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Abstract

Abstract

Valorization of lignocellulosic biomass components leads to several possibilities for
the production of valuable chemicals, fuels and energy that could be used by modern
societies in substitution to conventional ones derived from fossil-based resources.
This work was mainly aimed at enlarging the assortment of biosystems and
biocatalists (microbes and/or enzymes) for generation of high added value bio-
products, such as sugars, ethanol and lactic acid, from both dedicated crops and
lignocellulosic wastes. Particularly, 32 different fungal strains, belonging to the
collection of the Department of Engenharia de Bioprocessos e Biotecnologia
(University Federal do Parana, Brasil) (DEBB), were investigated for ligninolytic,
cellulolytic and xylanolytic activities production on solid and liquid media. The
screening led to the selection of Aspergillus niger NRRL 3312, as the best cellulase
and xylanase activities producer and the strain Pleurotus sajor-caju INRA 3501 for
the laccase activity production. Brewers' spent grain (BSG) was shown a suitable
substrate for the low cost lignocellulolytic enzymes production by solid state
fermentation with the selected strains; indeed, A. niger NRRL 3312 reached a
maximum cellulase and xylanase activities production of 118.04 U gram™ of dry
substrate (gds) and 1315.15 U gds™, respectively, wilst P. sajor-caju INRA 3501
showed a maximum laccase production of 157.36 U gds™. By proteomic analyses
peptides belonging to the enzymes responsible for the cellulase and xylanase
activities from A. niger NRRL 3312 and for the laccase acitivity from P. sajor-caju
INRA 3501 were identified. An enzymatic mixture of cellulases and xylanases,
produced by the strain Pleurotus ostreatus using microcrystalline cellulose as
inducer, was partially characterized and tested in the statistical analysis of Arundo
donax saccharification. The Plackett-Burman screening design, applied to identify the
most significant parameters for the maximum sugars release, showed that the most
significant influence was exercised by temperature, pH, and time. The combined
effect of these factors on the saccharification process was analyzed by a 3* factorial
experimental design and the best result of 480.10 mg of sugars gds™ was obtained at
45 °C, pH 3.5, and 96 hours of incubation. Alkaline-acid (AAT) pretreated BSG was
evaluated for ethanol production after enzymatic hydrolysis with commercial
enzymes. The obtained hydrolysate, with a glucose concentrationn of 75 g/L, diluted
to 50 g/L, was used for fermentation by the strain Saccharomyces cerevisiae NRRL
YB 2293, selected as the best producer among five ethanologenic microorganims
belonging to the DEBB collection. When the hydrolysate was supplemented with
yeast extract, 12.79 g/L of ethanol, corresponding to 55 % of the maximum
theoretical value, was obtained within 24 hours, while in the non-supplemented
hydrolysate, a similar concentration was reached within 48 hours; indeed, the added
nitrogen source reduced the ethanol fermentation time and promoted glucose uptake
and cell growth. Lactobacillus acidophilus ATCC 43121, selected as the best lactic
acid producer among six Lactobacillus strains belonging to the DEBB collection, was
analyzed for its ability to grow on the hydrolysates obtained from BSG after AAT or
agueous ammonia soaking (AAS) pretreatment. The lactic acid production by L.
acidophilus ATCC 43121 through fermentation of the hydrolysate from AAS treated
BSG was 96 % higher than that from the AAT treated one, although similar yields of
lactic acid per consumed glucose were achieved. The best results were obtained by
fermentation of AAS BSG hydrolysate supplemented with yeast extract, in which the
strain produced 22.16 g/L of lactic acid (yield of 0.61 g/g), 27 % higher than the value
(17.49 g/L) obtained in the absence of a nitrogen source.






Riassunto

Le biomasse lignocellulosiche: I'alternativa alle risorse fossili non rinnovabili
Nel 2014, secondo una stima dell'international Energy Agency (IEA), la richiesta
energetica mondiale e stata soddisfatta principalmente mediante I'impiego di risorse
fossili, quali petrolio (39.9 %), carbone (11.5 %) e gas naturali (15.1 %) [1]. E’ stato
inoltre stimato che petrolio, carbone e gas naturali si esauriranno in circa 35, 107 e
37 anni, rispettivamente, con la conseguenza che il carbone rappresentera 'unica
fonte di energia disponibile dopo il 2042 [2].

La limitazione delle energie fossili, insieme al surriscaldamento globale, alle elevate
emission di gas ad effetto serra, allincessante crescita demografica ed alle
problematiche legate al costo dello smaltimento dei rifiuti, sta muovendo linteresse
mondiale verso lo sviluppo di un’economia basata su fonti di energia rinnovabili. La
Direttiva Europea 2009/28/CE, sulla promozione della produzione e delluso dei
biocombustibili, ha stabilito che questi dovranno sostituire del 20 % i carburanti fossili
(benzina e diesel) entro il 2020, fissando per tutti gli Stati membri un obiettivo del 10
% per la quota di energia da fonti rinnovabili nei trasporti.

In quest'ottica di sviluppo di un’economia sostenibile che possa minimizzare le
problematiche delle moderne societa industriali, I'attenzione € stata rivolta alla
valorizzazione delle biomasse lignocellulosiche. Esse consistono principalmente in
colture dedicate e residui agro-industriali e data la loro abbondanza e composizione,
equa distribuzione geografica e basso costo sono, considerate tra le piu promettenti
fonti rinnovabili in alternativa a quelle fossili [3]. La coltivazione su larga scala delle
colture dedicate, come la pianta perenne Arundo donax, su terreni marginali e/o
contaminati, si sta diffondendo in tutto il mondo minimizzando, in questo modo, il
dislocamento delle colture a destinazione alimentare, favorendo inoltre, la fertilita dei
suoli impiegati [4]. D’altro canto, l'utilizzo dei residui agro-industriali consente di
ridurre ulteriormente il conflitto food versus fuel, oltre che rispondere alle
problematiche connesse alla deforestazione [5].

Le biomasse lignocellulosiche sono costituite principalmente da tre polimeri —
cellulosa, emicellulosa e lignina - organizzati in una complessa ed amorfa struttura
tridimensionale, con una composizione relativa varabile a seconda della specie
considerata. La cellulosa, composta da unita di D-glucosio legate attraverso legami
B-1,4 glicosidici, rappresenta la componente maggioritaria delle biomasse, con una
percentuale di circa il 40-50 % del peso secco totale, ed € incastonata in una matrice
di emicellulosa e lignina. L’emicellulosa é il secondo polimero piu abbondante con
circa il 25-35 % del peso secco totale ed e costituita da diversi monosaccaridi, come
xilosio, arabinosio, mannosio e galattosio, organizzati a formare un polimero
eterogeneo e ramificato. La lignina, invece, rappresenta la componente minoritaria
delle biomasse lignocellulosiche (10-25 % del peso secco totale) e consiste
principalmente di composti aromatici legati mediante legami esteri [6].

Dato l'elevato contenuto in polisaccaridi, le biomasse lignocellulosiche possono
essere convertite in un ampio ventaglio di prodotti d’interesse industriale, quali
carburanti, polimeri, enzimi, additivi alimentari, coloranti, composti aromatici ed acidi
organici mediante lo sviluppo e I'ottimizzazione di processi biotecnologici che siano
eco-compatibili e che possano rispondere alle necessita energetiche mondiali.
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Processo di conversione delle biomasse lignocellulosiche in prodotti ad alto
valore aggiunto

La valorizzazione delle biomasse lignocellulosiche richiede la conversione della
componente (emi)cellulosica in zuccheri fermentabili, previa rimozione della lignina,
che conferisce grande resistenza meccanica e rende inaccessibili le componenti
polisaccaridiche. Il processo convenzionale attualmente adottato prevede un iniziale
pretrattamento per rimuovere la componente ligninica, seguito da una fase di idrolisi
della componente polisaccaridica mediante metodi chimici o enzimatici, ed infine,
una fase di fermentazione degli zuccheri pentosi ed esosi.

Un pretrattamento per essere efficiente deve aumentare I'accessibilita e la digeribilita
della frazione (emi)cellulosica al fine di migliorare la successiva fase di idrolisi. Molti
studi di conversione si sono focalizzati sull’ottimizzazione della fase di pretrattamento
al fine di massimizzare la rimozione di lignina ed, allo stesso tempo, minimizzare la
perdita di zuccheri, la formazione di composti tossici ed i costi del processo. Il
pretrattamento, attualmente, puo essere condotto mediante metodi fisici, chimici e
biologici. Sebbene i metodi chimico-fisici siano maggiormente impiegati rispetto a
quelli biologici data I'elevata resa di delignificazione, non sono considerati eco-
compatibili a causa delle elevate energie richieste e dellutilizzo di costose sostanze
chimiche; inoltre uno svantaggio di tali trattamenti € la generazione di composti
tossici che interferendo sia con le attivita enzimatiche nella fase di idrolisi che con la
crescita microbica nella fase di fermentazione, richiedono trattamenti aggiuntivi volti
alla detossificazione della biomassa, con conseguente aumento di reflui e scarti, oltre
che dei costi del processo [7].

Di conseguenza, il pretrattamento biologico, basato sull’applicazione di
microrganismi o enzimi, € considerato un processo di delignificazione promettente,
essendo eco-compatibile ed economico [8]. In natura, una grande varieta di
microrganismi, sia batteri che funghi, € in grado di produrre alti livelli di enzimi
ligninolitici, volti alla rimozione della lignina e di enzimi (emi)cellulolitici per la
conversione della componente (emi)cellulosica in zuccheri fermentabili [9].
Principalmente, il pretrattamento biologico viene effettuato mediante fermentazione
su stato solido di funghi e/o batteri, mimando il piu possibile le condizioni che si
verificano in natura, quali basse temperature e pressioni, minime quantita o totale
assenza di acqua libera; inoltre, non sono richiesti composti chimici e la produzione
di reflui e di sostanze tossiche €& estremamente ridotta [10]. Ciononostante, il
processo non trova ampia applicazione a causa dei lunghi tempi richiesti (3-5 mesi)
per la delignificazione, responsabile della perdita di un’elevata percentuale di
polisaccaridi e la conseguente diminuzione delle rese nella fase di idrolisi.

La delignificazione mediante enzimi - lignina perossidasi, laccasi e manganese
perossidasi - rappresenta una valida alternativa biologica all'utilizzo di funghi e
batteri, garantendo alte rese di delignificazione in tempi brevi, senza richiesta di
nutrienti ne consumo di polisaccaridi. La principale limitazione di tale processo
consiste nell’elevato costo di produzione degli enzimi ligninolitici che ne impedisce
I'applicazione su larga scala [11].

Una volta rimossa la lignina, 'idrolisi della cellulosa é realizzata mediante trattamenti
chimici o enzimatici. Questi ultimi sono basati sull’'azione cooperativa di tre classi di
enzimi: endoglucanasi, cellobioidrolasi e B-glucosidasi. Inoltre al fine di aumentare le
rese di idrolisi, ed ottenere zuccheri fermentabili non solo dalla componente
cellulosica ma anche da quella emicellulosica, il processo prevede I'impiego di
miscele enzimatiche costituite non solo da cellulasi ma anche emicellulasi, quali
xilanasi, mannanasi, pectinasi e tutti gli altri enzimi che agiscono sulle catene laterali
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di xilani e mannani. Cio richiede I'impiego di miscele enzimatiche costituite non solo
da cellulasi ma anche emicellulasi, quali xilanasi, mannanasi, pectinasi e da tutti gli
altri enzimi che agiscono sulle catene laterali di xilani @ mannani.

Il processo di idrolisi rappresenta la principale sfida da superare per rendere
competitivo ed applicabile su scala industriale il processo di bioconversione delle
biomasse lignocellulosiche, dato I'elevato costo degli enzimi. Infatti, una recente
valutazione tecno-economica attribuisce circa il 20 % del costo dell'intero processo di
bioconversione proprio alla produzione di enzimi (emi)cellulolitici, coinvolti nell’idrolisi
delle componenti macromolecolari per I'ottenimento di zuccheri fermentabili.

La fase finale dell'intero processo richiede la fermentazione microbica degli zuccheri
pentosi ed esosi in prodotti ad alto valore aggiunto. Il processo di fermentazione puo
essere condotto separatamente dall'idrolisi (Separate Hydrolysis and Fermentation)
0 in maniera simultanea (Simultaneous Saccharification and Fermentation) [12]. Una
strategia piu innovativa e che potrebbe ridurre di molto i costi del processo €& poi
rappresentata dal Consolidated BioProcessing (CBP), che si basa sull'impiego di un
singolo microorganismo, ingegnerizzato a produrre un cocktail enzimatico, che
consenta la diretta conversione della cellulosa in prodotti di interesse commerciale.

