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RIASSUNTO 

La costruzione di un'economia circolare, definita come "un insieme di 
modelli sostenibili di produzione e consumo" dall'Agenda 2030 delle 
Nazioni Unite, emerge come una priorità per la comunità scientifica 
globale. Negli ultimi anni, la ricerca si è concentrata sulla creazione di 
nuovi approcci biotecnologici volti a monitorare o ridurre le sostanze 
inquinanti, e a ottimizzare processi industriali sostenibili. Nel contesto 
della lotta all'inquinamento e dell'utilizzo dei materiali di scarto per la 
produzione di risorse rinnovabili e di prodotti di valore aggiunto, gli 
studi sulla fisiologia, ecologia e biochimica dei microorganismi 
presenti in vari ecosistemi sono fondamentali. 
In particolare, in questo lavoro di tesi intitolato “Extremophiles as 
microbial tools to face environmental problems associated to 
anthropogenic activities” l'attenzione si è maggiormente focalizzata 
sullo studio delle potenzialità di un gruppo di microrganismi 
estremofili, i termofili, e dei loro enzimi, i termozimi.  I microrganismi 
termofili prosperano ad alte temperature e molto spesso dimostrano 
anche una capacità di sopravvivenza in ambienti caratterizzati da 
elevate concentrazioni saline, valori di pH estremi e presenza di 
sostanze tossiche. La prima parte di questa tesi (Capitolo 2) è un 
lavoro di sinossi sulle caratteristiche uniche dei microrganismi 
estremofili, in particolare i termofili, e dei loro enzimi, evidenziandone 
l'interesse significativo nel contesto biotecnologico. Sono state 
esplorate le diverse applicazioni di tali microrganismi in vari settori, 
con particolare rilevanza nell'ambito industriale e ambientale. La 
straordinaria capacità di adattamento di questi microrganismi nel 
crescere su scarti e/o inquinanti li rende strumenti importanti non solo 
nella tutela ambientale, ad esempio nella gestione dell'inquinamento 
da metalli pesanti e composti organici, ma anche nella valorizzazione 
delle biomasse lignocellulosiche per la produzione di prodotti ad alto 
valore aggiunto. In questa ottica diventa essenziale disporre di 
strumenti adeguati all’ingegnerizzazione di tali microrganismi al fine di 
massimizzarne le prestazioni. Quindi, si è cercato di delineare quali 
sono stati i recenti sviluppi tecnologici nell'ambito dell'ingegneria 
genomica applicata ai microorganismi termofili. 
La fase sperimentale iniziale di questo lavoro di tesi (Capitolo 3) si è 
inserita in un progetto di ricerca che mirava al completamento della 
caratterizzazione del sistema di resistenza all’arsenico del batterio 
Gram-negativo Thermus thermophilus HB27. TtArsM, una arsenito 
metiltransferasi SAM-dipendente, è stata identificata come nuovo 
membro di questo sistema di resistenza attraverso un approccio di 
pull-down utilizzando TtSmtB (il repressore trascrizionale del sistema) 
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come esca, mettendo in luce la loro interazione in vitro. Le interazioni 
proteina-proteina tra TtSmtB e TtArsM sono state confermate da 
esperimenti di co-immunoprecipitazione e saggi EMSA, evidenziando 
la formazione di complessi multimerici che potrebbero influire sul 
controllo trascrizionale o post-trascrizionale. Ulteriori analisi EMSA 
hanno suggerito un meccanismo regolatorio della trascrizione di 
TtArsM da parte di TtSmtB analogo a quello osservato per altri geni di 
resistenza all'arsenico già caratterizzati nello stesso microorganismo. 
Il ruolo di TtArsM nella resistenza all'arsenico è stato poi dimostrato in 
vivo in cellule di E. coli che esprimevano TtArsM in maniera 
ricombinante. L'enzima, che si contraddistingue per la presenza di 
una singola cisteina nella sua sequenza amminoacidica, mostra 
un'attività arsenito metiltransferasica specifica e produce come 
prodotti primari arsenico mono- e di-metilato. Analisi cromatografiche 
di esclusione molecolare hanno poi dimostrato come l’interazione di 
TtArsM con il substrato arsenito sia in grado di influenzarne la 
struttura quaternaria, da omodimero a monomero. Per valutare il ruolo 
di questo enzima in vivo è stata sviluppata una strategia di editing 
genomico con tecnologia CRISPR-Cas9 direttamente in T. 
thermophilus HB27. In questo modo sono stati prodotti tre ceppi 
mutanti; i) un ceppo knock-out per il gene TtarsM, ii) un ceppo knock-
out del gene TtarsX (il trasportatore di membrana del sistema di 
resistenza) al cui posto è stato inserito il gene codificante per la 
proteina fluorescente gialla termotollerante, sYFP, iii) un ceppo 
doppio knock-out per i geni TtarsM e TtarsX e knock-in per il gene 
syfp. Il ceppo ΔTtarsM-ΔTtarsX (syfp) si è rivelato il meno resistente 
agli ioni As(III) e As(V), ed in grado di emettere fluorescenza a basse 
concentrazioni di As(III) e As(V), confermando il suo notevole 
potenziale come whole-cell bioreporter. In conclusione, il lavoro 
fornisce dettagli sulle proprietà biochimiche di TtArsM, contribuendo 
alla comprensione del sistema di resistenza all'arsenico in T. 
thermophilus HB27 e fornendo uno strumento promettente da 
implementare per applicazioni nel biomonitoraggio di arsenico 
nell’ambiente. 
Nella sezione successiva di questa tesi (Capitolo 4), sono stati 
effettuati studi su Alicyclobacillus mali FL18, un batterio termo-
acidofilo Gram-positivo isolato a Pisciarelli, un’area idrotermale della 
Solfatara di Pozzuoli vicino Napoli (Italia) resistente ad alcuni metalli 
pesanti e a determinati antibiotici. Durante questo lavoro di tesi è stato 
indagato se questo batterio possedesse enzimi in grado di degradare 
materiali lignocellulosici. In particolare, l'analisi genomica di A. mali 
FL18 ha identificato 73 geni codificanti enzimi potenzialmente attivi sui 



