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“Nothing in life is to be feared, it is only to be understood. 
 Now is the time to understand more, so that we may fear less.” 
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RIASSUNTO 

 
Le bioraffinerie e i bioprodotti 
Le “bioraffinerie” identificano gli impianti industriali, che utilizzano matrici di origine 
biologica, per ottenere i classici prodotti petroliferi (combustibili, carburanti, lubrificanti, 
materiali plastici), con l’obiettivo di smaltire le eccedenze agricole e di ridurre al minimo 
l’inquinamento. Le bioconversioni sono realizzate utilizzando materie prime rinnovabili 
e non incidono, dunque, sul bilancio complessivo dei gas serra. A seconda della 
biomassa utilizzata, si possono identificare tre generazioni di bioraffinerie: la prima 
nella quale i prodotti provengono dalla filiera agricola convenzionale; la seconda 
utilizza scarti di origine agricola o forestale; la terza mira a valorizzare terreni marginali, 
come quelli non agricoli o marini. La produzione di bioprodotti o biocarburanti è 
generalmente conseguita attraverso il processo di fermentazione degli zuccheri 
ricavati dalla biomassa. Un esempio di grande impatto sulla società è stata la 
produzione di bioetanolo, che ancora oggi è largamente prodotto in Brasile, da 
biomasse di prima generazione (amido, mais). In questo caso, il livello di produzione 
non riesce a soddisfare la crescente domanda della società, riscontrando un elevato 
impatto etico. Inoltre, l’utilizzo di biomasse, destinate all’alimentazione, non fornisce 
un decremento delle emissioni dei gas serra, ma amplia il conflitto definito “food versus 
fuel”. Una valida alternativa è rappresentata dalle biomasse lignocellulosiche, uno 
scarto e nel contempo una fonte inesauribile di energia, in quanto sono prodotte in 
notevoli quantità (100 tonnellate per anno), tali da soddisfare il fabbisogno energetico 
mondiale. Questa biomassa è costituita da una struttura vegetale molto complessa, 
che non ne permette un suo diretto utilizzo nelle bioraffinerie. Le biomasse vegetali, 
infatti, sono caratterizzate da lignina, che serve a cementare le fibre vegetali, da 
emicellulosa, che costituisce le pareti delle cellule vegetali ed è connessa, attraverso 
legami ad idrogeno, alla cellulosa. Quest’ultima è una lunga catena di glucosio, che 
conferisce resistenza ed elasticità alle fibre vegetali. Al fine di utilizzare questa 
biomassa in scala industriale, il processo convenzionale ne prevede: il pretrattamento 
(fisico, chimico-fisico, biologico), l’idrolisi enzimatica e infine, la fermentazione. 
Durante il pretrattamento, il cui risultato è la destrutturazione a livello molecolare della 
biomassa, la lignina viene allontanata e l’emicellulosa e la cellulosa diventano 
accessibili agli enzimi. Quest’ultimi agiscono sui polisaccaridi liberando zuccheri 
semplici, utilizzati successivamente dai microrganismi in metabolismo fermentativo, 
per la produzione di nuovi bioprodotti (es. etanolo, lattato, succinato).  

 
Scoperta di nuove GH termofile  
I costi di produzione degli enzimi impiegati nella saccarificazione della cellulosa e 
dell’emicellulosa sono i maggiori fattori che incidono negativamente sul processo di 
bioconversione della biomassa lignocellulosica. Gli enzimi che degradano la cellulosa, 
sono definiti “cellulasi”, appartengono alla famiglia delle glicosil idrolasi (GH) e 
catalizzano l'idrolisi dei legami β-1,4-D-glicosidici. Le cellulasi sono enzimi diffusi dal 
mondo animale a quello vegetale, fino ai funghi, batteri e protozoi, differendo per 
struttura e meccanismo di reazione. In base alla reazione catalizzata, si distinguono 
tre classi: endocellulasi, esocellulasi e cellobiasi.  
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  L’emicellulosa, invece, essendo un eteropolisaccaride con una struttura 
ramificata e non fibrosa, è costituita da una catena principale i cui monomeri sono 
zuccheri esosi (glucosio, mannosio e galattosio) e pentosi (arabinosio e xilosio), 
policondensati mediante legami β-1,4. L’emicellulosa, così come le emicellulasi, sono 
classificate in base alle tipologie di zuccheri. In natura, tra le più diffuse nelle pareti 
cellulari vegetali, troviamo gli xilani, i mannani, gli arabani e i galattani, rispettivamente 
idrolizzati da xilanasi (EC:3.2.1.8.), mannanasi (EC:3.2.1.78), arabinasi (EC:3.2.1.99.) 
e galattosidasi (EC:3.2.1.22.).  
 

• Thermus thermophilus: una fonte di termozimi con applicazioni 
biotecnologiche 

I microrganismi termofili sono stati estensivamente studiati negli ultimi anni come una 
ricca fonte di enzimi ad elevato impatto biotecnologico. In particolare, il genere 
Thermus è considerato non solo una fonte di enzimi, ma anche una “cell factory” per 
la capacità di over-esprimere proteine ricombinanti. In questo progetto di dottorato è 
stata effettuata l’espressione omologa e la caratterizzazione di un’α-galattosidasi da 
Thermus thermphilus HB27, appartenente alla famiglia delle GH36. L'α-galattosidasi 
(α-D-galattopirinoside galattoidrolasi; EC: 3.2.1.22) è una glicosidasi ubiquitaria, 
prodotta in piante, animali e microrganismi, in grado di idrolizzare α-D-galattosidi sia 
semplici, che complessi. In generale, le α-galattosidasi hanno un vasto potenziale 
applicativo nelle biotecnologie, dalla degradazione del raffinosio della canna da 
zucchero, al trattamento della malattia di Fabry.  

Analisi bioinformatiche preliminari sono state effettuate sul gene TTP0072, 
localizzato sul megaplasmide pTT27, presente nelle cellule di Thermus thermophilus 
HB27. Attraverso allineamenti multipli, utilizzando la predizione di sequenza 
amminoacidica, è stato possibile mettere in evidenza la sequenza consenso e 
particolari residui catalitici, noti già per altre α-galattosidasi. Il gene è stato clonato in 
due vettori pET30 per l’espressione in E. coli e pMKE2 per l’espressione omologa nel 
ceppo T. thermophilus::nar. In entrambi i casi, la strategia di clonaggio ha previsto 
l’aggiunta alla proteina ricombinante di un tag di istidine, per facilitarne la purificazione 
con una cromatografia di affinità. Alla fine del processo di purificazione, la differenza 
cruciale è stata la quantità di enzima ottenuto dalle due fonti, in quanto nell’ospite 
mesofilo, la resa della proteina prodotta è stata 0.5 mg/L; differentemente nell’ospite 
termofilo il livello di espressione raggiunto è stato di dieci volte maggiore (5.0 mg/L). 
Date le differenze di resa, è stata condotta la caratterizzazione dell’α-galattosidasi 
prodotta nell’ospite omologo T. thermophilus, TtGalA. In seguito alla purificazione, per 
verificare l’identità e lo stato di purezza della proteina, è stata effettuata un’analisi 
attraverso spettrometria di massa, che ha confermato la massa molecolare del 
monomero di 55.8 kDa. Ulteriori analisi sono state effettuate per determinare la 
struttura quaternaria, in particolare è stata eseguita una cromatografia ad esclusione 
molecolare, accoppiata alla tecnica di light scattering-QELS, da cui si è evidenziato 
che la proteina è esamerica ed ha un peso molecolare di circa 320 kDa. Per valutare 
l’attività enzimatica di TtGalA è stato effettuato un saggio qualitativo mediante 
zimografia e successivamente, l’enzima è stato caratterizzato per stabilire la specificità 
di substrato e le costanti cinetiche. In particolare, per effettuare saggi di attività 
catalitica a diverse temperature e pH è stato utilizzato il substrato sintentico il pNPG-
α-D-galattopiranoside. L’enzima ricombinante ha mostrato avere un’attività ottimale a 
90°C e pH 6, mantenendo oltre il 40% di attività relativa in un intervallo di pH tra 5.0 e 
8.0 e più del 90% dopo 30 ore a 70°C. In questo contesto, TtGalA si è dimostrata 



3 

essere una delle più termoattive e termostabili α-galattosidasi studiate, con un elevato 
potenziale nel processo di idrolisi della biomassa lignocellulosica. 