Bioetanolo di seconda generazione

Il bioetanolo di seconda generazione € considerato, tra tutti i biocombustibili,
un’ottima alternativa ai carburanti fossili apportando una serie di vantaggi, quali la
significativa riduzione di emissioni di COz2, particolato, NOx e SOx [13]. Nonostante
I'utilizzo del bioetanolo in sostituzione dei carburanti fossili si sia diffuso fin dagli inizi
del 1900 in Brasile, USA ed Europa, a causa degli elevati costi di produzione le sue
potenzialita sono state sottovalutate fino al 1970, quando la crisi energetica ha
mosso l'interesse mondiale verso l'uso di risorse rinnovabili [14]. Nell'ultimo
decennio, molti Paesi hanno emesso diversi “Fuel Ethanol Programs”, volti a rendere
obbligatorio l'uso di miscele di etanolo attraverso incentivi o esenzioni fiscali,
determinando cosi un rapido incremento della produzione di bioetanolo [15]; cid ha
contribuito a diminuire la dipendenza dai carburanti importati, incentivando
'economia rurale.

Nel 2014, la produzione globale di bioetanolo ha raggiunto il record di 14,3 miliardi di
galloni, eclissando il precedente record di 13.9 miliardi di galloni risalenti al 2011. ||
Paese leader nella produzione di bioetanolo e rappresentato dagli USA con circa il
60 % della produzione mondiale; il Brasile, invece, con circa 6.2 miliardi di galloni €
responsabile del 25 % della produzione mondiale, seguito dall’Europa con circa |l
6 % [16].

Sulla base della materia prima utilizzata si distinguono un etanolo di “prima
generazione” ed un etanolo di “seconda generazione”. Il primo € prodotto a partire da
materie edibili, quali grano o semi, mediante un semplice processo caratterizzato da
estrazione degli zuccheri, fermentazione e distillazione. Per la produzione di etanolo
di prima generazione, il Brasile utilizza principalmente la canna da zucchero, mentre
gli USA e I'Europa utilizzano amido estratto dal mais e, dal frumento e dall' orzo,
rispettivamente. Ma ['utilizzo di materie edibili per la produzione di etanolo di prima
generazione trova dei limiti nell'insufficienza di tali risorse nonché nella loro
destinazione ad uso alimentare [17].

Per superare questi ostacoli, I'interesse della comunita scientifica si & rivolto allo
sviluppo di etanolo di seconda generazione, prodotto a partire da biomasse
lignocellulosiche, note per essere non edibili, rinnovabili ed ampiamente disponibili in
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tutto il Mondo. Cio ha consentito di evitare l'impiego di colture a destinazione
alimentare e di conseguenza, il cosiddetto conflitto “food versus fuel”.

Acido lattico

L’acido lattico € un acido organico riconosciuto come composto GRAS (Generally
Recognized As Safe) dalla Food and Drug Administration (US FDA) e di
conseguenza trova larga applicazione nell'industria alimentare, cosmetica,
farmaceutica e chimica [18]. Circa il 70 % di acido lattico prodotto e utilizzato
nell'industria alimentare per la produzione di formaggi e yogurt [19]. Nell'industria
cosmetica, l'acido lattico e utilizzato in prodotti destinati all'igiene ed all’'estetica,
grazie agli effetti antimicrobici e rigeneranti riscontrati sulla pelle [20]. Inoltre,
nell'industria farmaceutica e chimica, I'acido lattico e utilizzato come precursore di
piccoli e grandi polimeri, quali acido polilattico e polimeri acrilici, che vengono
impiegati nella produzione di imballaggi, protesi, suture e dispositivi per il dosaggio
dei farmaci essendo biocompatibili e biodegradabili [21].

E’ stato calcolato che nel 2007 la richiesta globale di acido lattico e stata di circa
130.000-150.000 tonnellate, con un valore commerciale variabile tra 1.38 US$ kg™ e
1.54 US$ kg™ in dipendenza del grado di purezza [22]. E’ previsto che la richiesta di
acido lattico aumenti notevolmente nei prossimi anni, quindi € di interesse globale lo
sviluppo di un processo economico ed efficiente che garantisca elevate rese di
produzione. In particolare, I'attenzione e rivolta alla messa appunto di fermentazioni
microbiche basate sull'utilizzo di substrati a basso costo come, ad esempio,
idrolizzati ottenuti dal pretrattamento e saccarificazione di biomasse lignocellulosiche
[23,24,25].

Strategie per I'incremento della competitivita del processo di conversione delle
biomasse lignocellulosiche in prodotti ad alto valore aggiunto

Numerosi progressi sono tutt’ora necessari per lo sviluppo di processi eco-compatibili
e competitivi che consentano la conversione delle biomasse lignocellulosiche in
prodotti di interesse commerciale.

Le principali problematiche riscontrate nella fase di pretrattamento sono la bassa
riproducibilita del processo (che dipende dall’equilibrio di numerose variabili, quali pH
e temperatura), la sterilita e scalabilita a livello industriale. Al fine di ovviare tali
limitazioni, molte ricerche sono focalizzate i) all'isolamento ed identificazione di nuovi
microrganismi ligninolitici e/o all'impiego di co-culture microbiche che possano
essere piu produttive anche in condizioni di stress [26]; ii) all'identificazione, tramite
I'utilizzo di software statistici, di una combinazione di parametri operativi ottimale che
garantisca alte rese [27], ed iii) alla progettazione di nuove configurazioni
bioreattoristiche che consentano l'applicazione su scala industriale del processo di
fermentazione su stato solido [28].

Per quanto concerne la fase di idrolisi, I'obiettivo principale & quello di ridurre i costi
di produzione degli enzimi. Una strategia impiegata € quella di utilizzare substrati a
basso costo, come le biomasse lignocellulosiche, per la coltivazione tramite
fermentazione su stato solido di ceppi fungini noti per essere buoni produttori di
enzimi (emi)cellulolitici. Ciononostante, in molti casi, tali enzimi non risultano
possedere delle performance ottimali, dovute alle basse specificita per il substrato e
al limitato range di pH e temperatura ottimale per l'attivita idrolitica. Cido ha spinto la
comunita scientifica alla ricerca di enzimi dalle prestazioni migliorate. Grazie alla
combinazione di diversi approcci, quali genomico, trascrittomico e proteomico, €
possibile i) migliorare gli enzimi mediante strategie di mutazione sito-diretta o di
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evoluzione guidata [29]; ii) identificare nuovi enzimi con performances migliorate
mediante approccio metagenomico [30]; iii) sviluppare ceppi microbici ingegnerizzati
per produrre alti livelli di enzimi mediante sistemi di espressione ottimizzati [31].
L’incremento delle rese del processo di fermentazione, invece, e auspicabile
mediante I'utilizzo di microrganismi che abbiano efficienti sistemi di internalizzazione
e trasporto degli zuccheri, che siano in grado di fermentare sia esosi che pentosi e
che mostrino elevata tolleranza ai prodotti intermedi e/o finali di fermentazione. La
selezione e caratterizzazione di nuovi microrganismi, provenienti da differenti habitat,
puo consentire l'identificazione di ceppi in grado di rispondere a queste esigenze.
Inoltre, lingegneria genetica consente di sviluppare ceppi microbici dalle
perfomances migliorate utilizzabili su scala industriale [32].

Questo progetto di dottorato fornisce avanzamenti nel settore della valorizzazione
delle biomasse lignocellulosiche, attraverso lidentificazione di nuovi biosistemi e
biocatalizzatori adoperabili, in particolar modo, nei processi di conversione per la
produzione di bioetanolo ed acido lattico.

Preparazione delle biomasse lignocellulosiche da utilizzare nei processi di
bioconversione

Nellambito del progetto BIOASSORT (318931 Improvement of technologies and
tools, e.g. biosystems and biocatalysts, for waste conversion to develop an
assortment of high added value eco-friendly and cost-effective bio-products; Marie
Curie Action IRSES 2012), questo progetto di dottorato ha previsto la conversione
dallo scarto ottenuto dalla produzione della birra (BSG), costituito da bucce di grani
esausti dopo macerazione e chiarificazione, in prodotti ad alto valore aggiunto. Al
fine di ottenere un idrolizzato ricco in zuccheri fermentabili da convertire in acido
lattico ed etanolo di seconda generazione, lo scarto BSG e stato sottoposto a
pretrattamenti chimico-fisici, volti a rimuovere la componente ligninica, ed a
saccarificazione mediante mix enzimatiche commerciali. Lo scarto BSG utilizzato in
questo progetto di dottorato e stato gentiimente offerto dal birrificio Bier Hoff
(Curitiba-PR, Brasile) (BSG1) e dal birrificio Maneba Striano (Napoli, Italia) (BSG2).

e Pretrattamento acido-alcalino e saccarificazione dello scarto BSG

Lo scarto BSGL1 é stato sottoposto a pretrattamento acido-alcalino, utilizzando acido
solforico per solubilizzare la componente emicellulosica e la soda per rimuovere la
componente ligninica. Il pretrattamento ha consentito la rimozione dell’'88.68 %,
41.22 % e 84.54 % della frazione emicellulosica, ligninica e di altre componenti -
polveri, proteine ed estrattivi - rispettivamente, generando un residuo solido con un
contenuto in cellulosa pari all'86.49 %. Quest'ultimo é stato saccarificato mediante
una mix di enzimi commerciali, con un’efficienza di conversione della cellulosa in
glucosio pari al 97 %. L' idrolizzato cosi ottenuto, indicato come AAT BSG1 e
caratterizzato da una concentrazione di glucosio pari a 75 g/L, e stato utilizzato come
substrato per la produzione di acido lattico ed etanolo di seconda generazione.

e Trattamento Aqueous Ammonia Soaking e saccarificazione dello scarto
BSG

Lo scarto BSG2 é stato sottoposto al pretrattamento Agqueous Ammonia Soaking

(AAS) che ha consentito la solubilizzazione di una cospicua percentuale di lignina

(62.26 %), preservando la componente emicellulosica e generando un residuo solido

con un contenuto in cellulosa ed emicellulosa del 57.09 % e 34.89 %,

rispettivamente. Infatti, come riportato in letteratura, I'AAS € un metodo che



Riassunto

incrementa la digeribilita della biomassa attraverso la rimozione della lignina, senza
perd degradare la frazione (emi)cellulosica e generare prodotti secondari che
possano inibire le successive fasi di idrolisi e fermentazione.

Il residuo solido € stato poi saccarificato mediante una mix di enzimi commerciali,
raggiungendo una resa di conversione della cellulosa in glucosio del 86.8 %.
L'idrolizzato AAS BSG2, con una concentrazione di glucosio pari a 60 g/L, é stato
utilizzato come substrato per la produzione di acido lattico.

Sviluppo di nuovi biosistemi e biocatalizzatori per la valorizzazione di
biomasse lignocellulosiche

Nellambito del progetto BIOASSORT, al fine di ampliare lI'assortimento di biosistemi
da utilizzare nei processi di conversione di biomasse lignocellulosiche in prodotti ad
alto valore aggiunto, €& stato condotto uno screening per la selezione di
microrganismi lignocellulolitici, etanologenici e lattici dalla collezione “Strain
Collection of the Bioprocess and Biotechnology Division” (DEBB) del partner
brasiliano BIOASSORT (Dipartimento di “Engenharia de Bioprocessos e
Biotecnologia") presso I'Universita Federal do Parana (Curitiba-PR, Brasile).