 
 

3 
 

carboidrati (CAZymi), corrispondenti a circa il 2,5% del totale dei geni 
codificanti proteine. Le glicoside idrolasi (GH) costituiscono la famiglia 
più numerosa con 32 enzimi annotati, i quali appaiono 
prevalentemente coinvolti nella decomposizione di specifici 
componenti della lignocellulosa. In particolare, è stato caratterizzato 
un membro della famiglia 9 delle glicoside idrolasi (GH9), chiamato 
AmCel9, ed è stato messo in luce il suo ruolo significativo nel 
processo di idrolisi della cellulosa. In generale, i membri di questa 
famiglia presentano una struttura quaternaria altamente eterogenea, 
infatti, recenti analisi metagenomiche hanno rivelato 19 moduli diversi 
nelle GH9, caratteristica altamente correlata alla loro multifunzionalità. 
Nello specifico, l'analisi strutturale in silico dell'enzima AmCel9 ha 
mostrato la tipica triade catalitica della famiglia e un dominio Ig-like N-
terminale, comune anche nella struttura di altre GH9. AmCel9 
purificata (prodotta in modo ricombinante in cellule di E. coli) mostra 
una notevole resistenza ad un ampio spettro di valori di pH, 
differenziandosi significativamente da altri membri della famiglia GH9. 
Questo enzima, inoltre, presenta valori molto simili di attività specifica 
tra i 40 e i 70 °C e mantiene il 60% di attività a 50 °C fino a 16 ore.  In 
termini di specificità del substrato e proprietà catalitiche, AmCel9 è in 
grado di idrolizzare efficacemente la carbossilmetilcellulosa (CMC) e il 
lichenano con alti valori di kcat e di attività specifica. Questo enzima 
inoltre presenta una notevole attività su substrati di cellulosa 
insolubile, come Avicel PH101 e carta da filtro Whatman®, 
caratteristica non comunemente riscontrata in numerosi membri di 
questa famiglia enzimatica. Queste caratteristiche rendono AmCel9 
un biocatalizzatore multifunzionale molto promettente da testare per la 
degradazione di materiali lignocellulosici senza l'esecuzione di 
pretrattamenti dannosi per l'ambiente. 
Obscured due to 12-month embargo request. 
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SUMMARY 

