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 RIASSUNTO 
 
Introduzione 
I metalli pesanti sono elementi con un elevato peso atomico, una 
densit¨ almeno cinque volte maggiore di quella dellôacqua e tossici 
a basse concentrazioni. Le loro molteplici applicazioni industriali, 
agricole, mediche e tecnologiche hanno portato ad unôampia 
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 
dellôevoluzione 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 lôefflusso per rimuovere direttamente i metalli 
dalla cellula. Nei batteri, il sistema di resistenza allôarsenico ¯ uno 
dei meglio caratterizzati, ed è generalmente mediato dai prodotti 
genici dellôoperone ars. Sebbene lôorganizzazione dellôoperone vari 
considerevolmente tra le diverse specie, alcuni geni chiave sono 
sempre presenti. Lôorganizzazione basale dellôoperone ¯ quella 
dellôoperone 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 
unôarseniato reduttasi citoplasmatica che converte lôarseniato 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 
dellôarsenico 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 allôarsenico di T. 
thermophilus HB27  
Nel laboratorio dove ho svolto la mia tesi di dottorato era già stata 
iniziata la caratterizzazione del sistema di resistenza allôarsenico 
basandosi sullôevidenza che T. thermophilus HB27 è un 
microrganismo tollerante allôarsenico. Lôanalisi del genoma ha 
evidenziato tre geni codificanti i putativi elementi di resistenza: 
unôarseniato reduttasi TtArsC (codificata da TTC1502), un 
regolatore trascrizionale TtSmtB (codificato da TTC0353) e 
unôATPasi 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 allôarsenico 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 cô¯ 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). 
Dallôapprofondito 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 lôarsenico 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 allôarsenico 
(nelle forme ossidata e ridotta). Utilizzando tecniche di pull down 
associate ad analisi proteomica abbiamo identificato unôulteriore 
componente del sistema di resistenza allôarsenico, cioè una arsenito 
metiltransferasi (TtArsM). Lôidentificazione 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 allôarsenico. TtSmtB è un repressore trascrizionale, che 
in assenza di arsenico/cadmio, impedisce lôespressione 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 lôinterazione con i DNA bersaglio ¯ impedita 
in presenza di cadmio o arseniato o arsenito. Inoltre, abbiamo 
individuato un nuovo livello di regolazione post traduzionale nel 
meccanismo di tolleranza allôarsenico. Lôinterazione 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 dellôenzima TtArsM. Questo 
ulteriore sistema di regolazione è dovuto, probabilmente, ad 
unôesigenza 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 lôinterazione 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 allôarsenico 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 ɓ-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 
lôarsenico (questôultimo negli stadi di ossidazione +3 e +5), ¯ stato 
in grado di rilevare 20 µM arsenico e 10 µM di cadmio. Il secondo 
biosensore ñwhole-cellò di T. thermophilus HB27 è stato messo a 
punto utilizzando un sistema di ñgenome editingò 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 allôarsenico 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 unôelevata resistenza 
allôarseniato, 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 allôarsenico 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, itôs 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 
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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 ÁC, and up to 55 ÁC 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: 5ǋ-NNNNCCAA-3ǋ)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 ÁC and  up to 55 ÁC 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 (ȹsmtb::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 ɓ-galactosidase as a reporter gene, under the transcriptional 
control of TtArsX responsive promoter. Measurements of ɓ-
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). 
 
 
References: 
 
1. Emsley, J. Nature's building blocks: an AZ guide to the elements. 

Oxford University Press, (2011). 
2. Kim, H., Geupil J., and Youngdae Y. "Specific heavy 

metal/metalloid sensors: current state and perspectives." 
Applied Microbiology and Biotechnology (2019): 1-8. 

3. Neubauer, O. "Arsenical cancer: a review." British journal of 
cancer 1.2 (1947): 192.  

4. Cullen W. R. and Reimer K. J. Chemical Reviews 89 (4), (1989): 
713-764 

5. Rosen, B. P. "Biochemistry of arsenic detoxification." FEBS 
letters 529.1 (2002): 86-92. 



Chapter I 
   

16 
 
 

 

 

6. Smedley, P. L., and Kinniburgh D. G. "A review of the source, 
behaviour and distribution of arsenic in natural waters." Applied 
geochemistry 17.5 (2002): 517-568. 