Inoltre, nell'ambito del progetto Biopolis (“Development of Green Technologies for
Production of Biochemicals and Their Use in Preparation and Industrial Application of
Polimeric Materials from Agricultural Biomasses Cultivated in a Sustainable Way in
Campania Region”_ PONO3PE 00107 1), il fungo basidiomicete Pleurotus ostreatus
e stato utilizzato come fonte di nuovi biocatalizzatori, quali enzimi cellulolitici e
xilanolitici, da utilizzare per l'idrolisi delle biomasse lignocellulosiche.

e Selezione e caratterizzazione di nuovi microrganismi (emi)cellulolitici e
ligninolitici e loro enzimi

32 ceppi fungini, appartenenti al genere Lentinus, Aspergillus e Pleurotus, della
collezione DEBB sono stati sottoposti a screening funzionale per la produzione di
attivita cellulasica e xilanasica usando un terreno di coltura solido contenente come
unica fonte di carbonio la carbossimetilcellulosa (CMC) e lo xilano, rispettivamente.
La selezione e stata condotta calcolando il valore dell’Enzymatic Index (El), dato dal
rapporto tra la dimensione dell'alone di attivita, rilevato attraverso colorazione con
Congo Red, e la dimensione del micelio fungino. Sono stati selezionati i
microrganismi con un El uguale o superiore al valore di 1.4. Lo screening per l'attivita
cellulasica ha permesso di selezionare i ceppi Lentinus edodes INRA L 465, L.
edodes INRA 790 e L. edodes INRA 1022, mentre i ceppi L. edodes INRA 6635, L.
edodes INRA 6647, L. edodes INRA 6614, Aspergillus niger NRRL 599, A. niger
NRRL 2270, A. niger NRRL 334, A. niger NRRL 3312, A. niger NRRL 1278 e A.
niger NRRL 511 sono stati selezionati sia per attivita cellulasica che xilanasica.
Tutti i ceppi fungini sono stati analizzati anche per la loro abilita di produrre enzimi
ligninolitici mediante screening su terreno solido contenente l'indicatore colorimetrico
guaiacolo. Attraverso la misurazione dell'alone di attivita, dovuto all'ossidazione del
guaiacolo ad opera degli enzimi ligninolitici, € stato possibile selezionare i ceppi L.
edodes INRA 797, L. edodes INRA 6608, L. edodes INRA 6646, Pleurotus sajor-
caju INRA 31, P. sajor-caju INRA 3501 e P. sajor-caju INRA 3824.
| ceppi selezionati mediante screening su mezzo solido sono stati sottoposti ad
analisi quantitativa per valutare la loro abilita di produrre enzimi cellulolitici, xilanolitici
e ligninolitici in coltura liquida.
| risultati dell’analisi hanno permesso di selezionare 3 ceppi. Il ceppo A. niger NRRL
3312 come il massimo produttore sia di attivita cellulasica (0.28 U/mL) che xilanasica
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(19.18 U/mL), il ceppo L. edodes INRA L 465 per l'alta attivita cellulasica (0.23 U/mL)
e il ceppo P. sajur-caju INRA 31 come il miglior produttore di attivita laccasica (12.07
u/mL).

| 3 ceppi fungini selezionati mediante screening qualitativo e quantitativo sono stati
ulteriormente testati per la loro abilita nel produrre le attivita enzimatiche di interesse
mediante fermentazione su stato solido sugli scarti della produzione della birra
(BSG), al fine di ottenere mix enzimatiche a basso costo da utilizzare nell'idrolisi delle
biomasse lignocellulosiche.

A. niger NRRL 3312 é risultato efficiente nel colonizzare lo scarto BSG,
raggiungendo un picco di produzione di cellulasi pari a 118.04 U g* di sostanza
secca (gds™) ed un valore massimo di xilanasi di 1315.15 U gds™ al 10° e 4° giorno
di fermentazione, rispettivamente.

Anche il ceppo P. sajor-caju INRA 3501 e risultato capace di colonizzare lo scarto
BSG, raggiungendo la massima produzione di laccasi pari a 157.36 gds™ al 4° giorno
di fermentazione.

Per quel che concerne il ceppo L. edodes INRA L 465, non sono stati condotti
ulteriori esperimenti in quanto esso non ha dimostrato capacita di colonizzazione
dello scarto BSG.

Attraverso analisi di zimografia accoppiate ad analisi di proteomica € stato possibile
identificare le attivita d’interesse prodotte dai due microrganismi selezionati.

e Selezione di nuovi microrganismi etanologenici per la produzione di
etanolo di seconda generazione

Al fine di selezionare un microrganismo etanologenico da utilizzare nei processi di
conversione delle biomasse lignocellulosiche in etanolo di seconda generazione, sei
ceppi - Saccharomyces cerevisiae NRRLY 12,908, S. cerevisiae NRRL YB 2293, S.
cerevisiae NRRL Y 11,878, S. cerevisiae NRRL Y 2034 e Zigosaccharomyces rouxi
NRRL Y 2547 - appartenenti alla collezione DEBB, sono stati analizzati per la loro
abilita a produrre etanolo in mezzo sintetico. Dopo 72 ore di fermentazione a 30 °C,
e stato misurata la concentrazione di etanolo, ottenendo valori variabili tra 9.01 +
0.05 g/L e 10.82 = 0.03 g/L. Il ceppo S. cerevisiae NRRL YB 2293 ha mostrato la
maggiore resa pari a 0.27 g di etanolo su g di glucosio, corrispondenti al 53 % della
massima resa teorica. Tale ceppo € stato selezionato per la conversione
dall'idrolizzato AAT BSG1 in etanolo di seconda generazione.

e Selezione di nuovi microorganismi per la produzione di acido lattico

Sei ceppi - L. acidophilus ATCC 53672, L. acidophilus ATCC 43121, L. acidophilus
ATCC 4356, L. lactis INRA 18, L. pentosus NRRL B-227, e L. plantarum NRRL B-
4496 — appartenenti alla Collezione DEBB, sono stati analizzati per la loro abilita nel
produrre acido lattico, allo scopo di identificare il ceppo con le migliori prestazioni da
applicare nei processi di conversione dell'idrolizzato BSG in acido lattico. L’analisi &
stata condotta nel mezzo sintetico MRS (Man, Rogosa, and Sharpe, Oxoid), noto per
essere un terreno ricco in grado di soddisfare le esigenze nutritive dei batteri lattici,
incapaci di sintetizzare vitamina B ed amminoacidi. Durante le 96 ore di
fermentazione sono stati monitorati la crescita cellulare, espressa come
concentrazione di biomassa secca sul volume totale (g/L), il consumo di glucosio e la
produzione di acido lattico.

| risultati hanno mostrato notevoli differenze nella crescita cellulare dei ceppi
analizzati, variando da un valore minimo di 1.9 + 0.5 g/L per L. acidophilus ATCC
4356 ad un valore massimo di 4.56 = 0.5 g/L mostrato da L. lactis INRA 18. Per quel
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che concerne la produttivita volumetrica, € stato osservato un minimo di 0.22 g/L h
per L. pentosus NRRL B-227 ed un massimo di 0.50 g/L h per L. acidophilus ATCC
53672. L'analisi dell’'Ypss, indice della quantita la quantita di acido lattico prodotto per
glucosio consumato, rapportato alla massima resa teorica di acido lattico (1 g/g), ha
mostrato un valore minimo di 0.52 g/g per il ceppo L. pentosus NRRL B-227 ed un
massimo di 0.99 g/g per L. acidophilus ATCC 43121, seguito dai ceppi L. acidophilus
ATCC 53672, L. plantarum NRRL B-4496, L. acidophilus ATCC 4356, e L. lactis
INRA 18 con un valore di Ypis di 0.98 g/g, 0.96 g/g, 0.95 g/g, e 0.70 g/qg,
rispettivamente.

Tra i ceppi analizzati, L. acidophilus ATCC 43121 e stato selezionato per la
conversione dall'idrolizzato AAT BSG1 ed AAS BSG2, avendo mostrato la massima
produzione di acido lattico, pari a 16.1 g/L, in 48 ore di fermentazione con una
produttivita volumetrica di 0.34 g/L h.

e Identificazione e parziale caratterizzazione di un cocktail
(emi)cellulolitico dal fungo Pleurotus ostreatus

Al fine di identificare una fonte di carbonio in grado di indurre la produzione di
cellulasi e xilanasi nel ceppo fungino Pleurotus ostreatus, sono state allestite crescite
in presenza di differenti fonti di carbonio, quali carbossimetilcellulosa, cellulosa
microcristallina, cellobiosio, soforosio, xilano, xilosio, xilitolo, arabinoxilano, galattosio
e lattosio. L'andamento nel tempo relativo alla produzione di attivita cellulasica e
xilanasica ha evidenziato l'effetto induttivo della cellulosa microcristallina, grazie alla
quale e stato ottenuto un picco massimo di produzione di 3.19 U/mL e 51.32 U/mL
per cellulasi e xilanasi, rispettivamente, al 9° giorno di fermentazione.
Espermenti di zimografia accoppiati ad analisi di proteomica hanno permesso di
identificare 7 peptidi in corrispondenza dell’alone di attivita xilanasica aventi omologia
con la xilanasi HB188 da P. ostreatus, (identification number NCBI: gi 164562254).
Riguardo l'attivita cellulasica, in corrispondenza del primo alone di attivita sono stati
identificati 17 peptidi aventi omologia con I'1,4-B-cellobiosidasi (cbhl-1) da Pleurotus
Florida (gi 146350520), mentre in corrispondenza del secondo alone di attivita sono
stati identificati 8 peptidi aventi omologia con I'1,4-B-cellobiosidasi (cbhl-3) da P.
Florida (identification number NCBI: gi 146424871).
Al fine di determinare le migliori condizioni di reazione da testare durante la
saccarificazione della biomassa lignocellulosica di Arundo donax, € stata condotta
una parziale caratterizzazione della mix enzimatica, determinando la temperatura e
pH ottimali per l'attivita catalitica, la termoresistenza e la stabilita a pH. Gli enzimi
sono risultati essere stabili in un ampio range di pH, mostrando massima attivita
cellulasica e xilanasica a pH 4.0 e 5.3, rispettivamente; entrambi gli enzimi
presentano un optimum di attivita alla temperatura a 50° C, temperatura a cui
solitamente vengono condotte le reazioni di saccarificazione. Lo studio della
termostabilita ha mostrato come I'emivita della cellulasi prodotta da P.ostreatus e di 7
ore sia a 30 °C che a 40 °C, mentre quella della xilanasi & di 2 giorni a 30 °C e 7 ore
a 40 °C.
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Sviluppo di processi di conversione delle biomasse lignocellulosiche in
prodotti ad alto valore aggiunto

e Ottimizzazione statistica del processo di idrolisi della biomassa di
Arundo donax mediante il cocktail enzimatico da Pleurotus ostreatus

La mix enzimatica, costituita da cellulasi e xilanasi, prodotta dal fungo Pleurotus
ostreatus € stata utilizzata in esperimenti di ottimizzazione statistica del processo di
saccarificazione della biomassa lignocellulosica di Arundo donax. L'obiettivo é stato
quello di ottenere la massima resa di zuccheri fermentabili, mediante I'identificazione
delle variabili maggiormente influenti sul processo e la determinazione della loro
combinazione ottimale. Durante gli esperimenti di ottimizzazione, la mix fungina e
stata utilizzata in combinazione ad una mix di enzimi commerciali ad attivita
cellobiasica e B-xilosidasica (145U gds™ di cellobiasi da Aspergillus niger e 8 U gds™
di p-xilosidasi termostabile), prodotte a bassi livelli dal fungo, ma necessarie alla
completa idrolisi della componente polisaccaridica. In primo luogo, mediante 'analisi
Plackett-Burman, sono stati identificati i paramenti operativi che maggiormente
influenzano la resa di zuccheri idrolizzati ottenibili a fine processo. Lo studio e stato
condotto su 11 variabili, quali temperatura, concentrazione della biomassa, pH,
tempo di incubazione, unita di cellulasi gds™ da P. ostreatus, unita di cellulasi gds™
da Trichoderma reesei ATCC26921 e 5 variabili fittizie; queste ultime sono state
inserite nell'analisi come controllo interno al fine di ottenere una validazione dei
risultati. Per ciascuna variabile sono stati considerati 2 differenti valori, uno massimo
ed uno minimo combinati in 15 differenti esperimenti. Cid0 ha consentito di
identificare, nell'ordine, temperatura, pH e tempo quali parametri maggiormente
influenti sulla resa del processo di idrolisi della biomassa di A. donax.
Successivamente, l'analisi fattoriale 3° ha permesso di definire la migliore
combinazione di tali parametri, al fine di massimizzare ulteriormente la resa in
zuccheri fermentabili. Considerando 3 valori (uno massimo, uno minimo ed uno
intermedio per le variabili temperatura, tempo e pH, ed il valore medio rispetto a
quelli dell’analisi Plackett-Burman per le variabili risultate trascurabili, & stato ottenuto
un pannello di esperimenti costituito da 30 differenti combinazioni. || massimo
risultato di 480.10 mg di zuccheri gds™ & stato ottenuto ad una temperatura di 45 °C
e pH 3.5 dopo 96 ore di incubazione. Inoltre dall’analisi € emerso comel’interazione
tra le variabili temperatura e tempo eserciti un forte effetto positivo sulla resa del
processo. E’ stato osservato, infatti, che mantenendo costante il pH al valore di 3.5,
la resa in zuccheri incrementa nell'intervallo di temperatura tra i 35 °C ed i 45 °C,
andamento maggiormente evidente in corrispondenza delle 96 ore di incubazione.
Dopo tale tempo, ulteriori incrementi di temperatura determinano un riduzione della
resa di saccarificazione.
| risultati ottenuti hanno mostrato come la mix enzimatica ad attivita (emi)cellulolitica
prodotta dal fungo P. ostreatus possa essere utilizzata nel processo di idrolisi della
biomassa A. donax, arrivando ad ottenere una resa di zuccheri comparabile, in alcuni
casi, a quelle ottenute utilizzando mix enzimatiche commerciali.