 
 

• Studio dell’azione sinergica di un’α-galattosidasi e b-mannanasi termofila  
Un punto cruciale nelle bioraffinerie è la saccarificazione delle cellulose ed 
emicellulose, con il conseguente incremento del contenuto degli zuccheri fermentabili. 
In particolare, per effettuare la completa idrolisi della frazione emicellulosica, è 
richiesta l’azione di molteplici enzimi.  
  Un esempio sono i mannani, una classe di emicellulose, classificati in quattro 
sottofamiglie a seconda della loro composizione: mannani lineari, glucomannani, 
galattomannani e galattoglucomannani. Per la loro completa idrolisi è richiesta la 
cooperazione di diversi enzimi: α-galattosidasisi (EC 3.2.1.21), β-mannanasi (EC 
3.2.1.78), β-mannosidasi (EC 3.2.1.25) e β-glucosidasi (EC 3.2.1.21). Diversamente 
dalla cellulosa, dove la cooperazione tra enzimi avviene sulla catena lineare, per le 
emicellulasi esistono tre differenti classi di sinergia tra enzimi, che idrolizzano la catena 
lineare e/o le ramificazioni (omosinergia, eterosinergia e antisinergia). Il progetto di 
dottorato si è focalizzato sullo studio dell’eterosinergia tra due enzimi termofili, l’α-
galattosidasi TtGalA (descritta in precedenza) e DturCelB una β-mannanasi da 
Dictyoglomus turgidum, precedentemente caratterizzata nel nostro gruppo di ricerca. 
Al fine di stabilire se fosse presente sinergia tra i due enzimi, sono stati utilizzati come 
substrati, tre galattomannani con differenti rapporti in galattosio-mannosio: i semi di 
carrube (1:4), il carrubo (1:3.5) e la gomma di guar (1:2). Analisi preliminari sono state 
eseguite testando i due enzimi singolarmente sui substrati polimerici, da cui si è evinto 
che TtGalA mostra un’attività idrolitica simile ad altre α-galattosidasi note in letteratura, 
mentre DturCelB, invece, esibisce un’elevata attività su carrubo e semi di carrube, 
rispetto all’attività su gomma di guar. Quest’ultimo, a causa dell’elevata concentrazione 
di galattosi nelle catene laterali, influenza negativamente l’attività enzimatica. Per 
stabilire l’eterosinergia nell’idrolisi dei galattomannani, i due enzimi termofili sono stati 
incubati a 80°C per 30 minuti. I risultati ottenuti, hanno evidenziato che i due enzimi 
lavorano cooperativamente su tutti i substrati testati ed in particolare, il maggior grado 
di sinergia (1.8) è stato ottenuto su semi di carrube, utilizzando nella miscela di saggio 
il 75% di TtGalA e il 25% di DturCelB. Inoltre, è stato dimostrato attraverso i saggi 
sequenziali, che TtGalA agisce come primo enzima, rimuovendo l’ingombro sterico dei 
galattosi e favorendo l’idrolisi di DturCelB sulla catena lineare. Dai risultati ottenuti, si 
può ipotizzare che i due enzimi termofili, TtGalA e DturCelB, possono essere dei 
canditati per lo sviluppo di cocktail enzimatici da utilizzare durante il pretrattamento o 
nella fase di raffreddamento del processo, favorendo la riduzione del costo di 
saccarificazione. 

 
• Protocollo di induzione UV per la produzione di particelle virali del virus 

Sulfolobus spindle-shaped virus 1 
 Le condizioni di temperatura e pH tipiche dei processi industriali, influenzano 
negativamente la stabilità della struttura proteica degli enzimi e quindi la loro attività 
catalitica. Una delle strategie utilizzate per superare questa criticità è 
l’immobilizzazione enzimatica su supporti inerti insolubili. Per questo motivo in questo 
progetto di dottorato, un altro aspetto preso in esame è stato la messa a punto di un 
protocollo per l’induzione di particelle virali archeali (VPs) del virus SSV1, come 
supporto per l’immobilizzazione degli enzimi termofili. 
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Il fusellovirus SSV1 è uno dei primi virus archaeali ad essere stato isolato ed è 
considerato un modello per lo studio dell’interazione virus-ospite. Oltre ad infettare il 
suo ospite naturale, Sulfolobus shibatae (B12), SSV1 è in grado di proliferare anche 
in cellule di Sulfolobus solfataricus. La caratteristica peculiare di questo fusellovirus è 
l’inducibilità della sua trascrizione e replicazione, in seguito ad esposizione a 
radiazione UV, con la conseguente produzione di particelle virali rilasciate nel mezzo 
di coltura senza lisare le cellule ospiti. Nel corso di questo dottorato è stato messo a 
punto un protocollo d’irradiazione, che inducesse opportunamente il virus, ma che al 
contempo salvaguardasse il più possibile la vitalità delle cellule ospiti. Una prima 
analisi è stata condotta sull’effetto dell’irradiazione sulla replicazione virale, in 
particolare, saggi mediante PCR semi-quantitativa e digestione enzimatica hanno 
evidenziato che la quantità di DNA virale incrementa maggiormente in cellule trattate 
con 45 J∙m-2 (0.5 J∙m-2∙s-1), rispetto a colture trattate con altre dosi. Inoltre, è stato 
osservato un elevato numero di particelle virale rilasciate nel mezzo di coltura dopo 
circa 24 ore dal trattamento (circa 5 ∙ 109 PFU/ml). La vitalità delle cellule ospiti è stata 
dimostrata diminuire all’aumentare della dose totale e dell’energia d’irradiazione, 
utilizzata per trattare le cellule. Questo ha permesso di confermare, come buon 
compromesso, una dose totale di 45 J∙m-2 fornita utilizzando un’energia d’irradiazione 
di 0.5 J∙m-2 al secondo; infatti, questa dose determina una sopravvivenza cellulare del 
37%. Una volta stabilita l’adeguata dose ed energia per l’irradiazione, è stata effettuata 
un’analisi nel tempo, per valutare dopo quante ore dal trattamento fosse sbloccata la 
replicazione di SSV1. A tal scopo, esperimenti di PCR semi-quantitativa sono stati 
allestiti, per stimare le variazioni della quantità di DNA virale nel tempo, dimostrando 
che poche ore dopo il trattamento (2-4 ore) si verifica uno sblocco della replicazione 
virale, con un accumulo di DNA dopo circa 8 ore dal trattamento. Inoltre, il successivo 
decremento (10-24 ore) potrebbe essere spiegato dall’estrusione delle particelle virali, 
da parte delle cellule infettate (SSV1-InF1), nel mezzo di coltura. Questi esperimenti 
dimostrano la possibilità di poter indurre la produzione di VPs, al fine di purificarle dal 
mezzo di coltura e utilizzarle per l’immobilizzazione degli enzimi termofili. 
 
 
Isolamento di nuovi ceppi di microrganismi termofili e cellulolitici  
Una delle principali strategie adottate per la ricerca di nuovi enzimi, da impiegare nel 
processo di saccarificazione, è l’isolamento di microrganismi in grado di crescere e 
idrolizzare i polisaccaridi presenti nelle biomasse lignocellulosiche. Una preziosa fonte 
di microrganismi e biocatalizzatori sono gli ambienti nei quali i microrganismi si sono 
evoluti sotto pressione selettiva. In studio è stata effettuata la selezione per la ricerca 
di nuovi ceppi cellulolitici e termofili, per consentire l’identificazione e la 
caratterizzazione di nuovi enzimi con caratteristiche idonee al processo di idrolisi 
industriale, quali: alte temperature, pH acidi ed elevata efficienza catalitica.  
 

