presence of several cells in division suggests that both As(V) 
and Cd(II) do not cause significant changes in the cellular structure 
and cell viability (panel A and B of Fig. 4). Nevertheless, it appeared 
that the cell wall of G. stearothermophilus is influenced by handling 
both As and Cd. In particular, the cell wall of G. stearothermophilus 
treated with As(V) (panel B of Fig. 4) exhibited abundance of ridges 
and grooves that can be explained assuming a reduction in cell 
permeability. Interestingly, Cd(II) treated cells (panel C of Fig. 4) 
appeared darker and this phenomenon could be ascribed to the 
ability of G. stearothermophilus to adsorb Cd(II), as also reported by 
Hetzer et al59.  
In conclusion, electron microscopy analyses highlighted that the cell 
morphology of G. stearothermophilus changes the in presence of 
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As(V) and Cd(II), but further investigations are needed to 
understand at molecular level their resistance mechanisms. 
 

 
 
Fig. 4: TEM images of G. stearothermophilus: after overnight growths (A); in the 
presence of As(V) (B) and Cd(II) (C) at their respective MIC values. Scale: 
1000nm in A, elsewhere 6000nm.  

 
Conclusions 
With the aim to characterize new thermophilic heavy metal resistant 
microorganisms, soil sampling was performed in a hydrothermal 
volcanic area near Naples in Italy, known as Pisciarelli. This is an 
acidic sulfate area located close to the Solfatara crater famous for 
an intense endogenous diffuse and fumarolic water-dominant 
outgassing activity; the chemical composition of mud and water 
samples has revealed that the main metal is iron, but, as in other 
geothermal settings, arsenate is an additional significant 
component. Since geothermal sites are very interesting sources of 
thermophilic organisms and Pisciarelli is an arsenic-rich area, we 
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hypothesized that novel thermophiles could be found able to detoxify 
this metal or use it for energy-yielding reactions. From a mud sample 
it was isolated a microorganism growing preferentially at 60°C. 
Subsequent molecular identification revealed homology to the 
species Geobacillus stearothermophilus. Our laboratory culturing 
experiments have demonstrated the ability of G. stearothermophilus 
to grow in the presence of arsenate in a range of concentrations 
comparable to those of bacteria classified as arsenic resistant, and 
in agreement with natural environmental setting as well. This study 
highlights the adaptation capabilities of the new isolate of G. 
stearothermophilus and its tolerance to extreme environmental 
conditions and points out to further molecular and physiological 
investigations to clarify its role in the biogeochemical cycle of arsenic 
as well as its potential for the management of heavy metal 
environmental contaminations. 
 
Materials and Methods  
 
Chemicals  
The antibiotics and metal salts used in this work have been 
purchased by Sigma-Aldrich. Antibiotics are: Ampicillin (CAS 
Number: 7177-48-2); Bleomycin sulfate (CAS Number: 9041-93-4); 
Chloramphenicol (CAS Number: 56-75-7); Kanamycin sulfate (CAS 
Number: 70560-51-9); Hygromycin B (CAS Number: 31282-04-9); 
Tetracycline (CAS Number: 60-54-8). Metal salts used are the 
following: Sodium (meta)arsenite (NaAsO2); Sodium arsenate 
dibasic heptahydrate (Na2HAsO4 · 7H2O); Cadmium chloride 
(CdCl2); Cobalt chloride hexahydrate (CoCl2 · 6H2O); Cobalt 
chloride (CoCl3); Chromium oxide (CrO3); Copper nitrate trihydrate 
[Cu(NO3)2 · 3H2O]; Mercury chloride, (HgCl2); Nickel chloride 
(NiCl2); Sodium orthovanadate dihydrate (Na3VO4·2H2O). 
 
Strain isolation and molecular identification 
Soil samples were collected in April 2016 at the hydrothermal site of 
Pisciarelli (Fig. 5) that lies on the Solfatara volcano, one of the 
various erupting inside the larger volcanic field of the Campi Flegrei 
since ca. 4100 years60.  
The materials were aseptically sampled from the main mud pool; 
both pH and temperature were measured contextually to sampling 
by indicator papers and a Fluke digital thermocouple probe, 
respectively. The water was collected from the bubbling mud pool, 
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while the mud was taken from its marginal water-poorer portion (Fig. 
5). Temperature and pH values were 94.3°C and 4.8 in the bubbling 
mud pool respectively, while in the marginal water-poorer portion 
were 55.3°C and 6.0 respectively. The local levels of arsenic were 
in the 10-20 ppm range40. 
 

                               
 
Fig. 5: Pisciarelli sampling site (left) and collected mud (right). 
 