e Produzione di etanolo di seconda generazione dagli scarti della
produzione della birra
L'idrolizzato AAT BSG1, ottenuto mediante pretrattamento acido-alcalino e
saccarificazione dello scarto proveniente dal birrificio Bier Hoff (Curitiba-PR, Brasile),
e stato utilizzato come substrato per la fermentazione del ceppo S. cerevisiae NRRL
YB 229, precedentemente selezionato come il miglior produttore di etanolo in mezzo
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sintetico. E' stata, quindi, valutatata sia la capacita di crescita del ceppo che l'abilita a
produrre etanolo utilizzando un idrolizzato prodotto a partire da uno scarto
lignocellulosico. L'idrolizzato AAT BSG1 €& stato diluito per ottenere una
concentrazione finale di 50 g/L di glucosio ad un pH di 6.0. | risultati hanno
dimostrato le potenzialita dell'idrolizzato AAT BSG1 come mezzo di fermentazione
per la produzione di etanolo, sia in assenza che in presenza di estratto di lievito,
utilizzato come fonte di azoto. Sebbene in entrambi i terreni di fermentazione sia
stata raggiunta una concentrazione simile di etanolo, € importante osservare che
'aggiunta dell’estratto di lievito ha determinato un aumento della produttivita,
favorendo l'assorbimento di glucosio e la crescita cellulare. Infatti, nell'idrolizzato
AAT BSG1 arricchito con estratto di lievito € stata osservata una produttivita di 0.53
g/L-h, valore quasi due volte maggiore agli 0.25 g/L-h ottenuti in assenza della fonte
di azoto. Nellidrolizzato arricchito con estratto di lievito, la massima produzione di
etanolo, pari a 12.79 £ 1.2 g/L e corrispondenti a 0.28 g di etanolo per g di glucosio
(55% della massima resa teorica), e stata ottenuta dopo 24 ore, mentre in assenza di
una fonte aggiuntiva di azoto una produzione simile, pari a 12.0 + 1.2 g/L
corrispondenti a 0.26 g di etanolo per g di glucosio (55 % della massima resa
teorica), e stata ottenuta soltanto dopo 48 ore di fermentazione.

e Produzione di acido lattico dagli scarti della produzione della birra

Gli idrolizzati AAT BSG1 ed AAS BSG2, ottenuti dal pretrattamento e
saccarificazione del BSG1 (birrificio Bier Hoff, Curitiba, Brasile) e del BSG2 (birrificio
Maneba Striano, Italia), sono stati utilizzati come substrato per la produzione di acido
lattico ad opera del batterio Lactobacillus acidophilus ATCC 43121,
precedentemente selezionato come miglior produttore di acido lattico in mezzo
sintetico. Gli idrolizzati BSGs, sia tal quali che addizionati con estratto di lievito, sono
stati diluiti per ottenere una concentrazione finale di glucosio di 50 g/L ad un pH di
6.0. | risultati hanno mostrato che, in presenza della fonte di azoto, la resa di acido
lattico da idrolizato AAT BSG1 e stata incrementata da 0.48 g/g ad un valore di 0.60
g/g (con un'efficienza di conversione del glucosio in acido lattico pari al 65 %) e da
0.52 g/g ad un valore di 0.60 g/g utilizzando l'idrolizzato AAS BSG2. Anche la
produttivita volumetrica € risultata essere maggiore in presenza di estratto di lievito;
infatti, in 48 ore di fermentazione, I'utilizzo dell'idrolizzato AAS BSG2 addizionato con
estratto di lievito ha permesso di ottenere la concentrazione massima di acido lattico
di 22.16 g/L, valore 27 % piu elevato di quello ottenuto in assenza della fonte di
azoto. Sebbene la migliore produzione di acido lattico sia stata ottenuta utilizzando
I'idrolizzato AAS BSG2, anche nel caso dell'idrolizzato AAT BSG1 I'aggiunta della
fonte di azoto ha consentito di ottenere una concentrazione di acido lattico di 12.26
g/L, valore superiore agli 8.9 g/L osservati in assenza dell’'estratto di lievito. E’
possibile che l'addizionata fonte di azoto abbia permesso di raggiungere un rapporto
carbonio/azoto ottimale sia per la crescita del ceppo L. acidophilus ATCC 43121 che
per la produzione di acido lattico.
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Conclusioni
In sintesi questo progetto di dottorato ha previsto:

+ la selezione di nuovi biosistemi appartenenti alla collezione DEBB, quali il ceppo
Aspergillus niger NRRL 3312 ad attivita (emi)cellulolitica ed il ceppo Pleurotus
sajor-caju INRA 3501 ad attivita ligninolitica, entrambi applicati in processi di
fermentazione su stato solido su BSG per la produzione a basso costo di enzimi di
interesse; inoltre, sono stati selezionati il batterio lattico Lactobacillus acidophilus
ATCC 43121 ed il ceppo etanologenico Saccharomyces cerevisiae NRRL YB
2293, testati nei processi di conversione dell'idrolizzato BSG in acido lattico ed
etanolo, rispettivamente;

+ lo sviluppo di nuovi biocatalizzatori, un cocktail (emi)cellulolitico da Pleurotus
ostreatus su cui € stata condotta una parziale caratterizzazione, ed un cocktail
(emi)cellulolitico da Aspergillus niger NRRL 3312, le cui abilita idrolitiche saranno
testate allestendo processi di saccarificazione per la conversione della
lignocellulosa in zuccheri fermentabili;

+ |'ottimizzazione statistica del processo di saccarificazione della biomassa
lignocellulosica Arundo donax mediante l'utilizzo del cocktail (emi)cellulolitico da
Pleurotus ostreatus;

+ lo sviluppo di un processo di conversione dell'idrolizzato, ottenuto dal
pretrattamento e saccarificazione dello scarto lignocellulosico BSG, in acido lattico
mediante l'applicazione del batterio Lactobacillus acidophilus ATCC 43121;

+ lo sviluppo di un processo di conversione dell'idrolizzato, ottenuto dal

pretrattamento e saccarificazione dello scarto lignocellulosico BSG, in etanolo
mediante l'applicazione del ceppo Saccharomyces cerevisiae NRRL YB 2293.
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List of Abbreviations

ABTS: 2,2'-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid)
AFEX: Ammonia Fiber Explosion

AXE: Acetyl Xylan Esterase

AZO-CMC: Azo-CarbossiMetilCellulosa/Azo-CarboxyMethylCellulose
BG: B-glucosidases

BSG: Brewers’ Spent Grain

CAZY: Carbohydrate-Active EnZYmes

CBH: cellobiohydrolases

CBP: Consolidated BioProcessing

CE: Carbohydrate Esterases

CMC: CarbossiMetilCellulosa/CarboxyMethylCellulose
DNS: dinitrosalicylic acid reagent

EG: Endoglucanases

El: Enzymatic Index

EXs: endo-B-xylanases

FAE: Feruloyl Esterase

gds: grams of dry substrate

GH: Glycoside Hydrolases

GHGs: Greenhouse Gas Emissions

GRAS: Generally Recognized As Safe

HMF: hydroxymethylfurfural

IEA: International Energy Agency

LDA: Lignin Degrading Auxiliary enzymes

LiP: Lignin Peroxidase

LO: Lignin Oxidases

MnP: Manganese Peroxidase

PL: Polysaccharide Lyases

PVC: Polyvinyl Chloride

SDS-PAGE: Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis
SHF: Separate Hydrolysis and Fermentation

Smf: Submerged fermentation

SSCF: Simultaneous Saccharification And Co-Fermentation
ssf: simultaneous saccharification and fermentation

SSF: Solid State Fermentation

US FDA: Food and Drug Administration

VP: Versatile Peroxidase
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Introduction

1.1 Lignocellulosic biomasses as a renewable alternative to fossil-based
resources

Currently, the worldwide energy generated derives almost exclusively from
petrochemical feedstock. It was estimated by the International Energy Agency
(IEA) that, in 2014, primary sources of energy consisted of petroleum (39.9 %), coal
(11.5 %), natural gas (15.1 %) and others (33.5 %) [1]. The main problem related to
the fossil-based resources is their limitation in supply due to the non-renewability;
indeed, it was calculated that depletion times for oil, coal and gas are of about 35,
107 and 37 years, respectively. This means that coal reserves will be available up to
2112, and will be the only fossil fuel source remaining after 2042 [2]. The shortage of
energy fossil sources, the global warming, the high release of greenhouse gas
emissions (GHGs) and the waste recycling problem prompted an increasing
worldwide interest in alternative renewable sources of energy. The European
Parliament with the DIRECTIVE 2009/28/CE - also known as “Climate-Energy
package 20-20-20” - establishes national renewable energy targets that result in an
overall binding target of a 20 % share of renewable energy sources in energy
consumption by 2020 and a binding 10 % minimum target for renewable fuels in
transport to be achieved by each Member State.

Lignocellulosic biomasses derived from dedicated crops and agro-industrial residual
materials are the most promising renewable sources to be used as alternatives to the
fossil-based ones, minimizing the problematics of the modern industrial societies [3].
They are inexpensive and largely available around the world. The large-scale
cultivation of dedicated crops, like the perennial biomass Arundo donax, in marginal
lands non appropriate for the traditional food crops is spreading throughout the world,
limiting the competition between the food- and the non food-crop lands, and
improving the soil fertility [4]. On the other hand, lignocellulosic agro-industrial
residual materials represent an alternative cheap source that allow to further
minimize the conflict food versus fuel, avoiding the displacement of food crops and
the issues related to the deforestation [5]. The lignocellulosic biomasses consist of
mainly three polymers - cellulose, hemicellulose and lignin - organized into complex
amorphous three-dimensional structures, with a different relative composition
depending on the specie (Fig. 1). The cellulose, composed of (1,4)-D-glucopyranose
units linked through B-1,4 glycosidic bonds, is the major component of lignocellulosic
biomass, accounting for about 40-50 % of the weight of dry wood. Hemicellulose, a
mixture of various monosaccharides, such as xylose, arabinose, mannose and
galactose, organized in a heterogeneous and ramified polymer, is the second most
abundant polymer of lignocellulosic biomass, accounting for 25-35 % of total dry
wood. At last, lignin represents the smallest heterogeneous polymer of the
lignocellulosic biomass, with a 10-25 % of total dry wood and it consists of phenyl-
propane, methoxy groups and noncarbohydrate poly phenolic substance, commonly
linked by ether bonds [6]. Table 1 shows the composition of some common
lignocellulosic feedstocks. Due to the high cellulose and hemicellulose contents, the
lignocellulosic biomasses can be converted into a wide range of added value
bioproducts, such as enzymes, biofuels, organic acids, biopolymers, bioelectricity,
and molecules for food and pharmaceutical industries. Many biotechnological
processes are being developed and optimized in order to obtain eco-friendly and
cost-effective bioproducts that meet the world's energy and chemicals needs, as
describes in the paper “Waste valorization by biotechnological conversion into
added value products” (See Appendix IV - Other publications).
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Table 1: Percentages of cellulose, hemicellulose and lignin dry weight content in common
lignocellulosic biomasses.

Lignocellulosic biomass Lignin (%) Hemicellulose (%) Cellulose (%)
Sugar cane bagasse 20 25 42
Corn stover 19 26 38
Brewers’ spent grain 12 34 14
Eucalyptus 24 25 45
Newspaper 18-30 25-40 40-55
Wheat straw 16-21 26-32 29-35
Corn cobs 15 35 45
Rice straw 18 24 32
Sweet sorghum 21 27 45
Bagasse 23 16 54
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Figure 1. Macromolecular structure of lignocellulosic biomass. Cellulose microfibrils are embedded
into a matrix consisting of lignin and hemicellulose in the cell wall.
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1.2 Conversion process for lignocellulosic wastes upgrading into added value
products

Due to the complexity of the lignocellulose structure, the conversion process into
added value bioproducts commonly requires the following main steps: i) a
pretreatment to remove the recalcitrant lignin; ii) the enzymatic hydrolysis of the cell
wallpolysaccharides into monomeric sugars by using enzymatic cocktails mainly
composed of cellulases and hemicellulases, and iii) the fermentation of both exoses
and pentoses to generate upgraded bioproducts (Fig. 2). These three steps are
largely described in the paper "The second generation ethanol production” (See
Appendix IV - Other publications), with a particular focus on the main routes to
produce bioethanol from lignocellulosic crops.

Fermentation

Figure 2. Main steps of lignocellulosic biomass upgrading into added value bioproducts.

1.2.1 Pretreatment

An effective pretreatment of lignocellulosic biomasses is aimed at increasing the
accessibility and digestibility of the (hemi)cellulose fraction, thus improving the
subsequent enzymatic hydrolysis. Extensive researches are focusing on
pretreatment optimization, in order to develop processes that maximize lignin
removal and minimize sugars loss, toxic compounds generation and overall
operating costs.