This thesis, entitled "Extremophiles as microbial tools to face 
environmental problems associated with anthropogenic activities", 
aims to demonstrate the feasibility of sustainable solutions in 
biotechnology based on the use of extremophiles, with a particular 
focus on thermophiles and their enzymes. The study of these 
extraordinary microorganisms can provide new tools for many 
applications among which environmental issues and valorization of 
renewable resources. Chapter 2 offers a comprehensive overview of 
these microorganisms emphasizing their importance in various 
biotechnological fields. Their adaptability to thrive in pollutants and 
biomass wastes makes them ideal for environmental preservation, 
including heavy metal remediation and biomass valorization. The 
potential for engineering these microorganisms for improved 
performance is also discussed. 
Chapter 3 focuses on the identification of TtArsM, a SAM-dependent 
arsenite methyltransferase with a role in the arsenic resistance system 
of the Gram-negative bacterium Thermus thermophilus HB27. In vivo 
studies on enzyme function have been possible thanks to the set-up 
of CRISPR-Cas9 genome editing technology for T. thermophilus; the 
tool has also been used to develop a whole-cell arsenic bioreporter 
system. In the following section (Chapter 4) Alicyclobacillus mali 
FL18, a Gram-positive thermo-acidophilic bacterium, is examined with 
an emphasis on its capacity to produce lignocellulolytic enzymes. 
Genomic analysis reveals genes for 73 putative carbohydrate-active 
enzymes (CAZymes), including the multifunctional GH9 family 
member, AmCel9, exhibiting exceptional cellulolytic activity. In the 
second section of Chapter 4, the study delves into Geobacillus 
stearothermophilus GF16, a Gram-positive thermophilic bacterium, 
and the ability of its secretome to degrade lignocellulose. The 
bacterium, grown on minimal medium enriched with xylan, has 
significant xylanolytic activity. The secretome of G. stearothermophilus 
GF16 effectively hydrolyzes various agri-food residues, highlighting its 
potential for an eco-friendly lignocellulose degradation strategy. The 
concluding Chapter 5 focuses on three glucuronoyl esterases (GEs). 
These enzymes, belonging to CE15 family, have been characterised 
from the endophyte Dyadobacter fermentans NS114T and play a 
crucial role in cleaving ester bonds within lignin-carbohydrate 
complexes. Their diverse catalytic efficiencies and structural features 
have been explored, with the goal of deepening their potential for 
overcoming recalcitrance in lignocellulosic waste utilization.
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Chapter 1 – General introduction 
 
The Earth is in a biological and geochemical equilibrium where 
environmental resources and biosphere elements are replenished 
through large-scale biochemical cycles. Since the beginning of time, 
humans have modified the environment in which they live through 
agriculture, farming, urbanization, and the use of natural resources. 
However, since the Industrial Revolution in the 19th century, and 
especially in the last 30 years, advances in chemistry, agriculture, 
medicine, and massive industrial production have disturbed the 
ecological balance to an unprecedented degree [1]. Anthropogenic 
emission of CO2, depletion of non-renewable resources, production of 
non-recyclable wastes left in the environment and release of toxic 
compounds into groundwater are only some aspects of the failure of 
the current economic system [2]. 
In addition, the COVID-19 crisis has devastated economies and 
societies, reducing the likelihood of achieving adequate 
environmentally sustainable growth in line with the 2030 Agenda and 
the Paris Climate Agreement [3]. For this reason, an important goal for 
the scientific community is to find alternatives to classical industrial 
processes to face the depletion of non-renewable resources and 
environmental pollution. In fact, the sustainability of environmental 
resources is one of the fundamental points of the bioeconomy, which 
aims to reform current processes towards an environmentally friendly 
circular economy strategy [4]. 
 
Importance of extremophiles: focus on thermophilic features 
In the last decades, a good part of scientific research has been 
focused on the use of microbial enzymes and microbial metabolic 
pathways for the development of biomonitoring and bioremediation 
strategies to solve environmental problems and more recently for the 
enhancement of biorefineries designed to convert biomass into 
chemical compounds. Harsh conditions, which are not optimal for the 
growth of microorganisms and their enzymes, usually prevail in some 
steps of these industrial bioprocesses. From this perspective, 
microbes inhabiting habitats considered inhospitable from the human 
point of view have some advantages over their mesophilic 
counterparts [5]; in fact, many bacteria or archaea can tolerate 
extreme pH values, high or low temperatures, high concentrations of 
salts, toxic substances and/or heavy metals. These microorganisms, 
called extremophiles, are valuable sources of biomolecules and 
bioprocesses for many biotechnological applications in agriculture, 
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chemistry, biomedicine, etc [6]. Depending on the temperature range 
in which they grow, extremophiles can be classified as: psychrophiles 
(-15° to 20°C), mesophiles (20-45°C), thermophiles (45-80°C) and 
hyperthermophiles (≥80°C) [7]. They populate volcanic regions, hot 
springs, deep-sea hydrothermal vents, geothermal areas, but also 
compost piles and waste treatment plants [8]; studies on this group of 
microorganisms began in the 1960s with the isolation of Thermus 
aquaticus [9] and have been gradually intensified until today. 
Unique thermophilic features include smaller genome size, reverse 
gyrase for DNA protection, chaperones/chaperonins for 
macromolecular folding, and saturated fatty acids maintaining cell 
membrane rigidity at high temperature [10]. Due to the temperature 
range in which they work optimally, many industrial bioprocesses 
utilize these microbes for their numerous advantages over mesophilic 
counterparts, such as faster reaction rates, increased solubility of 
substrates, reduced viscosity, and elimination of microbial 
contamination [11]. They are also a source of heat-stable catalysts, 
called thermozymes, which can also show stability and activity under 
extreme conditions such as high pressure, salt presence, low pH, and 
stability in detergents and organic solvents [12]. However, although 
they are ideal platforms for expressing proteins/enzymes or metabolic 
pathways at high temperatures under harsh and toxic conditions, the 
practical use of thermophiles/hyperthermophiles could be hindered by 
difficulties in culturing and genome manipulation [13,14]. It is still 
needed to deepen the studies on these microorganisms to fully exploit 
their potential in various biotechnological fields. This was the premise 
of the work carried out in this thesis project. 
 