Enrichment cultures were set in 50 ml tubes with 20 ml of LB medium 
and inoculated with 1 g of soil sample at 37°C, 50°C and 75°C for 
24 h. Then serial dilutions of those culture samples were stocked on 
LB agar plates for incubation at 37°C, 50°C and 75°C for 24 h. 
Bacterial colonies were found in the mud sample grown at 50°C. The 
isolation of a pure strain was carried out by repeated streak plating 
on solid medium prepared with the LB/agar incubated at 50°C. 
To identify the new isolate, different approaches were used using 
standard procedures such as automated ribotyping on digested 
chromosomal DNA, fatty acids analysis and 16S based identification 
61. For 16S rDNA analysis, genomic DNA was extracted, the 16S 
rDNA gene amplified through PCR and the purified PCR products 
sequenced at Eurofins. The resulting sequencing data (1500 nt) 
were analysed using different databases and compared to 
sequences present in the EMBL database 
(https://www.ebi.ac.uk/ena). 

https://www.ebi.ac.uk/ena
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Since the identification was not sure, a MALDI-TOF MS analysis was 
also commissioned to DSMZ: sample preparation and instrumental 
conditions are described elsewhere62. The identification report was 
generated by the Biotyper software and the strain was identified as 
Geobacillus stearothermophilus with a score corresponding to high 
probable strain identification (higher than 2.3).  

 
Determination of optimal growth conditions  
A frozen (-80°C) glycerol-stock of G. stearothermophilus was 
streaked on a LB plate (solidified by the addition of 1.5% Agar) and 
incubated overnight at 50°. Single colonies that appeared on the 
plate were inoculated into different liquid LB media at pH 3, pH 5, 
pH 7 and shaken at 50°C and 60°C. Growth was only observed at 
pH 7.0, whereas the optimal growth temperature turned out to be 
60°C. The generation time (G) was calculated with the following 
formula: G=t/n where t is the time interval and n the number of 
generations (t is considered between 3h and 4h, in the exponential 
phase). All the experiments have been repeated in triplicate. 
 
Antibiotic Susceptibility 
For the determination of Minimal Inhibitory Concentrations (MIC) 
towards antibiotics, a frozen (-80°C) stock of G. stearothermophilus 
was streaked on a LB/agar plate and incubated at 60°C overnight. 
A single colony was inoculated into liquid LB medium and shaken at 
60°C up to the exponential phase (1.5 OD600nm). Then the bacterial 
culture was diluted up to 0.1 OD600nm in LB medium supplemented 
with antibiotics (Ampicillin, Kanamycin, Chloramphenicol, 
Tetracycline, Hygromycin, Bleomycin) at final concentration ranging 
between 5 and 50 µg/mL and incubated for 16 h. The MIC values 
were determined as the lowest concentration of antibiotics that 
completely inhibited the growth of the strain as evaluated by OD600nm 
measurements after incubation for 16 h. All the experiments have 
been repeated in triplicate. 
 
Heavy metal resistance 
For the determination of MIC towards heavy metal ions (As(V), 
As(III), Cd(II), Co(III), Cr(VI), Cu(II), Hg(II), Ni(II), V(V)), cell cultures 
were grown and diluted as described above. The heavy metals were 
added at increasing concentration ranging from 0.1 mM to 120 mM. 
The MIC values were determined as described above. The values 
reported are the average of three independent experiments.  
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Evaluation of As(V) biotransformation 
The As-transformation capacity of G. stearothermophilus was 
evaluated using a colorimetric assay based on the formation of 
precipitates upon reaction of AgNO3 with arsenic63. A single colony 
was cultured in LB liquid medium at 60 °C up to 1.0 OD600nm; then 
an aliquot of the cell suspension was streaked on LB agar plates 
containing 50 mM sodium arsenate (Na2HAsO4). The LB agar plates 
were incubated at 60°C for 18 h and then flooded with 0.1M AgNO3 
to assess the transforming ability in the presence of arsenic. The 
colour of the precipitate on the plate was compared to a color scale, 
which could easily distinguish by eye different ratios of As(V)/As(III). 
In detail, the color scale was developed by mixing defined ratios of 
As(V) and As(III) being 50 mM the final concentration of total arsenic 
in each sample. All the experiments have been repeated in triplicate. 
 
Bioinformatic analysis 
Bioinformatic analyses were performed to evaluate the presence of 
arsenic and/or cadmium  resistance genes in the genomes of the 
following three sequenced strains of G. stearothermophilus: a) strain 
n° 10 (Accession BioProject PRJNA252389); b) strain DSM 458 
(Accession BioProject PRJNA327158); c) strain B5 (Accession 
Bioproject PRJNA513473). Loci containing sequences coding for 
putative arsenic resistance proteins were identified on the NCBI 
database and the corresponding translated sequences were aligned 
with the multiple sequence alignment program Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/). 
 