The pretreatment of lignocellulosic biomasses are mainly classified into physical,
chemical and biological methods. The physical pretreatment increases the surface
area by reducing the size of the biomass; the chemical methods remove and/or
dislocate the hemicellulose and lignin, thus, loosening the structural network of lignin
and holocellulose, whilst the biological pretreatment mainly causes the delignification
of lignocellulosic biomass.

1.2.1.1 Physical, chemical and physico-chemical pretreatment

Physical treatments enhance the digestibility of (hemi)celllulose component through
the reduction of particles size of lignocellulosic material; the required energy depends
on the final particle size and the macromolecular structure of the feedstock [33].
Among all the physical treatments, pyrolysis, microwave and extrusion are known as
the most efficient and cost-effective ones. The pyrolysis involves the decomposition
of cellulose into H, and CO by using temperatures higher than 300 °; the microwave
treatment leads to the degradation of lignin through the transfer of heat from waves
to organic molecules [9]. The extrusion, that allows to mix, heat and shear the
lignocellulosic biomasses, is receiving great attention since the process does not
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generate furfural, hydroxymethylfurfural (HMF) and effluent and it can be carried out
in a continuous operation mode [34]. Chemical processes are the major studied
methods for the lignocellulose pretreatment and they involve the use of a wide range
of chemical agents [13]. Among them, acid and alkaline treatment, organosolv and
ozonolysis are the most well-known. The acid treatment promotes the hemicellulose
hydrolysis, involving the use of concentrated or diluted acids (usually between 0.2 %
and 2.5 % w/w) at temperatures between 130-210 °C [36]. In the alkaline
pretreatment, biomass is treated with alkali such as sodium, potassium, calcium and
ammonium hydroxides at normal temperature and pressure; it is considered a slow
process in comparison with the other ones, requiring hours or days rather than
minutes or seconds [37]. The organosolv treatment is based on the use of organic
solvent - ethanol, methanol, acetone - or mixtures of them in combination with water,
that causes the breach of the internal bonds in lignin and also of those between lignin
and hemicellulose [38]. The ozonolysis treatment attacks the aromatic rings of the
lignin structure without damaging hemicellulose and cellulose [9]. In order to increase
the efficiency of the process, a combination of physico-chemical treatments have
been recently considered (Fig. 3); among the several developed methods, the steam
explosion and the ammonia fiber explosion (AFEX) are the major investigated [39].
During the steam explosion, the biomass is subjected to a combination of high
temperatures (180 to 240 °C) and pressures (from 145 to 435 psi) for few seconds to
several minutes, followed by a quickly pressure reduction, causing the hemicellulose
degradation and lignin transformation [40].
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Figure 3. Schematic effects of the physico-chemical pretreatment on the lignocellulosic structure.

The AFEX treatment involves the use of ammonia at high temperatures (60-100 °C)
and pressures (250-300 psi) for 5 min, followed by a rapid decrease of pressure; it
causes the modification of lignocellulosic structure with a de-crystallization of
cellulose, whereas the macromolecular composition remains unchanged [41].

Although physico-chemical processes are the most largely applied lignocellulosic
pretreatment methods, they cause environmental damages due to the high energy
and expensive chemical compounds required. Moreover, toxic substances that
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interfere with both (hemi)cellulolytic enzymatic activities and microbial fermentation,
are generated during the process [7]. This requires an additional detoxification step
that further increases the wastewater production and the overall costs of the process.

1.2.1.2 Biological pretreatment
The biological treatment is considered a promising approach for delignification of
lignocellulosic biomass, since it does not require additional energy or chemicals,
minimizing the negative impact on the environment [8]. Nevertheless, the process
has not been largely applied because it requires a long time (about 3-5 months),
results in very high feedstock loss and the rate of following hydrolysis is very low [42].
In the last decade, many efforts were focused on the biological treatment operative
parameters optimization in order to maximize the delignification rate and, at the same
time, the yield of the obtainable added-value bioproducts [43,44,45]. Biological
pretreatment methods can be divided into three categories: fungal, microbial and
enzymatic delignification.
The best effective fungal strains that can be employed in the biological delignification
are brown and white rot fungi, which synthesize high level of ligninolytic enzymes.
Brown rot fungi attacks cellulose while
' white and soft rots fungi attack both
5 cellulose and lignin [9].
The Solid State Fermentation (SSF)
i through white-rot Basidiomycetes is the
most investigated method for the
biological biomass delignification (Fig. 4).
Besides its numerous advantages, such
as the use of low temperatures and
pressures and no water and chemical
agents requirement [46], the SSF also
prevents the formation of toxic
compounds that could inhibit the following
hydrolysis and fermentation steps.
A single bacterium or a bacterial
consortium have been widely investigated
for their ability to delignify lignocellulosic
biomasses [8,47]. In comparison to the fungi, the bacterial strains show lower level
of (hemi)cellulolytic activity production, reducing the loss of cellulose with a
significant advantages in the recovery of fermentable sugars [48,49]. Cultures
composed of different known or unknown bacterial strains, thanks to their great self-
evolution abilities and adaption, allow to perform the treatment with less restriction of
the operative conditions such as pH, sterilization, temperature and nutrients [26].
The biomass delignification carried out by ligninolytic enzymes - laccases, lignin
peroxidases (LiP), manganese peroxidases (MnP) and versatile peroxidases (VP) - is
considered a feasible biomass treatment in alternative to the use of fungal and
microbial strains [50,51]. Higher delignification rate and quicker process are two of
the main advantages that the use of enzymes gives in comparison to the
microorganisms [11]. Moreover, the enzymatic delignification could be carried out in
a wide temperature and pH ranges, the nutrient supplementation is not required and
there is not sugars consumption [52]. The main bottelneck is represented by the high
cost of the enzymes and, for this reason, many researches are aimed at producing
customized enzyme systems with improved hydrolysis efficiencies. Recently, the

spent grain
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interest is moving towards the expression of optimized enzymes in a cell factory;
indeed, the use of one microorganism engineered with genes from various sources
allows to reduce the impact from an economic point of view [53].

1.2.2 Hydrolysis

After the biomass pretreatment, saccharification of the accessible (hemi)cellulose
component is carried out. Among the several developed methods (thermal, chemical
and biochemical), the enzymatic hydrolysis is generally preferred due to the mild
operation conditions, higher conversion yields, low energy cost, and less corrosive
and toxic conditions in comparison to to the other hydrolysis methods [54].

Due to the complexity of the lignocellulosic structure the activities of multiple
hydrolytic enzymes are required for a complete deconstruction of the cellulose and
hemicellulose components. Hydrolytic enzymes are produced as either free
cellulases or complexed cellulases, called cellulosomes [55]. Cellulosome systems
are multi-enzymatic complexes, consisting of two subunit types, the scaffolding and
the enzymatic subunits. The structural scaffolding subunits contain a carbohydrate-
binding module that binds the cellulose surface and multiple copies of cohesins
(named dockerins) that interact with the enzymatic subunits, Cellulose Binding
Domains (CBD) and Carbohydrates Binding Modules (CBM).

According to Carbohydrate-Active EnZYmes (CAZY) [56] and Fungal Oxidative
Lignin Enzymes (FOLy) databases [57], lignocellulose-degrading enzymes belong to
Glycoside Hydrolases (GH), Polysaccharide Lyases (PL), Carbohydrate Esterases
(CE), Lignin Oxidases (LO), and Lignin Degrading Auxiliary enzymes (LDA) families.
Among the GH, a wide spread group of enzymes which hydrolyse the glycosidic
bond between two or more carbohydrates, or between a carbohydrate and a non-
carbohydrate moiety carbohydrate moiety, three major classes can be found: the GH,
a wide spread, are divided in three major classes: endoglucanases, exoglucanases
and B-glucosidases [58]. Endoglucanases (EG) or 1,4-B-glucanases (EC 3.2.1.4)
randomly hydrolyze intramolecular B-1,4-glucosidic linkages, creating new chain-
ends; exoglucanases or cellobiohydrolases (CBH) (EC 3.2.91) hydrolyze the 1,4-
glycosidic linkages from the reducing or non-reducing ends to form cellobiose; [3-
glucosidases (BG) (EC 3.2.1.21) hydrolyze cello-oligosaccharides and cellobiose into
glucose eliminating cellobiose inhibition.

In addition to the three major groups of cellulose enzymes, there is also a number of
hemicellulases which hydrolyze the hemicellulose component. Due to the more
varied composition of this polysaccharide, enzymes degrading hemicellulose are
divided into two major groups: depolymerising enzymes, which cleave the backbone,
and enzymes that remove substituents. Among all the hemicellulases, most studies
were focused on enzymes that hydrolyze xylan, such as endo-p-xylanases (EXs) and
B-xylosidases. Endo-1,4-B-xylanase (1,4-B-D-xylan xylanohydrolases, EC 3.2.1.8)
cleaves the glycosidic bonds in the xylan backbone releasing shorter xylo-
oligosaccharides; B-xylosidase (1,4-B-D-xylan xylohydrolase, EC 3.2.1.37) cleaves
the small xylo-oligosaccharides into xylose.

The (hemi)cellulolytic enzymes are produced by several microorganisms such as
fungi, bacteria, yeast, and marine algae. Filamentous fungi are interesting producers
because the enzymes are secreted at levels higher than those of yeasts and bacteria
[59,60].

Moreover, in order to completely convert the polysaccharides into fermentable sugars
(xylose, mannose, arabinose), also several accessory enzymes are needed, such as
acetyl xylan esterases (AXE, EC 3.1.1.72), feruloyl esterases (FAE, EC 3.1.1.73),
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glucuronoyl esterases, a-L-arabinofuranosidases (EC 3.2.1.55), a-glucuronidases
and mannanases [61].

1.2.3 Fermentation

Once lignin has been removed and the saccharification of the (hemi)cellulose
portions has been carried out, the final step to be performed is the fermentation of
sugars into the desired added value products. Two main routes can be followed for
added value products generation, such as Separate Hydrolysis and Fermentation
(SHF) and Simultaneous Saccharification and Fermentation (ssf).

In SHF, the bioconversion of lignocellulose takes place in two separate reactors, thus
separating the saccharification and the fermentation processes, resulting in the quick
and easy possibility to optimize each production step, with conduction of each
process at the optimal conditions of pH and temperature [12].

In ssf, enzymatic hydrolysis and fermentation are carried out together, using a unique
reactor. By taking place in the same reactor, this kind of process has a number of
advantages, such as the reduction of costs and the increase of hydrolysis rate,
besides the possibility to make the fermentable sugars immediately available to
micoorganisms. However, the ideal pH or temperature conditions for the
saccharification step may differ from those of the fermentation; thus, it is very difficult
to find favorable conditions for both processes [62].

On the other side, Consolidated BioProcessing (CBP) can provide an important
contribution to reduce the costs of the bioconversion process, due to the use of a
single engineered microorganism, able to directly convert cellulose into a value
added product of interest by using its own enzymatic machinery.

1.2.3.1 Ethanol fermentation

A biological conversion of hexoses and pentoses, derived from a saccharification of
pretreated lignocellulosic biomasses, into ethanol could be carried out by a variety of
microorganisms, such as bacteria, yeast, or fungi. Saccharomyces cerevisiae is the
most widely used organism for ethanol production from hexoses [62], whilst Pichia
stipitis and Candida shehatae are the main yeasts able to ferment both hexose and
pentose sugars to ethanol [63]. Bacteria belonging to the species Clostridia and
Zymomonas [64], and fungi such as Fusarium spp. have been also demonstrated to
be useful for ethanol production [65].

Since during the pretreatment and hydrolysis of lignocellulosic biomasses, many
toxic compounds, that could inhibit the fermentation step, are generated [42],
development of inhibitor-tolerant strains of microorganisms could be one of the
approaches to improve the second generation ethanol production [66].

Besides the SHF and ssf, CBP has been so far recognized as the best system to
reduce the cost of biomass processing, by combining the hydrolysis of the
polysaccharides and the subsequent fermentation of the hexose/pentose sugars (Fig.
5). There are two main routes to perform CBP: category | is based on the use of a
cellulase producing microorganisms, mainly fungi like Trichoderma, Aspergillus,
Rhizopus and Fusarium engineered to ferment sugars into added value products with
high titers of conversion [67], while category Il uses ethanologenic microorganisms,
both yeasts (Trichoderma, Aspergillus, Rhizopus and Fusarium) and bacteria
(Escherichia coli and Zymomonas mobilis) engineered to be cellulolytic [68].
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1.2.3.2 Lactic acid fermentation

The sustainable production of lactic acid through fermentation of lignocellulosic
hydrolysates is predicted to significantly replace the chemical synthesis route based
on the use of fossil resources [69]. The overall goal of the lactic acid fermentation
process is to increase the product yield and productivity, improving the end-product
recovery.