Heavy metals and bioreporter strategies 
Nowadays, the presence of high levels of heavy metals in the 
environment is a worldwide problem. In ecotoxicology, the term 
"heavy metals" refers to metals with relatively high densities, atomic 
weights, or atomic numbers that are toxic at low concentrations; they 
occur naturally in soils, rocks, sediments, air, and water, and many 
metals (iron, copper, manganese, and zinc) are essential for the 
metabolism of living species  [15,16]. Nonetheless, uncontrolled 
anthropic activities (mining, smelting, waste incineration, fossil fuel 
combustion, etc.) have severely altered the natural biogeochemical 
cycles of heavy metals, causing various types of consequences on the 
ecosystem, such as biodiversity imbalance, biomass reduction, 
modification of microbial community structure, and reduction of 
enzyme activity [17]. In fact, this type of contaminant cannot be 
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degraded and accumulates in the biota through bioaccumulation and 
biomagnification processes. Therefore, humans experience the 
highest potential impact because they are at the apex of the food 
chain, making them susceptible to long-term adverse health effects 
and clinical manifestations, the severity of which depends on the 
specific metal involved [18,19]. Five heavy metals elements [arsenic 
(As), cadmium (Cd), chromium (Cr), mercury (Hg), and lead (Pb)] 
exert toxic effects at very low concentrations and represent the most 
widespread heavy metals, called toxic heavy metals (THMs) [20]. 
Among them, arsenic (As) is one of the most toxic semi-metallic 
elements of global concern.  
Generally, traditional analytical methods for soil and water 
contaminant analysis, such as atomic absorption spectroscopy (AAS), 
gas chromatography-mass spectrometry (GC-MS), high performance 
liquid chromatography (HPLC), inductively coupled plasma-mass 
spectrometry (ICP-MS), and X-ray absorption spectroscopy have 
been used [21]. These traditional chemical approaches, however, are 
primarily used to assess the chemical availability of soil contaminants 
rather than their bioavailability [22]. In this context, the concept of 
chemical availability, does not consider critical aspects such as the 
uptake of contaminants by organisms, their subsequent accumulation 
in their tissues, and the resulting toxic effects. This limitation is in 
contrast with the broader concept of bioavailability, which embraces 
the dynamic and complex processes by which contaminants interact 
with the environment and the ecosystem [23]. The divergence 
between these concepts underscores the necessity for a more 
comprehensive understanding, prompting the exploration of biological 
approaches that address the interactive dynamics of contaminants 
within the environment and organisms. Hence, the use of bioreporters 
and biosensors, becomes essential. 
Engineered whole-cell bioreporters are microbial cells, genetically 
modified able to detect and signal the presence of specific 
contaminants. A whole-cell bioreporter typically consists of several 
key components that enable it to function as a biosensor for specific 
environmental stimuli; these components provide a rapid and sensitive 
tool of monitoring contaminants in environmental samples and include 
i) a Sensor Element, ii) a Genetic Logic Circuit, iii) a Reporter Gene, 
and iv) an Actuator (Figure 1) [24].  
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Figure 1. Whole-cell microbial bioreporter-based detection principle. Expression of 
the specific promoter and downstream reporter gene is activated or inhibited by the 
analyte [24]. 

 
This approach complements traditional chemical analysis to provide a 
more in-depth assessment of the impact of contaminants on the 
ecosystem and living organisms. For this reason, a deeper 
understanding of bacterial resistance pathways and mechanisms is 
critical to advancing the development and optimization of technologies 
for assessing the environmental risks associated with heavy metals 
soil and/or water contamination. 
 
Arsenic resistance in Thermus thermophilus HB27 
While several prokaryotes can use arsenic oxidation for energy, life 
could not have emerged without arsenic resistance systems, as the 
abundance of arsenic in the environment provided the intense 
selective pressure that was the driving force for the evolution of 
mechanisms related to arsenic detoxification and metabolism in 
Gram-positive and Gram-negative bacteria [25–27]. These 
mechanisms can classically include i) Arsenic Resistance (ars) 
System, responsible for the detoxification of inorganic arsenic and 
involving ars operons located in the chromosomes or plasmids of 
bacteria; ii) Arsenic Methylation and Related Pathways, organo-
arsenicals are detoxified by this pathway; iii) Arsenite Oxidation 
(aio/arx) and iv) Arsenate Reduction (arr) Systems which participate 
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in the energy-producing respiratory biotransformation between As(III) 
and As(V) [28,29]. 
The Gram-negative thermophilic microorganism Thermus 
thermophilus HB27 originally isolated from a natural thermal 
environment in Japan by Oshima and Kazutumo has a well-
characterized arsenic resistance system; it grows at temperatures 
ranging from 50 ° to 82 °C with an optimum of 70 °C and pH 7.0 [30], 
and it is resistant to arsenate and arsenite up to concentrations of 44 
mM and 40 mM. Its   arsenic resistance machinery is interspersed in 
the chromosome and is composed by an arsenate reductase (TtArsC) 
[31], an ATP-dependent membrane transporter (TtArsX) [32] and 
TtSmtB, a transcriptional regulator belonging to the ArsR/SmtB family 
(Figure 2) [33,34]. 