7. Planer-Friedrich, B., London, J., McCleskey, R. B., Nordstrom, 
D. K., and Wallschläger, D. "Thioarsenates in geothermal waters 
of Yellowstone National Park: determination, preservation, and 
geochemical importance." Environmental science & technology 
41.15 (2007): 5245-5251. 

8. Díaz, E. "Bacterial degradation of aromatic pollutants: a 
paradigm of metabolic versatility." (2004). 

9. Pennella, M. A., and Giedroc D. P. "Structural determinants of 
metal selectivity in prokaryotic metal-responsive transcriptional 
regulators." Biometals 18.4 (2005): 413-428. 

10. Gallo, G., Puopolo, R., Limauro, D., Bartolucci, S. and Fiorentino, 
G. "Metal-tolerant thermophiles: from the analysis of resistance 
mechanisms to their biotechnological exploitation." The Open 
Biochemistry Journal 12.1 (2018): 149-160. 

11. Carlin, A., Shi, W., Dey, S., and Rosen, B. P. "The ars operon of 
Escherichia coli confers arsenical and antimonial resistance." 
Journal of bacteriology 177.4 (1995): 981-986. 

12. Silver, S. "Genes for all metalsða bacterial view of the periodic 
table." Journal of Industrial Microbiology and Biotechnology 20.1 
(1998): 1-12. 

13. Chen, C. M., Misra, T. K., Silver, S., and Rosen, B. P."Nucleotide 
sequence of the structural genes for an anion pump. The 
plasmid-encoded arsenical resistance operon." Journal of 
Biological Chemistry 261.32 (1986): 15030-15038. 

14. Martin, P., DeMel, S., Shi, J., Gladysheva, T., Gatti, D. L., Rosen, 
B. P., and Edwards, B. F. "Insights into the structure, solvation, 
and mechanism of ArsC arsenate reductase, a novel arsenic 
detoxification enzyme." Structure 9.11 (2001): 1071-1081. 

15. Diesel, E., Schreiber, M., and van der Meer, J. R. "Development 
of bacteria-based bioassays for arsenic detection in natural 
waters." Analytical and bioanalytical chemistry 394.3 (2009): 
687-693. 

16. Turner, A., Karube, I., and Wilson, G. S. Biosensors: 
fundamentals and applications. Oxford university press. (1987). 

17. Juzgado, A., Soldà, A., Ostric, A., Criado, A., Valenti, G., Rapino, 
S., Conti, G., Fracasso, G., Paolucci, F. and Prato, M. ñHighly 
sensitive electrochemiluminescence detection of a prostate 
cancer biomarkerò. J. Mater. Chem. B, 5 (2017): 6681-6687. 



Chapter I 
   

17 
 
 

 

 

18. Vo-Dinh, T., and Cullum, B. "Biosensors and biochips: advances 
in biological and medical diagnostics." Fresenius' journal of 
analytical chemistry 366.6-7 (2000): 540-551. 

19. Fiorentino, G., Ronca, R., and Bartolucci, S. "A novel E. coli 
biosensor for detecting aromatic aldehydes based on a 
responsive inducible archaeal promoter fused to the green 
fluorescent protein." Applied microbiology and biotechnology 
82.1 (2009): 67-77. 

20. Oren, A. "Molecular ecology of extremely halophilic Archaea and 
Bacteria." FEMS Microbiology Ecology 39.1 (2002): 1-7. 

21. Strazzulli, A., Iacono, R., Giglio, R., Moracci, M., and Cobucci-
Ponzano, B. "Metagenomics of hyperthermophilic environments: 
biodiversity and biotechnology." Microbial Ecology of Extreme 
Environments. Springer, Cham, 2017. 103-135. 

22. F Bosma, E., van der Oost, J., M de Vos, W., and van 
Kranenburg, R. "Sustainable production of bio-based chemicals 
by extremophiles." Current Biotechnology 2.4 (2013): 360-379. 