Fungi (e.g. genus Rhizopus) and lactic acid bacteria are the most widely employed
microorganisms for lactic acid production [18]. Although the lactic acid fermentation is
relatively fast and easy, many efforts were focused on the selection of the most
favorable operative conditions, such as temperature, pH, aeration and agitation,
which vary depending on the microorganism used, in order to improve the lactic acid
yield. Moreover, the choose of homofermentative or heterofermentative
microorganims leads to the production of one of the two stereoisomers of lactic acid
or to their racemic mixture, respectively [70].

Currently, the SHF is the main route utilized for the lactic acid production from
lignocellulosic biomasses [25,23,71], even if many efforts are focusing on the
development of new microbial strains suitable for lactic acid production throughssf
[72,22,73].

Last advances in the lactic acid production from lignocellulosic hydrolysate via
fermentation regard the development of a CBP through a thermophilic bacteria,
named Paenibacillus macerans IIPSP3 (MTCC 5569). This strain is not only capable
of hydrolysing cellulose to glucose but also further fermenting it to L-Lactic acid under
aerobic conditions, without any growth inhibition in presence of lignin [74].

SHF ssf SSCF CBP
Cellulase Cellulase Cellulase
production production production
|
Cellulose
hydrolysis
!
Hexose
fermentation
)
Pentose Pentose
fermentation fermentation
' !
[ Bioethanol

Figure 5. Processes of sugars and bioethanol production. SHF separate hydrolysis and fermentation,
ssf simultaneous hydrolysis and fermentation, SSCF simultaneous saccharification and
cofermentation of both hexoses and pentoses.

1.3 Strategies to improve lignocellulosic conversion into added value
bioproducts

Although several advances have been achieved, the lignocellulosic biomass
upgrading into added value products still shows issues that interfere with the
development of a cost-effective and eco-friendly conversion process.
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As far as concern the pretreatment, the need is to reduce and/or avoid the use of
chemicals and high energy input, typically required by the most largely employed
physico-chemical methods. Thus, the efforts were focused on the solid state
fermentation as biological treatment, in order to reduce the process time together
with the microbial and chemical contaminants, that can decrease the followed
saccharification yield.

Moreover, it is worth noting that, the solid state fermentation by fungal strains have
been also largely exploited as a process to produce (hemi)cellulolityc enzymes at low
costs, due to the use of cheap raw materials as substrate [75,76]; indeed, many
fungal strains are known to be good producers of lignin-degrading as well as
(hemi)cellulolytic enzymes [77]. In table 2, a list of various lignocellulosic biomasses
used as substrate for the production of different lignocellulolityc enzymes was
reported.

Table 2. Various lignocellulosic biomasses used for the production of different microbial enzymes.

Lignocellulosic biomass Microorganism Enzymes produced
Corn cobs Trametes versicolor; MnP, LiP, laccase,
Phanerochaete chrysosporium, protease, xylanase
Aspergillus niger
Banana stalk Schizophyllum commune, MnP, LiP, laccase,
Phanerochaete chrysosporium, xylanase,
Trametes versicolor; endoglucanase
Pleurotus ostreatus
Rice bran Aspergillus niger Protease
Wheat bran Aspergillus niger, Protease, endoglucanase,
Morchella sculenta, B-glucosidase, laccase,
Fomes sclerodermeus, MnP
Trametes versicolor
Eucalyptus residue Lentinus edodes Xylanase, cellulase,
MnP, laccase
Tomato Pomace Pleurotus ostreatus, laccase, protease
Trametes versicolor

The low-cost enzymes production is the main challenge for the development of a
competitive bioconversion process; indeed, actually, the hydrolysis step has the
higher economic impact on the overall bioconversion process, truly due to the high
lignocellulolytic enzymes costs [55].

For this reason, research is looking for new (hemi)cellulases with higher efficiencies,
increased stability at elevated temperatures and at extreme pH values, and higher
tolerance to end-products inhibition. A combination of genomic, transcriptomic and
proteomic analysis allows to i) enhance enzymes from natural sources through
rational design and directed evolution strategies [29], ii) discover new enzymes by
metagenomic approach [30] and, iii) design artificial enzymes with suitable
properties [78].

The enzymatic hydrolysis of lignocellulose is also affected by temperature, time, pH,
enzyme loading, product concentration, and biomass structural features. Many
studies were focused on the statistical optimization of pretreated biomass
saccharification, in order to identify the most significant parameters and their
combined effect on the sugars release [79,80,81].

Moreover, several efforts are under way to improve bioreactor systems adopted for
the biomasses bioconversion process, in order to solve the environmental and
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economical issues of the process [82,83]. The review “Bioreactors for
lignocellulose conversion into fermentable sugars for production of high
added value products” (See Appendix IV - Other publications), summarizes the last
advances in the bioreactor field, with main focus on the new configurations and
agitation systems, for conversion of dedicated energy crops and residual materials
into sugars and ethanol by separate hydrolysis and fermentation (SHF),
simultaneous saccharification and fermentation (ssf), simultaneous saccharification
and co-fermentation (SSCF) and consolidated bioprocessing (CBP).

1.4 Integrated Biorefinery concept

Biorefinery, defined as “the sustainable processing of biomass into a spectrum of
marketable products and energy” [84], should minimize the dependence on fossil-
based resources and the generation of solid/liquid wastes, that was estimated, in the
2010, to be between 7 to 10 billion tonnes [85].

In the Biorefinery platform, where the upstream, midstream, and downstream
processes for biomass conversion into fuels, power, and chemicals are integrated,
the wastes is consided as a renewable resources that can be used again and again,
replacing the exhaustible fossil-based sources. Indeed, in the biorefinery platform
takes place the circular economy, based on the closed-loop system aimed at
maximizing the recovery of raw materials derived from the waste at end-of-life [86]. In
the manuscript “Biological treatment processes for advancing waste biorefinery
and advocating circular economy” (See Appendix IV - Other publications), the last
advances in the biological processes for lignocellulosic wastes upgrading were
described, focusing the attention on the closed loop approach advocated by the
circular economy and realized through the biorefinery platform. Moreover, biorefinery
concept is based on the sustainability, taking into account the possible
consequences due to the competition for food and biomass resources, the impact on
water use and quality, changes in land-use and fertility, net balance of GHGs, impact
on biodiversity, potential toxicological risks, and energy efficiency.

Depending on the type of raw materials used, the biorefinery were classified into
whole crop biorefineries (first generation), lignocellulosic feedstock biorefineries
(second generation), oleochemical biorefineries, green biorefineries, and marine
biorefineries [87]. The first generation biorefinery uses sugar- or starch-rich edible
crops, such as sugarcane and starch, determining the food versus fuel conflict, while
the secon generation ones allow to avoid this conflict by using industrial and food
wastes, and lignocellulosic feedstocks [88]. Oleochemical biorefineries uses fatty
acids, fatty esters, and glycerol from oil crops to produce chemicals, lubricants, and
surfactants [89]; green biorefineries produced water-soluble compounds (lactic acid,
amino acids) and fibers starting from grass [90] and, the marine biorefineries use
microalgae and macroalgae and their derived products as sources for the production
of added value bioproducts [91].

After the first oil crisis, the first and the second generation biorefineries have
undergone a considerably development, contributing to the increase of the renewable
resources usage [92]. In 2013, the renewable energy/resource supplied a 19.1 % of
the global energy request, and furthermore, this contribution is continued to expand
in 2014 [93]. Biomass processing for energy purposes, such as ethanol and biodiesel
generation, is concentrated in a small number of countries, including the USA, Brazil,
Spain and the Netherlands. Currently the USA and Brazil are the major fuel ethanol
producers, reaching the 87 % of the global fuel ethanol production [93]. In the USA,
the biofuels industry has undergone significant expansion in recent years focusing
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the efforts on the improvement of first-generation biofuels production; in Brazil, the
great development of the sugar cane industry, that has led to the highest penetration
worldwide of flex-fuel vehicles, now attracts additional investments in bio-based
plastics, for example PVC (Polyvinyl chloride). In Europe the biorefinery platforma
are not yet widely spread; thus, many efforts have been focused on the development
of future biorefineries, through an improvement of a sustainable crops production,

investment in agriculture, new public police incentives, training and cooperation
initiatives [94].
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1.5 Aims of the thesis

The overall aim of this PhD project is to improve technologies and biological tools for
conversion of lignocellulosic biomass by eco-friendly and eco-efficient production of
high added value bioproducts, such as lignocellulolytic enzymes, bioethanol and
lactic acid. The exploited lignocellulosic biomasses involved both dedicated energy
crops, cultivated on marginal land of the Campania region (e.g. Arundo donax), and
lignocellulosic agro-industrial wastes abundantly discharged in EU (e.g. Brewers’
spent grain). The activities of this PhD project were carried out in the frame of the
project BIOASSORT, a Marie-Curie action aimed at the “Improvement of
technologies and tools, e.g. biosystems and biocatalysts, for waste conversion to
develop an assortment of high added value eco-friendly and costeffective bio-
products”(318931).

One of the main objective is aimed at enlarging the assortment of the patrimony of
microbes for lignocellulosic biomass valorisation, achieved by:

i) selection of lignocellulolytic, ethanologenic and lactic acid microorganisms
belonging to the “Strain Collection of the Bioprocess and Biotechnology
Division” from the Department of “Engenharia de Bioprocessos e
Biotecnologia”, University Federal do Parana (DEBB), Curitiba-PR, Brasil
(Bioassort’s partner);

i) production of lignocellulolytic enzymes by the new selected microorganisms
through solid state fermentation on lignocellulosic biomass;

iii) identification and characterization of new enzymatic cocktails, containing
(hemi)cellulolytic activities, produced by the new selected lignocellulolytic
microorganisms;

iv) exploitation of the fungal strain Pleurotus ostreatus, that was so far largely
investigated in the laboratory where the activities of this PhD project were
carried out, as a source of (hemi)cellulolytic enzymatic cocktails for
(hemi)celluloses conversion.

On the other side, another main objective of this PhD project is aimed at setting up
the conversion processes for the lignocellulosic biomass upgrading into ethanol and
lactic acid, improving their production yields. The main outlines concerning this task
are following reported:

1) investigation of an efficient pretreatment for the agro-industrial residue
Brewres’ spent grain in order to remove lignin and improve accessibility of
polisaccharides for the following enzymatic saccharification;

i) optimization of Arundo donax saccharification through the (hemi)cellulolytic
enzymes produced by Pleurotus ostreatus;

iii) development of fermentation processes by using the sugar mixture, obtained
by enzymatic hydrolysis of pretreated Brewers’ spent grain, as fermentation
medium for the growth of the new ethanologenic and lactic acid
microorganisms.

The operative goals previously described aim at the general objective of developing a

new eco-friendly end cost-effective valorization process for the production of ethanol
and/or lactic acid from lignocellulosic biomasses.
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2.1 Introduction

In nature, many microorganisms, including fungi and bacteria, are able to degrade
cellulose and other plant cell wall fibres by using several lignocellulolytic enzymes.
Biomass degradation is performed mainly by complex enzymatic mixtures consisting
of cellulases [95], hemicellulases [96] and ligninases [97], acting in a synergistic
manner due to the complexity of the lignocellulosic material.

Since 1976, over 14,000 fungal species capable of degrading cellulose have been
isolated, but only few of them — such as ascomycetes (e.g. Trichoderma reesei),
basidiomycetes including white-rot fungi (e.g. Phanerochaete chrysosporium), brown-
rot fungi and few anaerobic species which degrade cellulose in gastrointestinal tracts
of ruminant animals - were so far investigated [65].

Fungi such as T. reesei and A. niger produce large amounts of free extracellular
cellulolytic enzymes, whilst bacterial and few anaerobic fungal strains mostly produce
cellulolytic enzymes assembled in a complex called cellulosome. As far as concern
the basidiomycetes, they have unique oxidative systems that together with ligninolytic
enzymes are responsible for lignocellulose degradation.

Among the basidiomycetes, one of the main studied strain is the white rot fungus
Pleurotus ostreatus. Its genome has been fully sequenced [98], showing several
genes coding for glycoside hydrolases (cellulases, xylanases, arabinofuranosidases,
mannanases, pectinases), and ligninolytic enzymes (e.g. laccase), that find
application in several industrial fields [99,100].

This chapter deals with the results concerning the development of new biosystems
and biocatalysts for lignocellulosic biomass upgrading.

The following section 2-1, deals with the description of the activities carried out in the
laboratory of Dr. Carlos Ricardo Soccol at the Department of “Engenharia de
Bioprocessos e Biotecnologia” (DEBB) (Universidade Federal do Parana, Brazil), in
the frame of the project BIOASSORT. In detail, this section describes the results
achieved starting from the selection of 32 lignocellulolytic fungal strains, belonging to
the DEBB collection, for their ligninolytic, cellulolytic and xylanolytic activities
production.