 
Figure 2. Scheme of arsenic resistance system in T. thermophilus HB27. (A) In the 
absence of arsenic, TtSmtB represses gene transcription, especially TtarsX 
(TT0354). (B) Upon arsenate entry, TtSmtB binds arsenic and represses itself and 

TtarsC expression, allowing arsenate to be converted to arsenite. (C) As arsenite 
accumulates, TtArsX is released and activated to expel arsenite. This process 
lowers intracellular arsenate, efficiently exports arsenite, and restores transcriptional 
repression [33]. 
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Detailed molecular studies of the arsenic resistance system have 
enabled the development of tools for the detection of heavy metals. In 
fact, innovative biosensors capable of detecting arsenic have been 
obtained either using the enzyme TtArsC absorbed onto stabilized 
gold nanoparticles or immobilizing on gold electrodes chimeric 
proteins derived from the genetic fusion of the thermophilic arsenate 
reductase with hydrophobin from Pleurotus ostreatus [35–37]. 
T. thermophilus HB27 possesses many different genes of 
biotechnological interest, such as proteases/peptidases, 
starch/oligosaccharide-hydrolysing enzymes or esterases [38]; it also 
represents a huge source of interesting thermostable and 
thermoactive enzymes that can be exploited in environmental 
bioremediation of persistent organic pollutants [39,40]. These features 
coupled with its great metabolic versatility, high growth rates, high 
biomass yields, and a constitutive very efficient natural competence 
apparatus for the introduction of heterologous DNA [41–43], make T. 
thermophilus HB27 a good model laboratory strain for the generation 
of engineered strains for industrial production of miscellaneous 
biomolecules and the development of whole-cell bioreporter system. 
 
Lignocellulosic materials - a renewable resource: intrinsic value and 
drawbacks 
As mentioned above, extremophilic microorganisms are of great 
interest in the field of biotechnology because of their potential 
applications in various industrial sectors, such as energy production 
and the production of biopolymers from renewable sources. Among 
renewable resources, lignocellulosic waste materials are of particular 
importance [44].  
These materials have enormous potential as a sustainable raw 
material, providing a valuable alternative to non-renewable and fossil 
resources. Indeed, lignocellulose is extremely abundant; it is 
estimated that approximately 181.5 billion tons of lignocellulosic waste 
is generated annually, and only 9% of biomass contributes to total 
energy supply, according to a recent report by the International 
Energy Agency (IEA) [44]. Various types of lignocellulosic wastes are 
generated from agricultural activities, including sources such as 
animal manure, post-harvest forestry residues, non-marketable 
products, low or unprocessed vegetable waste, and by-products from 
urban and industrial processing. These lignocellulosic materials can 
be used as feedstock for bioenergy production and to produce bio-
based chemicals, materials and polymers, supporting waste 
valorization and carbon sequestration to offset emissions to fossil 
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fuels use (Figure 3) [45]. The term lignocellulose refers to a highly 
heterogeneous biopolymer synthesized by plant cells, consisting 
mainly of cellulose, hemicellulose, and lignin, which are present in 
varying amounts and ratios, depending on the origin of the biomass. It 
also contains small amount of proteins, pectins and extractives 
(tannins, lipids, resins, steroids, terpenes, terpenoids, flavonoids, and 
phenolic compounds) [44]. 

 
Figure 3. Many value-added products derived from the major lignocellulosic 
components of common biomass sources [45,46]. 