• Bacillus coagulans MA-13: un ceppo termofilo e cellulolitico per la 
produzione di acido lattico  

In natura, la degradazione della biomassa lignocellulosica richiede complessi processi, 
che includono la presenza di microrganismi decompositori. Per cui una delle riserve 
più ricche di nuove specie cellulolitiche sono proprio i residui agricoli e forestali; in 
particolare in questa tesi di dottorato sono stati utilizzati come fonte per l’isolamento di 
microrganismi termofili e cellulitici, gli scarti di lavorazione dei fagioli. Dopo diversi 
passaggi di screening, selezione ad elevate temperature (60°C) e utilizzando come 
unica fonte di carbonio la carta da filtro o la carbossi-metil-cellulosa (CMC), è stato 
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isolato il microrganismo Bacillus coagulans MA-13. Questo batterio è stato selezionato 
per la sua abilità nell’utilizzare substrati complessi ad una temperatura ottimale di 
crescita di 55°C. Partendo dal presupposto che diverse specie di Bacillus sono in 
grado di secernere enzimi idrolitici e che B. coagulans è in grado di metabolizzare 
substrati complessi, il surnatante ottenuto dalla crescita è stato testato per individuare 
la presenza di attività cellulasica, mediante saggi enzimatici su piastra.  
  B. coagulans è anche noto per essere un organismo modello usato per la 
produzione di acido lattico da biomassa lignocellulosica. Per questo motivo, il nuovo 
ceppo isolato MA-13 è stato testato per la sua abilità fermentativa utilizzando zuccheri 
sintetici, esosi e pentosi, presenti nella frazione cellulosica ed emicellulosica. Inoltre, 
B. coagulans MA-13, è stato cresciuto anche utilizzando come fonte di carbonio la 
melassa, che costituisce un esempio di materia prima grezza ottenuta per 
concentrazione delle acque madri, ottenute dalla fase di estrazione del saccarosio. 
Questa è largamente impiegata su scala industriale come fonte di carbonio, in 
numerosi processi microbiologici e nell’alimentazione animale.    
  Un’altra caratteristica indispensabile nei microrganismi adibiti alla produzione di 
biocarburanti e bioprodotti è la tolleranza verso gli inibitori rilasciati durante il 
pretrattamento della biomassa. Per questo motivo, B. coagulans MA-13 è stato 
cresciuto in presenza della frazione liquida ottenuta dopo il pretrattamento acido della 
paglia di grano. Questa frazione, definita idrolizzato, contiene furfurali, 
idrossimetilfurfurali e acido acetico, composti altamente tossici per la vitalità cellulare. 
Questi esperimenti hanno dimostrato che: i) il ceppo è resistente ad elevate 
concentrazioni di idrolisato, ii) la produttività specifica di acido lattico aumenta e iii) le 
rese di acido lattico restano invariate, all’aumentare della concentrazione dell’idrolisato 
nel mezzo di coltura. L’unico parametro influenzato negativamente dalla presenza 
degli inibitori è la lunghezza del processo fermentativo, che aumenta 
significativamente da 18 ore a 48 ore, quando è presente il 95% di idrolisato nel terreno 
di crescita. Questi risultati, supportano l’ipotesi che il ceppo MA-13 possa essere 
impiegato nel processo di produzione di acido lattico, utilizzando come fonte di 
carbonio uno scarto industriale (la melassa) e riducendo al minimo l’apporto di acqua 
all’interno del processo, poiché sostituita nella sulla totalità dall’idrolisato, ottenuto 
dopo il processo di pretrattamento.  
 

• Bacillus coagulans MA-13: produzione di acido lattico da scarti agricoli e 
forestali 

Le bioplastiche sono bioprodotti non derivanti dalla raffinazione del petrolio, con la 
caratteristica di essere biodegradabili o biocompostabili. L’acido lattico è un precursore 
delle bioplastiche ed esiste in due forme enantiomeriche (L- e D-), ma soltanto 
dall'isomero otticamente attivo (L-) è possibile ottenere il polimero cristallino dell’acido 
polilattico. Dato che il processo biologico utilizzato per ottenere l'isoforma L- è la 
fermentazione lattica, in questo progetto il ceppo MA-13 è stato testato per la 
produzione di acido lattico in configurazione SSF (simultanea idrolisi e fermentazione) 
utilizzando come biomassa la paglia di grano pretrattata con idrolisi acida, ad elevate 
temperature e pressione. La biomassa è stata ottenuta dal “SP Biorefinery Demo Plant 
di Örnsköldsvik” (Svezia) e il processo è stato ottimizzato, presso la Chalmers 
University, sotto la direzione del Prof. Carl Johan Franzén. In questo caso MA-13 è 
stato propagato in anaerobiosi, ad un pH di 5.5 e una temperatura di 55°C, condizioni 
ottimali sia per la catalisi enzimatica, che per la crescita e fermentazione del batterio. 
La particolarità di questo processo è l’aggiunta di una fase di adattamento, in cui le 
cellule in seguito utilizzate per la fermentazione, sono state propagate in condizioni 
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controllate in assenza o in presenza di idrolisato (0%-30%-40%-50%), per indagare 
sulla possibilità di favorire una pressione selettiva verso gli inibitori e migliorare le rese 
dell’intero processo.    
  Le cellule sono state cresciute fino alla fase stazionaria precoce (circa 18-20 
ore) e raccolte per effettuare l’SSF, utilizzando in un apposito bioreattore per favorire 
l’agitazione del terreno di coltura contenete la biomassa pretrattata solida. Dai prelievi 
effettuati, ogni tre ore, sono state condotte analisi mediante HPLC, al fine di 
quantificare la produzione di acido lattico e monitorare, attraverso la conta cellulare 
(CFU: unità formanti colonie), la vitalità delle cellule. Dai risultati ottenuti, la resa di 
acido lattico è la stessa in tutte le condizioni testate, ma nel caso in cui le cellule sono 
state cresciute in presenza del 30% di idrolizzato, il processo dura 12 ore (invece di 
30 ore), con un incremento della produttività massima (2.1 g/L/h), rispetto alle cellule 
non sottoposte al processo di adattamento. Dai dati ottenuti, il ceppo MA-13, durante 
la propagazione in presenza di idrolizzato, risulta essere adattato fisiologicamente agli 
inibitori, poiché è influenzata positivamente sia la velocità del processo di 
fermentazione, che la produttività di acido lattico. In conclusione, B. coagulans MA-13 
è un candidato promettente, per la produzione di acido lattico da biomasse 
lignocellulosiche. 

I risultati ottenuti, durante questo progetto di dottorato, dimostrano la 
potenzialità di enzimi e microrganismi termofili, da utilizzare come nuovi biocalizzatori 
nell’idrolisi di biomasse lignocellulosiche e nella produzione di materiali ad elevato 
valore aggiunto.  
 
 



 

 

 

 
 



 

 
  



7 

 

ABSTRACT 
 
Feedstocks of lignocellulosic biomass represent a widely available and cheap organic 
material for the production of value added-products. In this context, thermophilic 
microorganisms are promising candidates both for the production of thermostable 
variants of carbohydrate-degrading enzymes, as well as for their own ability to thrive 
under harsh bioprocessing conditions.  

The first part of this PhD-thesis was focused on the characterization of new 
hemicellulolytic enzymes (TtGalA and DturCelB) from thermophilic source. TtGalA, a 
thermoactive and thermostable α-galactosidase from Thermus thermophilus HB27 
was expressed in the native host, displaying an optimal hydrolytic activity at 90° C and 
pH 6.0 and long-term retained activity (30 hours) at 70°C. DturCelB is a b-mannanase 
from Dictyoglomus turgidum characterized in our research group exhibiting optimal 
catalytic activity at 70°C and pH 5.4. The heterosynergystic functional association 
between TtGalA and DturCelB was assayed on galactomannan polysaccharides in 
simultaneous and sequential assays. Our data showed that the two recombinant 
enzymes were able to work in synergy on all substrates tested, with TtGalA acting as 
first to remove galactose residues and therefore, exposing cleavage sites to DturCelB 
hydrolysis, thus increasing the degradation efficiency of complex substrates.  