In the section 2-Il, the paper “Optimization of Arundo donax saccharification by
(hemi)cellulolytic enzymes from Pleurotus ostreatus” describes the statistical
analysis of the lignocellulosic biomass Arundo donax saccharification through the
application of (hemi)cellulolytic enzymes produced by Pleurotus ostreatus, in order to
identify the most significant parameters affecting the process.
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2.2 Results

Section 2-|

2.2.1 Screening of fungal strains for cellulolytic, xylanolytic and ligninolytic
activities production

2.2.1.1 Evaluation of enzymes production on solid medium

32 fungal strains from the DEBB Collection, belonging to the Lentinus, Pleurotus and
Aspergillus spp, were analyzed for their cellulolytic and xylanolytic abilities by
assessment of fungal growth and enzymes production on agar plates containing
carboxymethylcellulose (CMC) or xylan as the sole carbon source. All the
investigated strains were able to hydrolyze these substrates, showing to grow on
them.

The screening was performed by a Congo red test, based on a formation of
hydrolysis halo around the fungal colony, corresponding to the region of action of
(hemi)cellulolytic enzymes; indeed, the Congo red dye only remains attached to
regions where [-1,4-D-glucanohydrolase bonds were not hydrolysed [101].
According to Florencio et al. [102], the selection of strains that can efficiently degrade
polysaccharides was carried out by evaluating the Enzymatic Index (El), a ratio
between the diameter of hydrolysis halo and the diameter of fungal mycelium. Fungal
strains that showed an EI equal or higher than 1.4 were selected for the subsequent
investigation of cellulases and xylanases production in liquid culture. Table 3 shows
the EIl of the investigated fungal strains after 5 days of incubation at 30 °C. The
values given represent the average of the measurements of 2 experiments
performed independently under the same conditions.

The strains L. edodes INRA L 465 (EI = 1.58), INRA 790 (El = 1.4) and INRA 1022
(El = 2.2) were selected for cellulase activity production, whilst the strains Lentinus
edodes INRA 6635 (Elcell = 1.5 and Elxyl = 1.5), INRA 6647 (Elcell = 1.4 and Elxyl =
1.4) and INRA 6614 (Elcell = 1.4 and Elxyl = 1.4) and the strains A. niger NRRL 599
(Elcell 1.4 and Elxyl = 2.0), NRRL 2270 (Elcell = 1.5 and Elxyl = 2.6), NRRL 334
(Elcell = 1.4 and Elxyl = 1.4), NRRL 3312 (Elcell = 1.4 and Elxyl = 1.7), NRRL 1278
(Elcell = 1.4 and Elxyl = 2.0) and NRRL 511 (Elcell = 1.5 and Elxyl = 1.4) were
selected for both cellulase and xylanase activities production. All these strains were,
therefore, further analysed for a quantitative estimation of cellulase and xylanase
production in liquid culture.

All the Aspergillus, Pleurotus and Lentinus strains were also investigated for their
ligninolytic ability by using solid medium supplemented with the indicator Guaiacol.
According to Ang et al. [103], the presence of ligninolytic activity was detected by
observing the formation of a reddish brown halo around the fungal colonies due to
the radial diffusion of the fungal enzyme able to oxidize guaiacol.

As reported in Table 3, among all the strains, L. edodes INRA 797, INRA 6608 and
INRA 6646, P. sajor-caju INRA 31, INRA 3501 and INRA 3824 showed the highest
level of Guaiacol oxidation and thus, they were further analysed for a quantitative
estimation of laccase production in liquid culture.

30



Chapter lI

Table 3. Detection of cellulolytic (A), xylanolytic (B) and ligninolytic (C) enzyme activities production on
solid medium by 32 fungal strains belon

*

ing to the DEBB Collection

Fungal strains

A) El for cellulase

B) El for xylanase

C) Reaction level

activity activity to Guaiacol *
Lentinus edodes INRA L 465 A** 1.58 1.1 +
Lentinus edodes INRA L 609 1.3 1.3 -
Lentinus edodes INRA 797 e 1.2 1.2 +
Lentinus edodes INRA 790 A 1.4 ND +
Lentinus edodes INRA 1022 29 1.2 -
Lentinus edodes INRA6602 ND ND -
Lentinus edodes INRAG608 o 0.85 ND +
Lentinus edodes INRA6609 ND ND -
Lentinus edodes INRA6613 1.3 1.25 -
Lentinus edodes INRA6121 ND ND -
Lentinus edodes INRA6624 ND ND -
Lentinus edodes INRA 6635 A = 1.5 15 +
Lentinus edodes INRAG646 o 1.18 ND +
Lentinus edodes INRA 6647 A m 1.4 1.4 +
Lentinus edodes INRA 6614 A = 1.4 1.4 +
Pleurotus sajor-caju INRA 31 e ND ND +
Pleurotus sajor-caju INRA 3501 e 11 1.1 +
Pleurotus sajor-caju INRA 3824 e 1.2 1.25 +
Aspergillus niger NRRL 599 A = 1.4 2.0 -
Aspergillus niger NRRL 2270 A m 1,5 2.65 -
Aspergillus niger NRRL 334 A = 1.4 1.4 -
Aspergillus niger NRRL 328 ND ND -
Aspergillus niger NRRL 3312 A = 1.4 1.76 -
Aspergillus niger NRRL 3 1.0 ND -
Aspergillus niger NRRL 1278 A m 1.4 2.0 -
Aspergillus niger NRRL 511 A = 1.54 1.4 -
Aspergillus niger NRRL 2003 1.0 1.0 -
Aspergillus niger NRRL 2001 1.0 1.3 -
Aspergillus oryzae NRRL 1808 ND ND -
Aspergillus oryzae NRRL 3485 1.16 1.1 -
Aspergillus oryzae NRRL 2220 1.1 1.0 -
Aspergillus oryzae NRRL 1989 ND 1.1 -

+: strong positive reaction; -: negative reaction; +: weak positive reaction.

ND: Not detected.

** Selected fungal strains for quantitative estimation of cellulolytic (A), xylanolytic (m) and ligninolytic

(®) enzyme activities in liquid culture
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2.2.1.2 Evaluation of enzymes production in liquid medium

The 12 fungal strains selected for cellulases production on solid medium, taking into
account the enzymatic index value, were subjected to a quantitative evaluation of
enzymes production in liquid culture containing microcrystalline cellulose as carbon
source. Among the investigated strains, the screening led to the selection of the
strain L. edodes INRA L 465, showing a maximum of cellulase activity production of
0.23 U/mL after 12 days of fermentation (Fig. 6) and, the strains A. niger NRRL 3312
and A. niger NRRL 511 showing 0.28 U/mL of cellulase activity after 14 days of
fermentation (Fig. 7).
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03 —a— LentinusedodesINRA L 465
2 ' 0,23 —— Lentinus edodes INRA 790
3 02 | Lentinusedodes INRA 1022
Lentinusedodes INRA 6635
0,1 - —o— Lentinusedodes INRA 6647

0
0 2

//\:>:/ Lentinus edodes INRA 6614
; » L pe——=
4 6 8

10 12 14 16

Time (Days)

Figure 6: Kinetics of cellulase production in liquid culture by Lentinus edodes strains. Standard
deviation is less than 5%
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Aspergillusniger NRRL 1278
0,1 - /_.\“_' Aspergillus niger NRRL 511

0 = s = = = x = = A

0 2 6 8 10 12 14 16

Time (Days)

Figure 7: Kinetics of cellulase production in liquid culture by Aspergillus niger strains. Standard
deviation is less than 5%

As far as concern the 9 strains selected for their xylanases production on solid
medium, the time course of enzymatic activity production in liquid culture containing
microcrystalline cellulose as carbon source led to the selection of the strain
Aspergillus niger NRRL 3312, showing a maximum xylanase activity of 19.18 U/mL

32



Chapter lI

after 16 days (Fig. 8). Further incubation did not show any increment in the level of
enzyme production, probably due to depletion of nutrients in the media.

The laccases activity production in liquid culture of Lentinus edodes INRA 797, INRA
6608, INRA 6646 and Pleurotus sajur-caju INRA 31, INRA 3501, INRA 3824 grown
at 30°C with copper sulfate as inducer, is shown in Fig. 9. Among them, the best
producer of laccases was Pleurotus sajur-caju INRA 31 with a maximum value of
12.07 U/mL after 12 days.
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Time (Days)

Figure 8: Kinetics of xylanases production in liquid culture by Aspergillus niger and Lentinus edodes
strains. Standard deviation is less than 10%
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Figure 9: Kinetics of laccases production in liquid culture by Pleurotus sajor-caju and Lentinus edodes
strains. Standard deviation is less than 10%

2.2.1.3 Evaluation of enzymes production by solid state fermentation on BSG

- Cellulases and xylanases production by Aspergillus niger NRRL 3312

The strain Aspergillus niger NRRL 3312 demonstrated its ability to colonize the BSG
quickly and extensively. The time course of cellulases activities production revealed a
maximum value of 118.04 U g™ of dry substrate (gds) after 10 days of fermentation
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(Fig. 10 A), while concerning the xylanases production, a maximum of 1315.15+ U
gds™ of dry substrate was reached after 4 days of fermentation (Fig. 10 B).
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Figure 10: Time course of A) cellulase and B) xylanase activities produced by Aspergillus niger NRRL
3312 in SSF on BSG

The co-production at higher levels of cellulases and xylanases enzymes was an
unusual behaviour for the Aspergillus spp, as proved by few works so far reported in
literature [104,105,106,107]. When compared with the xylanases production by SSF
reported for other Aspergillus spp., the maximum value achieved by A. niger NRRL
3312 resulted mostly higher [108,109,110] and only in very few cases, lower
[104,105] (Table 4).

Regarding the cellulases production, the maximum value achieved by A. niger NRRL
3312 was, in some cases, higher [111,112,113] and in some others lower [104, 105]
than those reported for other Aspergillus strains (Table 4). Since no optimization was
performed in our study, this process presents good perspective for high cellulase and
xylanase production.
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In order to identify the putative proteins responsible for cellulase and xylanase
activities of A. niger NRRL 3312, zymogram and proteomics analyses on the
samples that showed the maximum activities production (4° and 10° days of SSF for
xylanase and cellulase, respectively) were performed. One activity halos for cellulase
and two activity halos for xylanase were visualized, and in correspondence to these
halos, different bands were detected on the gel stained with Blue comassie (Figure
12A-12B). Regarding the cellulases, three comassie stained bands, corresponding to

the activity halo were analyzed (Table 5).

Table 4: Comparison of cellulases and xylanases production by Aspergillus spp

Microorganism Substrate Maximum Maximum cellulase References
xylanase activity activity
195 U gd?'lFPase
A. niger . 1 129 U gds CMCase,
KK?2 Rice straw 5070 U gds 100 U gds™ p- [104]
glucosidase
Sugarcane
A. niger bagasse and
USM Al 1 palm kernel i 3.4 U/ gds FPU [111]
cake
g o 8.89 U gds™ CMCase,
Dharmapuri Dist Coir waste - 3.56 U gds™ FPase [112]
Tamil Nadu, India activities
Ajl_n_'fgr Orange peel 917.7 U gds'1 - [108]
A. niger 17 U gds™ CMCase,
NS-2 GHEE: T ; 310 U gds™ FPase )
33 U gds'l B-glucosidase
A. niger Jatropha 1 1
FGSCA733 curcas seed 6087 U gds 3974 U gds [105]
cake
A. niger SIECE 1
NR'RL 308 Husks 950 U gds’ - [109]
54.27 U gds™ of
Untreated oll CMCase,
A. fumigatus SK1 alim trunk 418.7 U gds™ 3.36 U gds™ of FPase [106]
P and 4.54 U gds™ of
B-glucosidase
: 105.8 U gds™ of B-
AF;AIC(L)ijZgZLUdS 1055.6 U gds™ glucosidase
A niger wheat bran [107]
5 47g3 1258.0 U gds™ 96.0 U gds™of -
glucosidase
A.Fn_lger Citrus peels 250 U gds'l - [110]
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Proteomic analysis confidently assessed the presence, in the first band, of 8
peptides matching to peptides present in the sequence of a 1,4-B-D-glucan
cellobiohydrolase B (gi: 4698498), 5 peptides matching to peptides present in the
sequence of a 1,4-B-D-glucan cellobiohydrolase C [Aspergillus niger CBS 513.88] (gi:
145246118), 4 peptides matching to peptides present in the sequence of a endo-§-
1,4-glucanase B [Aspergillus niger CBS 513.88] (gi: 145238644), and 4 peptides
matching to peptides present in the sequence of a endoglucanase A [Aspergillus
niger] (gi: 3757552); in the second band were found 10 peptides matching to
peptides present in the sequence of a 1,4-B-D-glucan cellobiohydrolase A (gi:
74698499) and 5 peptides matching to peptides present in the sequence of a 1,4-3-
D-glucan cellobiohydrolase C [Aspergillus niger CBS 513.88] (gi: 145246118); in the
third band were found 13 peptides matching to peptides present in the sequence of a
endo-B-1,4-glucanase B [Aspergillus niger CB] (gi: 145238644) and 6 peptides
matching to peptides present in the sequence of a endo-B-1,4-glucanase A
[Aspergillus niger CBS 513.88] (gi: 145230537).