Transmission electron microscopy (TEM) 
G. stearothermophilus was grown in LB medium and in LB 
supplemented with As(V) 117 mM or Cd(II) 0.9 mM for 16 hours; a 
control grown in the absence of heavy metal ions was harvested at 
1.5 OD600nm corresponding to a mid-exponential growth phase. Cells 
were pelleted by centrifugation, washed twice with buffer phosphate 
saline (PBS 1%) and fixed as reported by Pinho et al.64. Resin 
sections were prepared with the ultramicrotome (LKB SuperNova) 
and the sections were serially stained with uranyl acetate and lead 
citrate. The sections were then studied on a Philips EM 208s 
Transmission Electron Microscope. Control cells without metal 
treatment were compared against heavy metal treated samples to 
check for possible heavy metal accumulation. 

https://www.ebi.ac.uk/Tools/msa/clustalo/
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General conclusion 
 
The increase in public health problems due to heavy metal pollution 
requires a thorough study for the development of easier-to-use 
systems for the of detection and subsequent remediation of areas 
polluted by heavy metals.  
This PhD project was aimed to the development of biosensors for 
the monitoring of environmental pollutants by exploiting a 
thermophilic system, due to its higher resistance of the latter in 
comparison to corresponding mesophilic counterparts. 
The study of the resistance mechanisms to heavy metals in 
thermophilic microorganisms is advantageous, compared to the 
mesophilic counterpart, because these microorganisms very have a 
higher resistance to these contaminants; due to the adaptation to 
the high concentrations of heavy metals present in the hydrothermal 
vent, and from an application point of view; this type of biosensor 
could be used downstream of industrial processes that require high 
temperatures or presence of chemical agents to which these 
microorganisms are resistant. 
The work performed during my PhD studies helped in increasing 
knowledge of T. thermophilus HB27 arsenic/cadmium resistance 
system at molecular level. Using biochemical techniques, the 
structural-functional characterization of the proteins was assessed 
in vitro; on the other hand, in vivo function was proved using a 
genetic editing system based on the CRISPR-Cas9 system adapted 
to work in T. thermophilus. 
In this work new components of the arsenic resistance system in T. 
thermophilus HB27 have been characterized; in particular, they are: 
a)the transcription factor TtSmtB (chapter III) that can be considered 
the playmaker of the resistance system; b) TtArsX, a P1B-type 
membrane ATPase responsible for the efflux of arsenic, which we 
demonstrated to be also responsible for the efflux of the cadmium 
ions (chapter IV); c) TtArsM an arsenite methyltransferase which 
detoxify arsenite by methylation (chapter V). Moreover, the thesis 
reports on the creation of two different whole-cell biosensors.  
In the chapter IV we obtained the first whole-cell biosensor able to 
detect around 10 µM of As (III), As (V) and Cd (II). This whole-cell 
biosensor is based on the plasmid pMHpnqo, which contains a 
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cassette composed by the promoter recognized by TtSmtB, 
downstream of the reporter gene coding for a thermostable β-
galactosidase, and an expression cassette for the metal responsive 
factor TtSmtB under the control of the constitutive promoter pnqo. 
The second type of whole-cell biosensor was described in the 
chapter V and is based on the integration of the reporter gene 
(sYFP) into the T. thermophilus HB27 genome. This biosensor is 
sensitive to much lower concentrations of arsenic and cadmium [1 
µM As(III) and As(V), 0.5 µM Cd(II)]  with an increase in sensitivity 
of approximately 10 times and is expected to be more stable and not 
dependent on growth with antibiotics. To obtain this reporter system, 
we developed a genetic editing tool based on CRISPR-Cas9. 
Another goal of this research was the identification of new heavy 
metal resistant microorganisms for future application in 
bioremediation; in the last chapter (chapter VI) we have identified 
and characterized a new bacterial strain of Geobacillus 
stearothermophilus endowed with high arsenate and vanadate 
resistance characteristics. 
In conclusion, this PhD project allowed to increase the knowledge 
on the comprehension of microbial resistance systems to heavy 
metals; to realize two different types of whole-cells biosensors for 
arsenic and to set up a new genomic editing system for T. 
thermophilus HB27.  
A fine tuning of the biosensor’s properties, through further genetic 
engineering will be attempted to make these systems even more 
suitable for applications. For example; it can be possible to use the 
CRISPR-Cas9 system that we developed in this thesis, to improve 
the performance of the biosensor by acting, for example, on the 
promoter sequences of the sensor protein TtSmtB or by replacing 
all the genes involved in resistance with the sYFP, increasing 
drastically the amount of signal produced and making it possible to 
identify lower concentrations of metal. 
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