Enzymatic immobilization techniques are suitable for enzyme recovery and 
recirculation. Several such techniques and support materials have been previously 
proposed, nevertheless the employment of viral particles has not been widely exploited 
so far. Because of our longstanding experience with archaeal thermophilic viral 
particles from Fuselloviridae, we aim at using them as self-assembling support to 
immobilize thermophilic carbohydrate-active enzymes. For this purpose, an UV 
induction protocol was successfully set up for the overproduction of thermophilic SSV1 
virus particles.  
 The second section of this thesis was addressed to the discovery and 
characterization of a new thermophilic strain (MA-13) of Bacillus coagulans. This 
microorganism was isolated from canned beans manufacturing residues for its ability 
to grow at 55°C, using carboxymethyl-cellulose and filter paper, as carbon sources. 
Noteworthy, MA-13 was tested for its ability to secrete soluble endo-1,4-β- glucanase 
enzymes into the culture supernatant. Moreover, it turned to be an efficient lactic acid 
producer on hydrolysate derived from the pre-treatment of wheat straw by acid-
catalyzed hydrolysis and steam explosion. MA-13 was also used to set up the 
production of lactic acid from renewable lignocellulosic biomasses in SSF 
configuration.  
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INTRODUCTION 
 

1. 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) extremophiles (above 70°C). From 
biological point of view, the study of these microbes, has an important implication in 
regard to evolution, for the diversity in their microbial metabolisms and prokaryotic 
ecosystems [1]. On the other hand, the impact of biotechnology on our lives is 
inescapable and in addiction the comparison between the natural habitats of 
thermophiles and the typical industrial cultivations reveals both the advantages and 
the limits of these microorganisms [2]. Today the use of microorganisms has 
become so prevalent in biotechnology applications, thus rendering their discovery and 
the genetically modification rights underpin our economy.  

In this thesis, the attention was pointed on thermo- and extremophilic 
microorganisms, for their industrial applications. 
 

2. Thermophilic enzymes  
Life at high growth temperatures requires cell components stable and biologically 
active at these extreme temperatures [3]. Although several thermophilic proteins 
exhibit high thermostability and high temperature optimum, it is still not well understood 
as to how the proteins from these hyperthermophiles are protected against damage at 
temperatures, which are detrimental for mesophilic proteins. Although many studies 
attempted to identify “universal” factors imparting thermostability, protein 
thermostability is indeed a complex property controlled by several features which may 
be working additively. Among these sequence-level factors (specific amino acid like 
Arg and Glu being significantly represented in thermophiles) and structure-level factors 
(energy of unfolding, number of Van der Waals contacts per residue, number of resides 
involved in secondary structure) are the most common [4]. 

Recently another area of interest, that is receiving considerable attention, is the 
efficient conversion of feedstock into fermentable sugars, through mechanical, 
chemical and biocatalytic treatments of the raw materials. Thermophilic and 
thermostable enzymes offer robust catalyst alternative to the mesophilic counterpart, 
since they can withstand the harsh physical and chemical conditions typical of 
industrial processes [5, 6]. 
 

2.1 Glycosidases 
In nature, two main classes of biocatalysts are involved in the carbohydrates 
modifications: Glycosyltransferases (GTs) and Glycoside Hydrolases (GHs). In 
biological systems, they are responsible for the synthesis and the hydrolysis of the 
sugars, respectively. These enzymes are classified in families in a database named 
CAZy (http://www.cazy.org) on the basis of their aminoacidic sequence [7]. GTs 
catalyze the formation of the glycosidic bonds, transferring the sugar moieties from the 
activated donator to specific acceptor molecules. These families are organized on the 
basis of their substrate specificity and either in dependence of retaining or inverting 
mechanism, according to the stereochemistry of the substrates and reaction products. 
GHs (also named Glycosidases) are a widespread group of enzymes that hydrolyze 
the glycosidic bond between a carbohydrate and another moiety and are categorized 
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into over 100 families. These families of enzymes are distinguished in exo- or endo-
glycosidase depending on position of the substrate, respectively [8]. Generally, the 
hydrolysis involves only two amino acids, a proton donator and a nucleophile base, 
producing a retention or inversion of anomeric configuration of the glycosidic substrate. 
Therefore, GH are also classified according to the inverting or retaining mechanisms.  
  Commonly, thermophilic GHs are used for the hydrolysis of lignocellulosic 
biomasses. In biorefinery, this process named “saccharification” is employed to 
produce sugars that can be converted through fermentation into value added product. 
Since these bioprocesses require high temperature, extreme pH and pressure, 
thermostable and thermoactive enzymes are particularly suitable for this purpose [5]. 
Furthermore, the thermostable enzymes features may improve the global yield of the 
process providing additional advantages, as: (1) better enzyme penetration, (2) cell 
wall disorganization of the raw materials, (3) increase of the substrate solubility and (4) 
reduction of contamination [5].    
  Currently, several α-amylase from Bacillus acidicola [9], glucoamylases from 
Picrophilus [10], and a-pullulanase from Thermococcus kodakarensis  [11] are used in 
starch-hydrolysis to replace their mesophilic counterparts.  

 
2.2 GHs involved in lignocellulose hydrolysis 

Lignocellulose is the product of the carbon fixation during the photosynthesis of the 
land plants [12]. During the life of the plants, its rule is to provide the structural integrity 
to withstand the herbivores and pathogens attacks. In detrital food webs, saprophytes 
and detritivores are involved in the natural decomposition of lignocellulosic-biomass 
[13]. Since this kind of biomass is generated in large quantities every-day, it could be 
advantages to exploit it in biorefinery applications. However, lignocellulose is a 
complex matrix constituted of hemicellulose, which is coated the cellulose by 
microfibrils. Moreover, polysaccharide components are encapsulated by lignin, rending 
lignocellulose recalcitrant to enzymatic digestion [13]. In industrial processes, a 
chemical and physical pretreatment is employed to disarray the lignin. The resulting 
polysaccharides are hydrolyzed by the enzymatic mixture based on (hemi)cellulases 
and auxiliary enzymes needed to obtain an effective saccharification [14]. GHs are the 
primary enzymes that cleave glycosidic linkages present in cellulose and hemicellulose 
(Fig. 1)[15].   
 

2.2.1 Cellulose conversion by cellulases  
Cellulose is a homo-polysaccharide composed of β-D-glucopyranose units linked 
together by (1-4)-glycosidic bonds. The cellulose molecules are linear and its length 
depends on the type of plants of origin. Glucose anhydride, which is formed via the 
removal of water from each glucose, is polymerized into long cellulose chains that 
contain 5,000-10,000 glucose units. The basic repeating unit of the cellulose polymer 
consists of two glucose anhydride units, called a cellobiose units [12]. Cellulose 
fraction is hydrolyzed by the synergistic action of multiple GHs, acting on internal bonds 
(e.g., endocellulase: EC 3.2.1.4), extremities (e.g., exocellulase EC 3.2.1.91), and 
intermediate degradation products (e.g., β-glucosidase: EC 3.2.1.21). To achieve the 
complete degradation of the polysaccharide, the cellulolytic bacteria have developed 
during the evolution, several strategies to produce: i) individual enzymes with 
accessory proteins (i.e carbohydrate-binding modules (CBM)), ii) complex of proteins 
with multiple GH domains [16] and iii) cellulosomes, a multi-enzyme machines 
produced by many cellulolytic microorganisms (Fig. 1A) [16]. 
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2.2.2 Hemicellulose conversions by hemicellulase  

The second most abundant biopolymer on earth is hemicellulose. Unlike cellulose, 
hemicellulose is a branched polysaccharide consisting in shorter chains of 500–3,000 
sugar units [17]. Hemicelluloses include pentoses (xylose and arabinose), hexoses 
(glucose, galactose, mannose) and also sugars in their acidified form (glucuronic 
acid and galacturonic acid) can be present. Among these, mannans comprise linear or 
branched polymers derived from sugars such as D-mannose, D-galactose and D-
glucose [18]. Moreover, they represent the major source of secondary cell wall found 
in conifers (softwood) and leguminosae. In particular, mannans are classified based 
on their sugar composition in: i.e. mannans, glucomannans, galactomannans and 
galactoglucomannans. To achieve the complete degradation of galactoglucomannans, 
the most complex mannans subfamily, different hydrolytic enzymes such as β-
glucosidase (EC 3.2.1.21), endo-mannanase (EC 3.2.1.78), mannosidase (EC 
3.2.1.25) and α-galactosidase (EC 3.2.1.22) are needed (Fig. 1B) [19]. 
 