 
The main obstacle to the full utilization of this sustainable resource is 
its recalcitrance, which refers to its resistance to degradation to 
smaller molecules to be further converted into biofuels or high-value 
chemicals. This recalcitrance is primarily due to the complex and 
tightly bound structure of lignocellulose, which is difficult to access, to 
separate and to break down into its components. Several factors 
contribute to the recalcitrance of lignocellulosic materials: i) its 
structural and chemical heterogeneity which depends on the vegetal 
source, and also poses challenges in the development of universal 
conversion processes; ii) the lignin content and structure, in fact lignin 
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is a complex and rigid polymer that acts as a barrier, coating cellulose 
and hemicellulose and making them scarcely accessible to enzymes 
or chemicals for degradation; iii) Lignin-Carbohydrate Complexes 
(LCCs), covalent bonds between lignin and carbohydrates, particularly 
hemicellulose, further impede the accessibility of cellulose to 
conversion processes; iv)  the crystalline structure of cellulose, which 
is very resistant to enzymatic or chemical degradation and requires 
additional pretreatments; v)  the great heterogeneity of hemicellulose, 
characterised by different linkages and substitutions, making it even 
more tricky than cellulose to degrade [44]. 
The integrated biorefinery concepts aims to the simultaneous 
valorization of a lignocellulosic biomass maximizing efficiency and 
minimizing waste to produce a diversified range of products such as 
biofuels, high-value chemicals and bioproducts. Such a sustainable 
process involves several critical steps.  
For example, physicochemical conversion processes, which include 
thermochemical methods such as pyrolysis and gasification, provide 
pathways for the production of biobased chemicals and syngas 
[45,46]. Biochemical conversion includes pre-treatment methods used 
to break down the complex lignocellulosic structure and improve the 
accessibility of cellulose and hemicellulose for further processing; pre-
treatments may involve physical, chemical, physicochemical, or 
biological methods  [47,48]. 
Subsequent enzymatic hydrolysis and fermentation strategies 
facilitate the conversion of these components into fermentable sugars, 
biofuels, and high-value chemicals. Meanwhile, lignin undergoes 
valorization processes that contribute to the production of other 
valuable chemicals and materials (Figure 3) [48,49]. 
To improve the efficiency of biofuel and high-value chemical 
production, novel advances in biotechnology, enzyme engineering, 
and process optimization are required, including ones that address the 
recalcitrance of lignocellulosic materials. 
 
Synergistic enzymatic systems for lignocellulose degradation and the 
advantages of thermophilic microorganisms 
The wide variety of lignocellulose components requires the synergistic 
action of many enzymes with multiple and different activities. In nature 
several enzymatic systems for lignocellulose degradation have been 
found, and the Carbohydrate-Active enZymes database (the CAZy 
database, http://www.cazy.org/) [50] provides a basic classification of 
these biocatalysts. Ligninolytic enzymes such as laccases, 
manganese-dependent peroxidases (MnP), lignin peroxidases (LiP), 

http://www.cazy.org/
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versatile peroxidases (VP) and aryl alcohol oxidases cause lignin 
modification and consumption. The hydrolytic enzymes responsible for 
holocellulose degradation are a group of enzymes generally referred 
to as cellulases and hemicellulases, but oxidative enzymatic system, 
esterases and pectinases are also involved. Cellulases break down 
cellulose, a major component of lignocellulose, into glucose and other 
simple sugars. Cellulases include endoglucanases, exoglucanases, 
and β-glucosidases. Hemicellulases, including xylanases, 
mannanases, and arabinofuranosidases, degrade hemicellulose [51].  
Lytic Polysaccharide Monooxygenases (LPMOs) are enzymes 
capable of oxidative cleavage of cellulose and other polysaccharides 
using oxygen or hydrogen peroxide as a co-substrate and a reducing 
agent as an electron donor. Esterases cleave ester bonds in 
lignocellulose, releasing acetic acid and other organic acids. 
Esterases are important for the efficient breakdown of hemicellulose 
and are a relatively new class of enzymes that have been shown to 
play a crucial role in lignocellulose degradation [52]. 
The degradation of lignocellulose presents challenges, including 
temperature and solvents requirements, and the production of 
inhibitors and toxic compounds. These factors can inhibit enzyme 
activity, reduce degradation efficiency, and pose risks to 
microorganisms’ viability necessary for the fermentation process. Also 
in this context, the use of thermophiles or thermophilic enzymes offers 
some advantages over other treatments, including higher efficiency, 
faster process, reduced inhibitory effects and great specificity [52,53].  
Thermophiles are also beneficial in the efficient breakdown of organic 
matter, as observed in composting processes, where they contribute 
to pathogen elimination and accelerated decomposition, due to the 
higher temperatures that can be used. These capabilities highlight the 
environmental benefits of using thermophiles and thermozymes in 
lignocellulosic degradation. Their ability to operate at elevated 
temperatures reduces the reliance on chemical treatments and harsh 
conditions, thereby mitigating negative environmental impacts [11,54]. 
Overall, the use of thermophilic microorganisms and their enzymes is 
an attractive choice for sustainable and environmentally friendly 
applications in lignocellulose degradation. 
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Aim of the work 
The overall aim of this project has been focused on the exploitation of 
extremophiles and their enzymes for the set-up of biomonitoring and 
lignocellulose valorization strategies. The first goal was to develop 
whole-cell arsenic bioreporters and the second one was to utilize new 
thermophilic strains and/or their carbohydrate-active enzymes for the 
processing of raw materials into high value-added products.  
 