23. Cava, F., Hidalgo, A., and Berenguer, J. "Thermus thermophilus 
as biological model." Extremophiles 13.2 (2009): 213. 

24. Oshima, T., and Imahori, K. "Description of Thermus 
thermophilus (Yoshida and Oshima) comb. nov., a 
nonsporulating thermophilic bacterium from a Japanese thermal 
spa." International Journal of Systematic and Evolutionary 
Microbiology 24.1 (1974): 102-112. 

25. Henne, A., Brüggemann, H., Raasch, C. et al. "The genome 
sequence of the extreme thermophile Thermus thermophilus." 
Nature biotechnology 22.5 (2004): 547-553. 

26. Del Giudice, I., Limauro, D., Pedone, E., Bartolucci, S., and 
Fiorentino, G. "A novel arsenate reductase from the bacterium 
Thermus thermophilus HB27: its role in arsenic detoxification." 
Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics 
1834.10 (2013): 2071-2079. 

27. Politi, J., Spadavecchia, J., Fiorentino, G., Antonucci, I., Casale, 
S., and De Stefano, L. "Interaction of Thermus thermophilus 
ArsC enzyme and gold nanoparticles naked-eye assays 
speciation between As (III) and As (V)." Nanotechnology 26.43 
(2015): 435703. 

28. Politi, J., Spadavecchia, J., Fiorentino, G., Antonucci, I., and De 
Stefano, L. "Arsenate reductase from Thermus thermophilus 
conjugated to polyethylene glycol-stabilized gold nanospheres 



Chapter I 
   

18 
 
 

 

 

allow trace sensing and speciation of arsenic ions." Journal of 
The Royal Society Interface 13.123 (2016): 20160629 

29. Bolotin, A., Quinquis, B., Sorokin, A., & Ehrlich, S. D. "Clustered 
regularly interspaced short palindrome repeats (CRISPRs) have 
spacers of extrachromosomal origin." Microbiology 151.8 (2005): 
2551-2561. 

30. Rath, D., Amlinger, L., Rath, A., & Lundgren, M. "The CRISPR-
Cas immune system: biology, mechanisms and applications." 
Biochimie 117 (2015): 119-128. 

31. Alkhnbashi, O. S., Shah, S. A., Garrett, R. A., Saunders, S. J., 
Costa, F., & Backofen, R. "Characterizing leader sequences of 
CRISPR loci." Bioinformatics 32.17 (2016): i576-i585. 

32. Jansen, R., Embden, J. D. V., Gaastra, W., & Schouls, L. M. 
"Identification of genes that are associated with DNA repeats in 
prokaryotes." Molecular microbiology 43.6 (2002): 1565-1575. 

33. Jagadevan, S., Banerjee, A., Banerjee, C., Guria, C., Tiwari, R., 
Baweja, M., & Shukla, P. "Recent developments in synthetic 
biology and metabolic engineering in microalgae towards biofuel 
production." Biotechnology for biofuels 11.1 (2018): 185. 

34. Javed, M. R., Noman, M., Shahid, M., Ahmed, T., Khurshid, M., 
Rashid, M. H., & Khan, F. "Current situation of biofuel production 
and its enhancement by CRISPR/Cas9-mediated genome 
engineering of microbial cells." Microbiological research 219 
(2019): 1-11. 

35. Daas, M. J., Vriesendorp, B., van de Weijer, A. H., van der Oost, 
J., & van Kranenburg, R. "Complete genome sequence of 
Geobacillus thermodenitrificans T12, a potential host for 
biotechnological applications." Current microbiology 75.1 (2018): 
49-56. 

36. Mougiakos, I., Mohanraju, P., Bosma, E.F. et al. "Characterizing 
a thermostable Cas9 for bacterial genome editing and silencing." 
Nature communications 8.1 (2017): 1-11. 

37. Mougiakos, I., Bosma, E. F., Weenink, K., Vossen, E., 
Goijvaerts, K., van der Oost, J., & van Kranenburg, R. "Efficient 
genome editing of a facultative thermophile using mesophilic 
spCas9." ACS synthetic biology 6.5 (2017): 849-861. 

 



Chapter II 
   

19 
 
 

 

 

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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