 
 
Figure 1. Graphical representation of cellulose and hemicellulose degradation [15].  
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2.3 Discovery of new thermophilic GHs  

Industrial biotechnology research has been addressed into the discovery of ecofriendly 
lignocellulose hydrolytic enzymes able to withstand pH, temperature and inhibitory 
compounds typical of the industrial conditions [20]. The isolation and identification of 
lignocellulose degrading-microorganisms from natural habitats, together with genomic 
and metagenomic studies allow the exploitation of a rich reservoir of enzymes with 
novel activities and/or functional and structural features. High stability and efficient 
activity over a wide range of temperatures, making them interesting for industrial 
processes. The main issue for the utilization of thermophilic enzymes, is their market 
production in large scale. For long time, Escherichia coli has been employed to 
produce thermophilic recombinant enzymes, but in some cases their expression level 
can be low to achieve amount necessary for industrial scale [20]. For this reason, 
different genetic systems for both archaeal and bacterial thermophilic microorganisms 
have been developed. However, the amount of the recombinant proteins is in general 
lower than that obtained through conventional mesophilic expression systems [21]. 
 

2.3.1 Thermus thermophilus HB27 as source of thermozymes 
Thermus thermophilus HB27, a microorganism with high biotechnological potential, 
has already made an impact on the research community [22]. In particular, its genome 
sequencing has made possible the discovery of numerus genes crucial for the cell 
mechanisms and processes such as, replication, transcription and translation.  
T. thermophilus is an aerobic Gram-negative thermophilic bacterium, that grows in a 
temperature range from 50° and 82°C. Its genome consists of a chromosome 
(1,894,877 base pair) and of a megaplasmid (pTT27, 232,605 base pair) (Fig. 2) [22].  

The cells morphologically appear as thin bacilli and the envelope consists of 
four layers. The membrane is composed, as all Gram-negative bacteria, primarily of 
phospholipids and lipopolysaccharides and the structural integrity is guaranteed by a 
peptidoglycan layer covalently linked to an amorphous material. Another characteristic 
is the highly competence for natural transformation. The most commonly employed 
isolates are the strains T. thermophilus HB27 and HB8 [23], because the high rates by 
which they can be transformed by natural competence. Therefore, these strains are 
widely used as host for the efficient introduction of heterologous DNA and genetic 
modification, allowing the construction of libraries for large inserts and they are 
considered a good candidates for the functional screening of genomic and 
metagenomic library at elevated temperatures [24]. Interestingly, HB8 strain, unlike 
HB27, can grow in anaerobic conditions performing a partial or complete denitrification 
or is able to use as final acceptors heavy metals [25]. This additional ability of T. 
thermophilus HB8 was confirmed by the presence of a nitrate reductase gene cluster, 
absent in HB27 and in other aerobic strains. The cluster encodes for respiratory nitrate 
reductase operon, strongly induced by the combined effect of nitrate and low oxygen 
concentration [25].  
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Figure 2. Analysis of the chromosome and plasmid pTT27 of T. thermophilus HB27 [22]. 
 
In order to create a specific expression system for Thermus spp., a plasmid 

pMKE1, containing replicative origins for E. coli and Thermus spp., a selection gene 
encoding a thermostable resistance to kanamycin, and a 720 bp DNA region 
containing the promoter (Pnar), was developed [26]. The expression of the proteins 
was specifically induced by the combined action of nitrate and anoxia in facultative 
anaerobic derivatives of T. thermophilus HB27::nar modified by transferring the gene 
cluster for nitrate respiration from HB8, through conjugation into the HB27 strain. 
Subsequently, to increase the protein expression levels, pMKE1 was genetically 
modified producing a new vector named pMKE2 [27]. This latter one was used in this 
thesis to express a homologous α-galactosidase (named TtGalA) in the native host 
(paper 2-I).  
 

2.3.2 Isolation of a new strain of thermophilic cellulolytic Bacillus coagulans  
The discovery of new microorganisms from microbial communities is a promising 
strategy to identify carbohydrate active-enzymes with new features, in order to widen 
the application prospective of thermozymes [28]. The suited organisms for the 
degradation of lignocellulose are the production fungi. Since, their ability to secrete 
extracellular enzymes, numerous fungi have been isolated and identified, such as 
Aspergillus, Rhizopus, and Trichoderma species [29-31]. However, the bacteria 
thriving to the harsh conditions, are also a good candidate for the isolation of novel 
cellulose hydrolysing enzymes [32]. The intrinsic feature of bacteria is the fast growth 
rate that improves the competitiveness in the industrial process. Cellulase-producing 
bacteria have been isolated from various sources such as decaying agricultural wastes 
[33], soil [28], and extreme environments like hot-springs [34]. In general, the 
catabolism of cellulolytic strains can be classified in two strategies for the utilization of 
cellulose [35]. Aerobic bacteria are known to produce free-cellulase into the media to 
hydrolyse the polymeric substrate. Anaerobic bacteria display a tendency to adhere to 
cellulose, producing a proteic organelle, the cellulosome [36]. Even if exists a basal 
classification, various microbial species show a combination of these features [37]. In 
particular, in this PhD-thesis it was isolated a facultative anaerobic cellulolytic Bacillus 
coagulans strain, from bean manufacturing processing (paper 3-I).  
 

2.4 Synergistic action of thermophilic GHs 
Since the lignocellulosic wastes are composed of polymeric complexes, their 
enzymatic degradation is accomplished by numerous carbohydrate-active enzymes, 
whose collective action increases the hydrolysis yield of cell walls [13]. Typically, these 

A)

B) 
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mixtures act together as a cocktail with complementary, synergistic activities and 
modes of action. This synergism can be based on the combination of: i) purified 
proteins ii) individual domains ii) recombinant organisms expressing ligninase, 
hemicellulase or cellulase encoding genes. For instance, the naturally occurring 
cellulosome synergism is based on the action of non-hydrolytic proteins (i.e. expansin 
or swallenin) as well as of carbohydrate-binding modules (CBMs). Instead, 
commercially available cocktails for cellulose digestion are composed of 
cellobiohydrolases, endoglucanases, and b-glucosidase [38]; while for the hydrolysis 
of pretreated lignocellulose the synergism among cellulase, xylanase, esterase, and 
mannanase is exploited. In this PhD-thesis it was studied the synergism between the 
a-galactosidase from Thermus thermophilus and a b-mannanase from Dictioglomus 
turgidum on the galactomannan substrates (manuscript 2-II). 