In Chapter 2, the comprehensive Review Article documents updated 
literature regarding the peculiarities of extremophiles and their 
biocatalysts as well as main applications in biotechnology.   
 
In Chapter 3, the Paper 1 deepens the comprehension of the arsenic 
resistance mechanisms of T. thermophilus HB27 and describes a 
strategy that led to the identification of a novel member within this 
system. The extensive study of the molecular determinants that 
regulate the resistance mechanism along with the set-up of a novel 
CRISPR-Cas9 genome editing tool for the bacterium allowed the 
development of a whole-cell bioreporter strain able to detect 
micromolar concentrations of arsenic ions.  
 
The second objective of this thesis is described in the Chapter 4 and 
Chapter 5. One published paper and one manuscript in preparation 
examine the lignocellulose degradation activities of two recently 
identified strains and are included in Chapter 4: 

1. Insight into CAZymes of Alicyclobacillus mali FL18: 
Characterization of a New Multifunctional GH9 Enzyme (Paper 
2-I) 

2. Genomic mining of Geobacillus stearothermophilus GF16 for 
xylose production from hemicellulose-rich biomasses using 
secreted enzymes (Manuscript 2-II). 

 
The concluding Chapter 5 contains the submitted Paper 3 that is 
focused  on another under explored class of enzymes, the 
Glucuronoyl Esterases (GEs), considered extremely important to 
overcome the recalcitrance of lignocellulosic raw material; in 
particular, the work explores the structural-functional relationship in 
three different members of the CE15 family highlighting peculiarities of 
the active site, differences in substrate specificity and giving new 
insights in the relevance of this class for the degradation of 
lignocellulosic feedstocks . 
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Chapter 2 – Extremophiles, a Nifty Tool to face Environmental 
Pollution: From Exploitation of Metabolism to Genome 
Engineering 
 
Extremophilic microorganisms are a valuable reservoir of 
biomolecules naturally stable to harsh conditions that can be applied 
in various fields. Among them, thermophiles show significant potential 
for a wide range of industrial and environmental applications requiring 
high temperatures. 
 
The ability of these microorganisms to degrade waste biomasses and 
chemical contaminants represents a promising avenue for their 
employment in biocatalysis and biotransformation processes; in this 
sense they can contribute not only to environmental protection, but 
also to enhance the sustainable production of high-value 
biotechnological products. The increasing demand to improve the 
performance of these microorganisms has been the driving force to 
establish new genetic engineering tools. At the top of that CRISPR-
Cas technology, can significantly expand their applicability. 
 
This chapter summarizes the pros and cons in the exploration of 
biotechnological applications of thermophiles, by examining resistance 
mechanisms to pollutants and their role in bioremediation processes.  
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Chapter 3 – A Hyperthermoactive-Cas9 Editing Tool Reveals the 
Role of a Unique Arsenite Methyltransferase in the Arsenic 
Resistance System of Thermus thermophilus HB27 
 
This chapter focuses on understanding the role of TtArsM, a SAM-
dependent arsenite methyltransferase, in the arsenic resistance 
system of T. thermophilus HB27. TtArsM was identified by a pull-down 
proteomic approach and shown to be involved in arsenic 
detoxification. The research described in the paper had three main 
objectives: i) the functional characterization of TtArsM and its 
regulation, ii) the setup of a novel genetic system for T. thermophilus 
based on CRISPR-Cas9 technology iii) the development of a whole-
cell arsenic bioreporter using mutant strain of T. thermophilus.  
 
Biochemical studies revealed the unique catalytic mechanism of 
TtArsM and its specific activity in the methylation of arsenite. 
Regulatory studies elucidated the role of TtSmtB in TtArsM 
transcription and revealed protein-protein interactions that influence 
transcriptional or post-transcriptional control. 
A genome editing tool based on CRISPR-Cas9 technology was 
optimized at 65 °C in T. thermophilus HB27 and this method was used 
to confirm the in vivo role of TtArsM in arsenic tolerance.  
The use of the newly developed CRISPR-Cas9 genome editing tool 
allowed the generation of a double mutant strain expressing the 
thermostable yellow fluorescent protein (sYFP) with enhanced 
sensitivity to arsenic ions, demonstrating its potential as a highly 
responsive bioreporter. 
 