2.5 Immobilization strategy   
  The enhancement of enzymes efficiency is one of the current demands of the 
world’s biotechnological industries. One procedure used to increase the enzyme 
conversion and the stability is the immobilization, i.e. the confinement of enzyme to a 
solid phase [39]. In the green economy context, the number of enzymes required for 
the lignocellulosic wastes is very high. Therefore the immobilization strategies is 
crucial, since this makes possible the enzymes recovery and their recycling [40]. Since, 
enzyme catalysis takes place in a small region of the protein, i.e. the “active site”, the 
challenge of the immobilization technique is to avoid drastic changes in enzymatic 
activities, optimum pH, affinity to the substrate, stability. Several methods are used for 
immobilization, the three of the most common being: i) carrier binding; ii) crosslinking 
and iii) entrapment.   
  Carrier binding is based on the formation of interactions between enzyme and 
a support. This method can be further categorized as physical adsorption, ionic 
binding, covalent binding, metal binding and disulfide binding (Fig. 3A). Among these, 
the oldest technique is the physical adsorption, where the enzyme is adsorbed to 
external surface of the support, but it is often too weak to keep the enzyme upon 
temperature fluctuations, changes in pH, substrate concentration and ionic strength. 
Therefore, the covalent binding, represents a better alternative. In this case a covalent 
bound between the amino acid side chains available on the enzyme surface and to the 
chemical groups on the carrier, is formed. Others non-covalent bindings (i.e. ionic, 
metal, affinity and disulfide binding) lead to reversible immobilization (Fig. 3A) [41, 42].  
  Crosslinking, also called copolymerization, is an alternative technique 
developed to overcome the enzymes stabilization during the process. In this method, 
the enzymes are directly covalently linked to each other, through poly-functional 
reagents as glutaraldehyde and di-isocyanates (Fig. 3B).   
  The last type of immobilization is the entrapment in which the enzymes 
embedded in a capsule or fibers made up by semipermeable membrane (i.e. natural, 
synthetic polymers or gel like structure etc.) (Fig. 3C).   
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Figure 3. Various methods for enzyme immobilization. 

 A) Carrier binding; B) Cross linking and C) Entrapment.  

On the other hand, the carriers or supports for immobilization are grouped into three 
major categories: i) natural polymers (i.e. alginate, chitin, collagen, gelatin, cellulose); 
ii) synthetic polymers (i.e. diehylaminoethyl cellulose, polyvinyl chloride and UV 
activated polyethylene glycol) and iii) inorganic materials (i.e. zeolites, ceramic, silica, 
glass) [43]. 

Enzyme nano-carriers (ENCs) represents a new trend in immobilization techniques 
and is based on the use of nanoparticles as enzymes support. Virus particles (VPs), 
are highly ordered nanostructures composed of viral genetic material (either DNA or 
RNA) embedded inside the capsid which is composed by several copies of virus capsid 
proteins (CPs) [44]. The main advantages of the employment of VPs resides in their i) 
nanometric size range, ii) propensity to self-assembly, iii) stability and robustness iv) 
bioavailability and v) easy production in large amount. Interestingly, CPs can be 
modified by either genetic or chemical modification to achieve an efficient enzyme 
immobilization. So far, studies on the use of VPs as nano-scaffolds have been devoted 
to enzyme selection, enzyme confinement, phage therapy and raw material 
processing. For instance, a tandem gene construct obtained by fusion of the T7 capsid 
gene with two ORFs encoding for an a-amylase from Bacillus licheniformis and a 
xylanase A from Bacillus halodurans, was obtained [45]. 

The high-scale production of VPs can be easily achieved through culturing bacterial 
and/or archaeal cells infected with bacteriophages and viruses, respectively. Since, 
Archaea thrive in extreme environments, it is expected that archaeal VPs exhibit even 
more resistance to chemical-physical conditions than the bacterial counterparts. In this 
PhD thesis, an induction protocol for overproducing thermophilic virus particles (VPs) 
from the archaeon Sulfolobus solfataricus (InF1-SSV1) has been set up (paper 2-III) 
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with the final aim to exploit them as natural occurring nanoparticles for enzymes 
immobilization.  

 

3. Biorefinery and Bioeconomy  
In biorefinery biomass can be processed to produce value added product, such as 
biofuels (mainly ethanol, butanol and biodiesel) and bio-based chemicals (lactic acid, 
itaconinc acid, 1,3-propanediol, etc.) [46].  

The processes to convert biomass feedstock into bio-products may be 
classified: “first generation” uses crops; “second generation” uses lignocellulosic 
residues from agro-industrial residues; and “third generation” is based on the use of 
algae as biomass [47]. All biorefinery generations are playing an important role in the 
future development of a bio-based economy. Bioeconomy is an important component 
of the EU economy and it aims at establishing a connection between functional 
bioeconomy and synthetic biology for the replacement of fossil fuels [46]. In this 
context, the outstanding relevance of the bioeconomy is increasing influencing both 
academia and industry. Specifically, the objective of “Circular economy” is to create an 
industrial system, in which business creates competitive advantages [48]. Currently, 
the global renewable biochemicals market is growing in size and importance, and the 
production of eco-friendly alternatives to petrochemical products, such as plastic 
polymers are increasing. Fossil-derived plastics (petroplastics) have posed serious 
problems, due to their extremely long persistence in the environment. Unlike 
petroplastics, the biodegradable polylactic acid (PLA) is obtained from microbial 
fermentation and chemical polymerization of the D- and L-lactic acids. Bioplastics 
made from PLA show similar physical properties as those produced from petroleum-
derived polyethylene terephthalate (PET) polymers. Interestingly, PLA-derived 
bioplastics are used extensively in biomedical applications, such as sutures, dialysis 
devices, drug capsules, and evaluated as a matrix for tissue engineering. In this PhD-
thesis the new thermophilic and cellulolytic Bacillus coagulans strain MA-13 was 
demonstrated a great ability to ferment lignocellulose-derived sugars to lactic acid 
(paper 3-I and manuscript 3-II). 
 

3.1 Lignocellulosic biomasses 
The feedstocks are the most promising low-cost source alternative to the functioning 
of modern industrial societies [49]. In addition, forestry, agricultural and agro-industrial 
biomasses are generated every day in large amount. They are the non-edible portions 
of the plant, and therefore, they do not interfere with food supplies. All feedstocks 
produced from available atmospheric CO2, water and sunlight through biological 
photosynthesis are the suitable candidates to fix the production rate of CO2 to its 
consumption rate. In particular, through the process of photosynthesis, chlorophyll 
captures the sun's energy by converting carbon dioxide from the air and water from 
the ground into carbohydrates, i.e., complex compounds composed of carbon, 
hydrogen, and oxygen. When carbohydrates are burned, they turn back into carbon 
dioxide and water, releasing the sun's energy captured [50]. In this way, biomass 
functions as a sort of natural battery for storing solar energy. Recently, the renewable 
biomasses have gained increasing research interests, as sustainable source of organic 
carbon in earth, for the production of fuels and fine chemicals with net zero carbon 
emission [49]. 
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In general, the lignocellulose biomass composition highly depends on its 
deriving source (i.e. hardwood, softwood, or grasses). A typical lignocellulosic biomass 
is composed of cellulose (35-50%), hemicellulose (26-35%) and lignin (14-21%), as 
well as other minor components (Fig. 4) [49].  

 

 
Figure 4. Schematic representation of lignocellulosic biomasses. 

 
 
 

 
3.2 Bioconversion of lignocellulose 

The biological process commonly used for the bioconversion of lignocellulose biomass 
into value added-products involves: i) pretreatment; ii) saccharification; iii) fermentation 
of hexose and/or pentose sugars; iv) product purification. 
 

3.2.1 Pre-treatment 
The processes that are currently adopted to disrupt the fibrous matrix and to remove 
lignin is named pretreatment. Several techniques have been explored for removing 
lignin, such as dilute acid hydrolysis, ammonia fiber expansion (AFEX)  and steam 
explosion being the most studied [14]. The dilute sulfuric acid pretreatment is 
performed between 140°- 200°C and renders the cellulose more accessible to 
saccharifying enzymes. This is done to liberate lignin, hemicellulose, and other 
compounds and makes the cellulosic polymers available for enzymatic degradation 
[51]. The efficiency of this first process depends on a number of factors, such as 
hemicellulose composition, biomass density, the presence of non-sugar components 
(lignin, acid neutralizing ash, and acetyl and other carboxylic acid groups); plant cell 
structure (including the types of cells or ratios of primary and secondary cell walls) [52].  

Pretreatment approach based on alkaline explosive decompression and organic 
solvent extractions have been successfully applied [53]. This alkaline process, known 
as ammonia fiber expansion (AFEX), decrystallises the cellulose, hydrolyses 
hemicellulose, removes and depolymerizes lignin, thereby significantly increasing the 
rate of enzymatic hydrolysis. 

Steam Explosion is one of the most common pretreatment methods and 
together with the enzymatic saccharification is a promising approach to enhance the 
amount of fermentable sugars. This pretreatment requires minimum, or in some cases, 
no chemical addition. Usually, temperatures between 160° and 240°C and pressure 
between 0.7 and 4.8 MPa are employed [51].  

Besides generating suitable substrates for conversion to bio-products, several 
toxic compounds are produced during the pretreatment [54], that are classified in 
three classes: furaldehydes (e.g., furfural and 5-hydroxymethylfurfural), weak acids 
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(e.g., acetic acid, formic acid, and levulinic acid) and phenolics (e.g., vanillin, 
syringaldehyde, and conferyl aldehyde) [55]. These components inhibit the growth of 
the fermenting organisms, reducing the rate of fermentation product and in some 
cases, the overall yield. To avoid additional process costs of detoxification an 
alternative approach is to exploit the natural and/or induced tolerance of fermenting 
microorganisms (bacteria and yeasts) in order to develop a feasible and economic 
bio-process [56]. In this context, the isolated strain Bacillus coagulans MA-13 was 
characterized not only for the production of lactic acid, as eco-friendly chemicals and 
for its tolerance towards inhibitors (paper 3-I). 
 

3.2.2 Saccharification 
Once the cell-wall microfibrils have been compromised by pre-treatments, the 
carbohydrates are released, becoming accessible to the enzymatic saccharification 
(hydrolysis) [12]. Multiple factors affecting the process efficiency such as pH, time, 
temperature as well as the enzyme activity [57]. Traditionally, enzymes are added after 
cooling down the pre-treated material, thus performing their catalytic activity at lower 
temperature (50°C) [58]. During the enzymatic saccharification, the acid-catalyzed 
dehydration of the sugar intermediates into furfural-type components appears 
negligible, compared to the acid hydrolysis. Although, the enzymatic saccharification 
is a promising alternative for hydrolysis of lignocellulosic substrates, the high cost of 
enzyme preparation hinders its applicability on industrial scale [12].  
 

3.2.3 Fermentation 
There are mainly four approaches to convert complex biomass into bio-products: i) 
SHF; ii) SSF; iii) SSCF and iv) CBP (Fig, 5).  

 
3.2.3.1 SHF 

SHF is a two-step process, in which hydrolysis and fermentation are performed 
separately (Fig, 5) and conducted under their optimal conditions. The main bottleneck 
is the accumulation of glucose in the saccharification step, that inhibits the further 
cellulase activity. 
 

3.2.3.2 SSF and SSCF  
In order to overcome the inhibitory effect of sugars on cellulase activity, in the SSF and 
SSCF, saccharification and fermentation are carried out simultaneously (Fig, 5). SSF 
includes only hexose fermentation [59], while the SSCF is based on the co-
fermentation of pentose and hexose sugars [60]. Both processes are advantageous, 
since the sugar consumption is rapid,  the risk of contamination by other organism is 
reduced, and the low level of substrate does not influence the fermenting organism 
and the enzymes [60]. The main issue is the incompatibility between the optimal 
temperature for hydrolysis (50°C) and fermentation (28°-37°C). On the other hand, the 
exploitation of the moderate fermenting-thermophiles could be advantageous to 
increase the efficiency of enzymes activity or the final production yield [61]. Therefore, 
the recently isolated thermophilic strain of Bacillus coagulans MA-13 was tested for 
production of L-lactic acid in simultaneous saccharification and fermentation (SSF) of 
wheat straw biomass (manuscript 3-II).  
 

3.2.3.3 CBP 
CBP applies in one step enzyme production, saccharification and fermentation [62]. 
One organism, in one vessel, carries out the wall process (Fig. 5). The choice of this 
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microbial counterpart is very crucial to obtain a great amount of released sugars and a 
good fermentation performance [62]. Therefore, several microorganisms have been 
metabolically modified and are classified in CBP I and CBPII [35]. The former 
microorganisms are able to degrade polymeric substrates and have been engineered 
to produce fermentation products. Conversely, when the microorganisms are 
engineered to add and/or improve the ability to degrade the biomass, belong to CBP 
II. Therefore, to accomplish this goal the synthetic biology can provide new tools to 
rewire the desired features for the production of economically viable bio-products and 
-fuels [35]. 
 

 
Figure 5. The flowchart of the process strategies to produce value-added products from lignocellulosic 
feedstocks. SHF: separate hydrolysis and fermentation. SSF: simultaneous saccharification and 
fermentation. SSCF: simultaneous saccharification and co-fermentation. CBP: consolidated bioprocess. 
Illustration adapted from [63]



20 

4. Aim of the work 
The overall aim of this project has been focused on the development of thermophilic 
biorefinery, based on the use of renewable, cheap and readily available biomasses for 
the production of a wide variety of value-added products. Thermophilic biorefineries 
are based on the use of microbial cells and their enzymes, being these latter ones 
operationally stable at high temperature. This PhD thesis highlights the potential 
applications of thermophiles and their carbohydrate-active enzymes for the conversion 
of raw materials into value-added products. 

 Chapter II describes the characterization of thermophilic hemicellulolytic enzymes as 
well as the setting up of an induction protocol for the production of archaeal VPs, to be 
used as carrier for the enzymes immobilization.  

Two papers and one submitted manuscript are included in this chapter: 
1. Thermus thermophilus as source of thermozymes for biotechnological 

applications: homologous expression and biochemical characterization of an α-
galactosidase (paper 2-I); 

2. A thermophilic enzymatic cocktail for galactomannans degradation 
(manuscript 2-II); 

3. A standardized protocol for the UV induction of Sulfolobus spindle-shaped 
virus 1 (paper 2-III). 
 
 Chapter III deals with the exploitation of a new strain of Bacillus coagulans for lactic 
acid production in simultaneous saccharification and fermentation process of 
lignocellulosic biomass.  
 
One paper and one manuscript in preparation are included in this chapter: 

1. Bacillus coagulans MA-13: a promising thermophilic and cellulolytic strain for 
the production of lactic acid in lignocellulosic hydrolysate (paper 3-I); 

2. Seed culture pre-adaptation improves lactic acid production of Bacillus 
coagulans MA-13 in Simultaneous Saccharification and Fermentation (manuscript 3-
II). 
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Chapter II:  
Thermophilic GHs: discovery, characterization and immobilization 
 
The load of enzyme cost to the economics of second generation biorefinery is the main 
bottleneck of the entire process. Considering that the second most abundant 
biopolymer on the earth is the hemicellulose, one of the most urgent request is to 
achieve its complete hydrolysis and conversion. For this purpose the concerted action 
of different hydrolytic enzymes: beta-glucosidases (EC 3.2.1.21), endo-mannanases 
(EC 3.2.1.78), mannosidases (EC 3.2.1.25) and α-galactosidases (EC 3.2.1.22) is 
required.  

This chapter deals with results concerning: i) the characterization of new 
hemicellulolytic enzymes and ii) the production of archeal VPs for the immobilization 
and recirculation of enzymes. In the section 2-I the paper “Thermus thermophilus as 
source of thermozymes for biotechnological applications: homologous 
expression and biochemical characterization of an α-galactosidase” is focused 
on TtGalA the most thermoactive and thermostable α-galactosidases discovered so 
far, thus pointing to the exploitation of Thermus thermophilus as a potential cell factory 
for the production of thermostable enzymes.  