In conclusion, this work provides comprehensive insights into TtArsM, 
contributing to a deeper understanding of the arsenic resistance 
system in T. thermophilus HB27 and highlighting the powerful 
potential of genome editing in both basic and applied research. 
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Chapter 4 – Extremophiles as source of enzymatic systems for 
lignocellulose valorization 
 
This chapter reports the genomic analysis of two bacteria recently 
isolated from Pisciarelli, a volcanic hot spring located in the Area of 
Campi Flegrei (Pozzuoli, Italy), already characterised in terms of 
metals and antibiotics resistance. These analyses revealed the 
presence in both microbes of genes potentially encoding enzymes 
critical for the degradation of various components of lignocellulosic 
biomass. Therefore, this chapter is divided into two sections:  
 

• Paper 2-I: this study investigates the potential of 
Alicyclobacillus mali FL18 in biomass valorization. Genomic 
analysis revealed a significant presence of genes coding for 
carbohydrate-active enzyme, with GHs playing an important role. 
Exploring the GH9 family, the focus was on AmCel9, a protein that 
was purified from recombinant E. coli cells and showed impressive 
functional properties. AmCel9 exhibited broad pH tolerance, 
remarkable stability, and high activity under various conditions. Its 
efficient hydrolysis of cellulose-related substrates, including 
insoluble ones, positioned AmCel9 as a promising biocatalyst for 
industrial applications. 
 

• Manuscript 2-II (in preparation): this work focuses on the 

genomic annotation and evaluation of the potential of Geobacillus 
stearothermophilus GF16 in biomass valorization. The genome of 
this novel strain was analysed, highlighting 69 potential 
carbohydrate-active enzymes, in particular glycosyl transferases 
and glycoside hydrolases involved in xylan degradation. Indeed, the 
secretome of G. stearothermophilus GF16 grown on xylan as 
carbon source, was shown to be highly efficient in hydrolyzing 
synthetic and natural substrates, and various carbohydrate-rich 
biomasses, competing with the commercial enzyme Viscozyme® L. 
This ability to saccharify agri-food residues was also evaluated by 
HPAEC-PAD analyses, positioning G. stearothermophilus GF16 as 
a promising candidate for sustainable industrial applications in 
biomass hydrolysis with simultaneous production of xylose as 
valuable major product. 
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Chapter 5 - Insights into the CE15 enzymes from Dyadobacter 
fermentans suggest distinct functional roles (submitted) 
 
In this chapter the study focuses on enzymes active towards lignin-
carbohydrate complexes (LCCs) tightly associated through covalent 
bonds formed during lignification. The breakage of these bonds poses 
a challenge to the complete degradation of lignocellulose into valuable 
compounds. Cleavage of these bonds is a costly and important step in 
converting lignocellulosic materials into useful monosaccharides and 
oligosaccharides. Glucuronoyl esterases (GEs), enzymes of the 
carbohydrate esterase family 15 (CE15), are known to catalyze the 
breakdown of ester bonds between lignin and glucuronoxylan LCCs. 
 
Here, three CE15 enzymes from the bacterium Dyadobacter 
fermentans NS114T, which grows endophytically in maize, were 
studied. These enzymes, namely DfCE15A, -B, -C, exhibit different 
genomic associations and were investigated for their role in 
lignocellulose degradation. The study involved heterologous 
expression, purification, and testing of the enzymes on synthetic 
substrates. The enzymes showed a preference for ester substrates 
containing glucuronic acid. Structural and amino acid differences 
between the enzymes were investigated to understand their catalytic 
mechanisms. Mutagenesis studies revealed unique functionalities, 
especially in DfCE15A. 
 
The overall goal of this research is to contribute to the understanding 
of a relatively under-characterized enzyme family (CE15), which is 
critical for the development of technologies aimed at efficient 
utilization of lignocellulosic wastes. The study has implications for the 
advancement of lignocellulosic waste valorization technologies. 
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Concluding remarks 
 
This thesis explores the potential of extremophilic microorganisms, 
particularly thermophiles, in various industrial and environmental 
applications. By exploiting their unique enzymatic capabilities, these 
microorganisms offer promising approaches for biocatalysis, 
biotransformation and bioremediation. Key areas of focus include 
understanding resistance mechanisms to pollutants, such as arsenic, 
and investigating enzymes involved in lignocellulose degradation. 
This study investigates TtArsM, a methyltransferase involved in 
arsenic detoxification of T. thermophilus HB27 and elucidates its 
biochemical properties and regulatory mechanisms. Using CRISPR-
Cas9 technology, mutants of this bacterium confirm the TtArsM 
importance and allow the development of a whole-cell bioreporter for 
arsenic detection. In addition, functional annotations of the genomes 
of two bacteria, A. mali FL18 and G. stearothermophilus GF16, 
from extreme environments show potential for lignocellulose 
hydrolysis, offering sustainable solutions for biomass valorization. 
Finally, glucuronoyl esterases (GEs) from Dyadobacter fermentans 
NS114T are investigated for their role in the degradation of lignin-
carbohydrate complexes. Through biochemical and structural 
analyses, insights into substrate preferences and catalytic 
mechanisms are gained to advance lignocellulosic waste valorization 
efforts. 
In summary, this research sheds light on the diverse applications of 
extremophilic microorganisms and demonstrates their versatility in 
addressing environmental challenges and contributing to sustainable 
industrial processes. 
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