The manuscript 2-II “A thermophilic enzymatic cocktail for galactomannans 
degradation”, is based on the study of the synergy between TtGalA and DturCelB, 
i.e. a b-mannanase from Dictyogloumus turgidum. In this study it was demonstrated 
the heterosynergystic activity on galactomannan substrates of these two recombinant 
thermophilic enzymes, using simultaneous and sequential assays. The results 
highlighted points to the use of thermophilic enzymatic cocktails to pre-hydrolyze the 
biomass right after the pretreatment, prior to the conventional saccharification step.  
  Additionally, to further reduce the cost of the entire process, more tolerant and 
stable enzymes are needed to maintain optimal catalytic activity under inhibitory 
conditions, such as high temperature, low pH, presence of inhibitors. In this regard, a 
possible strategy is the immobilization of enzymes onto nano-carriers. Since our group 
has an extensive experience in the study of thermophilic viruses, we attempt at 
exploiting them as carriers for enzyme immobilization. For this purpose, a large scale 
production of VPs is required. The paper 2-III “A standardized protocol for the UV 
induction of Sulfolobus spindle-shaped virus 1” describes the development of a 
new UV irradiation method to overproduce SSV1 VPs representing a robust support 
suitable to withstand the extreme temperature, acidity/alkalinity, pressure and salinity 
typical of industrial processes.  
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Manuscript 2-II: 
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Chapter III:  
Industrial application of thermophilic and cellulolytic lactic acid producer, 
Bacillus coagulans  
 
Lignocellulosic materials are indispensable for the carbon cycle and require numerous 
time-consuming processes, including mechanical, chemical, thermal, and biological 
treatments. In natural environments, the biodegradation of waste proceeds exclusively 
through biological processes and involves microbial communities, that produce a 
series of enzymes for the bioconversion process. In this context, the isolation of new 
microorganisms from agricultural waste represents a reservoir of hydrolytic enzymes, 
as well as a potential source of cell factories to be exploited in several industrial 
processes.  
  The paper 3-I “Bacillus coagulans MA-13: a promising thermophilic and 
cellulolytic strain for the production of lactic acid from lignocellulosic 
hydrolysate” describes the isolation of a novel thermophilic and cellulolytic strain MA-
13 from canned beans manufacturing residues. MA-13 is a facultative anaerobic 
bacterium with an optimal temperature of growth at 55°C, able to secrete soluble endo-
1,4-β-glucanase enzymes into the culture supernatant. MA-13 was also characterized 
for the production of lactic acid from lignocellulose-derived sugars and in presence of 
lignocellulose hydrolysate inhibitors. For this reason, the manuscript 3-II “Seed culture 
pre-adaptation improves lactic acid production of Bacillus coagulans MA-13 in 
Simultaneous Saccharification and Fermentation” illustrates the setting up of 
simultaneous saccharification and fermentation (SSF) process based on the MA-13.  
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CONCLUDING REMARKS 
 
Long-term scenarios resulting in a sustainable economic growth compulsorily rely on 
an increased utilization of renewable materials to satisfy the needs of our society, at 
the expenses of fossil resources that have a high environmental impact. Over the last 
years, several studies have established that lignocellulosic feedstocks (mainly 
composed of cellulose, hemicellulose and lignin) are an eco-friendly and relatively low-
cost source for the production of non-fossil based fuel energy. In this context, my PhD 
thesis deals with the setting up of thermophilic biorefineries by exploiting the 
robustness of thermophilic microorganisms and their enzymes for the production of 
added value products from renewable resources.  
 With this aim an extremely thermoactive and thermostable α-galactosidase 
from T. thermophilus HB27 (TtGalA) and potentially involved in lignocelluloses 
conversion into fermentable sugars, has been characterized. TtGalA can be used in 
the pre-saccharification step, when the temperature is still too high for the fungal 
enzymes currently used for the hydrolysis of the biomass. Indeed, this enzyme 
exhibited an optimal hydrolysis at 90°C and pH 6.0, retaining a significant activity in a 
wide range of pH and temperatures. The exceptional flexibility in its catalytic properties 
allows to foresee the employment of TtGalA in combination with other GHs for 
achieving an efficient hydrolysis of hemicellulose under a wide range of chemical-
physical conditions. For instance, this enzyme proved to perform efficiently its catalytic 
activity also in heterosynergystic association with a thermophilic mannanase from 
D. turgidum (DturCelB), this latter one exhibiting an optimal hydrolytic activity at lower 
temperature (70°C) and different pH optimum (5.4). This novel synergistic association 
between DturCelB and TtGalA has high potential application to pre-hydrolase the 
biomass right after the pretreatment, prior to the conventional saccharification step. 
Moreover, enzymatic thermophilic cocktails represent an interesting alternative to the 
conventional mesophilic counterparts to improve the yield of hydrolysis and the cost of 
the whole process. A more complex enzymatic cocktail including xylanases, cellulases, 
pectinases, suitable to achieve a complete degradation of lignocellulose biomass can 
be designed through mining of genomic and metagenomic data of thermophiles.  

To further reduce the cost of biomass hydrolysis, a possible strategy is the use 
of immobilization carriers for recirculation of carbohydrate-active enzymes. 
Thermophilic virus particles (VPs) are suitable scaffold to withstand harsh 
conditions of industrial processes. Our long-term goal is to perform the immobilization 
of TtGalA and DturCelB as well as of other CAZymes on viral particles to improve their 
catalytic performance upon confinement on a nano-support.  Since the VPs-based 
immobilization requires a large number of viral particles, part of this PhD thesis has 
been addressed to setting up an efficient irradiation protocol for Sulfolobus spindle-
shaped virus 1 (SSV1) to overproduce VPs. Some studies have been focused on the 
use of virus particles as building blocks to engineer enzyme nano-carriers (ENCs). In 
this context, the exploitation of viruses’ resistance to extreme acidic and thermophilic 
environments paves the way to their applications in thermophilic biorefineries.   
  The production of value added products from renewable biomasses can be 
achieved not only through enzymatic activities but also using whole cells. Specifically, 
agricultural wastes represent suitable source of cellulolytic microbes. With the aim of 
isolating new thermophilic microorganisms to be employed in biorefinery, we isolated 
and characterized a new thermophilic and cellulolytic Bacillus coagulans strain (MA-
13) which is able to secrete cellulolytic enzymes and to ferment lignocellulose-derived 
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sugars to lactic acid (LA). During my period of internship abroad at Chalmers University 
of Technology, in collaboration with the Professor Carl Johan Franzén, the strain MA-
13 was also characterized for its ability to ferment in media containing a hydrolysate 
derived from the pre-treatment of wheat straw by acid-catalyzed hydrolysis and steam 
explosion. Moreover, B. coagulans MA-13 has been successfully used in high-gravity 
SSF for the production of LA proving to be particularly resistant to biomass-derived 
inhibitors. Wide sugar utilization is a desirable feature for LA production strains. Since 
MA-13 is able to ferment only 6-carbon sugars (e.g., glucose), a further development 
of the strain via genetic and/or metabolic strategies is envisaged to expand the palette 
of sugars that this strain can ferment to LA (5-carbon sugars), thus increasing the 
competitiveness of the SSF process at industrial scale. 

The production of added-value products from renewable sources is a hot topic 
in bioeconomy since lignocellulosic wastes cause serious environmental problems. 
This project strongly supports the use of thermostable enzymes and thermophilic 
microorganisms, as new biocatalysts in bioconversion of renewable raw materials into 
value added-products and supplies alternative and ecofriendly strategies for waste 
disposal. The results achieved during this PhD thesis will have an impact on multiple 
research fields expanding knowledge in the areas of biotechnology, molecular biology, 
biochemistry, microbiology, virology and process engineering of thermophiles.  
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