Concerning the xylanases, proteomic analysis confidently assessed the presence of
3 peptides matching to peptides present in the sequence of a endo-1,4-3-xylanase A
OS=Aspergillus kawachii (gi: 380865430) in the first band, the presence of 5 peptides
matching to peptides present in the sequence of a exo-1,4-B-xylosidase xInD
OS=Aspergillus awamori (gi: 121809149) in the second band and the presence of 2
peptides matching to peptides present in the sequence of a endo-1,4-B-xylanase B
OS=Aspergillus kawachii (gi: 380865431); unlike, for the third band, no peptides
matching with protein responsible for xylanase activity were found (Table 6).

Table 5: LC/MS-MS analysis results of the 3 selected bands corresponding to the cellulase halo
activity from Aspergillus niger NRRL 3312

Band NCBInr ID Protein Score N .Of Sequence
peptides coverage
1,4-B-D-glucan o
GBI cellobiohydrolase B <2 g ZIL
Bl 1,4-B-D-glucan
145246118 | cellobiohydrolase C [Aspergillus 222 5 35%
niger CBS 513.88]
endo-B-1,4-glucanase B o
et [Aspergillus niger CBS 513.88] 2 & A58
3757552 endoglucanas_e A [Aspergillus 194 4 20 %
niger]
B2 | 74698499 LB DGR 673 10 38 %
cellobiohydrolase A
1,4-B-D-glucan
145246118 | cellobiohydrolase C [Aspergillus 219 5 27 %
niger CBS 513.88]
B3 | 145238644 SIS GNEEES 2 828 13 47 %
[Aspergillus niger CB]
Endo-B-1,4-glucanase A o
145230537 [Aspergillus niger CBS 513.88] 470 6 14 %
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Table 6: LC/MS-MS analysis results of the 4 selected bands corresponding to the xylanase halos
activity from Aspergillus niger NRRL 3312

Band NCBInr ID Protein Score N .Of Sequence
peptides coverage
B1 | XYNA_ASPKW Endo-1,4-B-xylanase A 129 3 13%
OS=Aspergillus kawachii
B2 | XYND_Aspaw | EX0-14-B-xylosidase xinD 141 5 7%
OS=Aspergillus awamori
B3 | - | - - - | -
B4 | XYNB_ASPKW Endo-1,4-B-xylanase B, 105 2 14 %
OS=Aspergillus kawachii

- Cellulases production by Lentinus edodes INRA L 465

The experiments of SSF with L. edodes INRA L 465 revealed the incapacity of the
fungus to colonize the waste quickly and extensively. Indeed, more than one month
was necessary to allow the initial fungal colonization, causing the deterioration of the
substrate. Therefore, no further experiments were carried out.

- Laccases production by Pleurotus sajor-caju INRA 3501

Pleurotus sajor-caju INRA 3501 was able to colonize the BSG extensively.
Concerning the laccases production, the strain showed a maximum value of 157.36
U gds™ after four days of fermentation (Fig. 11). In comparison with other SSF
processes previously reported by using P. sajor-caju [114,115] and other Pleurotus
spp. [116,117] (Table 7), the strain P. sajor-caju INRA 3501 allowed to achieve
higher values of laccases activity, Even without performing culture conditions
optimization.

180
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120 -

100 A

80 -

U of laccases/gds
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40 |

20 4
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Figure 11: Time course of laccases activity produced by Pleurotus sajor-caju INRA 3501 in SSF on
BSG

In order to identify proteins putatively responsible for laccase activity of P. sajor-caju
INRA 3501, zymogram and proteomics analyses on the sample that showed the
maximum activity production (4° days of SSF) were performed. Three activity halos
for laccase were visualized, and in correspondence to these three halos, different
bands were detected on the gel stained by Blu commassie (Figure 12C). Proteomic
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analysis confidently assessed the presence, in the first band, of the 5 peptides
matching to peptides present in the sequence of a laccase | from Trametes versicolor
FP-101664 SS1(gi: 392570979) and 4 peptides matching to peptides present in the
sequence of a laccase 3 precursor from Trametes villosa (gi: 7432992). Unlike, for
the remaining four bands, no peptides matching with protein responsible for laccase
activity were found (Table 8).

1) 2) 3) 1) 2) 3)

A) o ot = '

M

Figure 12: Analyses of supernatant of Aspergillus niger NRRL 3312 strain. A;) Zymogram analysis
for cellulase detection on agar plate with 1 % CMC stained with Congo Red; B;) Zymogram
analysis for xylanase detection on agar plate with 1 % xylan stained with Congo Red. Analyses of
supernatant of Pleurotus sajor-caju INRA 3501. C;) Zymogram analysis for laccase detection by
submerging the gel with ABTS 20 mM in sodium citrate buffer (0.1 M, pH 3.0) after electrophoresis;
A-B-C,3) SDS-PAGE (12.5 %) without denaturating and reducing treatments stained with Blue
Commassie. lane 2: protein molecular weight marker; lane 3: 80ug of total protein

Table 7: Comparison of laccase activity values reported for Pleurotus spp

Microorganism Substrate Maximum laccase activity | References
P. sajor-caju Sago hampas 17.7 U gds™ [115]
5.48 U/mg of protein on
(2:1) wheat
P. ostreatus and P. . straw:bran
sajor-caju Different agro-wastes 3.85 U/mg of protein on [114]
(2:1) sesame
straw:bran
Banana peel : mandarin
P. florida NCIM 1243 peel : cantaloupe peel in a 5.4 U/gds [116]
ratio of 5:2:3
P. ostreatus | Wheat bran | 32.45 U/gds | [117]
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Table 8: Data by analysis LC/MS-MS analysis results of the 5 selected bands corresponding to the
laccase halos activity from Pleurotus sajor-caju INRA 3501

N° of Sequence

Band NCBInr ID Protein Score .
peptides coverage

Laccase | [Trametes versicolor

392570979 FP-101664 SS1] 145 5 13 %
Bl Laccase (EC 1.10.3.2) 3
precursor - white-rot fungus
7432992 [Trametes villosa] 127 4 12 %
B2 - - - - -
B3 | - | - -] - | -
B4 - - - - -
B5 - - - - -

2.2.1.4 Materials and Methods

- Screening for cellulases, xylanases and laccases production on agar medium.
All the fungal strains (Pleurotus spp, Lentinus spp and Aspergillus spp) listed in Table
3 were grown on potato dextrose yeast agar (PDY) plate [composition (g/L): potato
dextrose (24.0), yeast nitrogen base (5.0), agar powder (15.0)] for 5 days at 30°C. In
order to evaluate their cellulases and xylanases production, agar cores (1,3 mm in
diameter) from 6-days old agar cultures were transferred on PDY agar plates
containing 1 % carboxylmethylcellulose (CMC) and 1 % xylan, respectively. After a 6
days incubation , the strains were assayed for their ability to degrade CMC/Xylan by
incubation with 0.1 % Congo Red solution for 30 min, followed by washing step with
5 M NacCl solution as reported in Amore et al. [118]. The selection of strains that can
efficiently degrade polysaccharides was carried out according to Florencio et al.
[102].

To detect ligninolitic activity, a PDY medium containing the oxidation indicator
Guaiacol at a concentration of 0.01 % (w/v) was used. The strains that showed the
highest levels of Guaiacol oxidation were considered to be potential producers of
laccases and were selected for further analysis.

- Screening for cellulases, xylanases and laccases production in liquid culture
In order to perform a quantitative estimation of enzymatic activities production, two
different media were chosen: medium A [composition (g/L): yeast extract (0.5);
MgSO4-7H,O (0.3); FeSO47H,O (0.005); MnSO4H,O (0.00156); ZnSO4 7H,0
(0.0014); CacCl, (0.3); CoCl, (0.002) and KH,PO4 (1.5) at pH 5.5, supplemented with
microcrystalline cellulose (10.0)] for cellulases and xylanases production analysis,
and medium B [composition (g/L): glucose (10.0); yeast extract (0.5); MgSQO4-7H,0
(0.3); FeS0O47H,O (0.005); MnSO4'H,O (0.00156); ZnSO47H,O (0.0014); CacCl,
(0.3); CoCl; (0.002) and KH,PO, (1.5) at pH 5.5, supplemented with 150 uM copper
sulfate at the time of inoculation] for laccases production analysis.

As far as concern Lentinus spp and Pleurotus spp, 3 agar cores (1,3 mm in diameter)
from 6-days old agar cultures were pre-inoculated into 50 mL of PDY medium and,
after 6 days, the inoculum at 10 % in medium A or B were carried out.

Regarding Aspergillus spp, spore suspension obtained by mixing pre-cultured
fungus, were inoculated in medium A or B at a final concentration of 10’ spores g™ of
carbon source.
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All the flasks were incubated at 30°C, 120 rpm and sampling for enzymatic
quantification were performed every day for 25 days.

- Solid state fermentation on Brewer's spent grain

Pre-inoculum of Aspergillus spp and spore suspension were performed as reported
in Montibeller et al. [109]. Approximately 10" spores g* were inoculated on 25 g of
dry Brewer's spent grain, in 250-mL Erlenmeyer' s flasks, in duplicate. The initial
moisture were adjusted at 70 % (w/v) by adding enough volume of distilled water and
a mineral salt solution containing (g/L): KH,PO4 (1.5); CuSO, (0.4) and CoSO,
(0.0012).

Concernig Lentinus spp and Pleurotus spp, pre-inoculum and inoculum was carried
out as described in landolo et al. [119]

The flasks were incubated statically at 30 °C for 16 days. Enzymes extraction was
performed according to Montibeller et al. [109].

- Enzyme assays

CMCase and xylanase activity assays were carried out according to Ghose [120] and
Bailey et al. [121], respectively. Released reducing sugars were determined by
dinitrosalicylic acid reagent (DNS) method [122].

Laccase activity was assayed at 25 °C, using 2,2'-azino-bis(3-ethylbenz-thiazoline-6-
sulfonic acid) (ABTS) as substrate as previously described [123].

- Zymogram analyses and protein identification by mass spectrometry
Semi-denaturing gel electrophoresis (SDS-PAGE) was performed by loading non-
denatured and not-reduced samples on a SDS polyacrylamide gel, as described by
Laemmli [124]. Proteins showing cellulolytic and xylanolytic activities were visualized
according to Amore et al. [125,126], respectively, while proteins showing ligninolytic
activity were visualized as described by Karp et al. [127].

Slices showing the activities of interest were cut from the SDS-PAGE and analysed
by mass spectrometry as reported in Amore et al. [125].
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Section 2-lI

2.3 "Optimization of Arundo donax saccharification by (hemi)cellulolytic
enzymes from Pleurotus ostreatus" (Paper I)
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An enzymatic mixture of cellulases and xylanases was produced by Pleurotus ostreatus using microcrystalline cellulose as inducer,
partially characterized and tested in the statistical analysis of Arundo donax bioconversion. The Plackett-Burman screening design
was applied to identify the most significant parameters for the enzymatic hydrolysis of pretreated A. donax. As the most significant
influence during the enzymatic hydrolysis of A. donax was exercised by the temperature ("C), pH, and time, the combined effect
of these factors in the bioconversion by P. osfreatus cellulase and xylanase was analyzed by a 3* factorial experimental design. It is
worth noting that the best result of 480.10 mg of sugars/gds, obtained at 45°C, pH 3.5, and 96 hours of incubation, was significant

also when compared with the results previously reached by process optimization with commercial enzymes.

1. Introduction

To solve the issues related to the petroleum-based energy and
compounds, more attention has been focused on the use of
lignocellulosic wastes as source for added-value bioproducts
[1]. They show several advantages such as low costand world-
wide availability with an equal geographical distribution [2].
The major component of lignocellulosic materials is cellulose
that is present in the cell wall within a matrix of hemicellulose
and lignin bonded by cross-linkages. This complex structure
requires mainly three steps for the conversion of lignocel-
luloses into added-valued bioproducts: (i) a pretreatment to
remove lignin and expose the polysaccharides, (ii) hydrolysis
of polysaccharides that can be performed enzymatically using
an enzymatic cocktail composed of cellulases and hemicel-
lulases, and (iii) fermentation of the sugars into the desired
bioproducts.

The enzymatic hydrolysis represents the limiting step of
the overall process due to the high costs of the employed

enzymes cellulases, a group of enzymes comprising cel-
lobiohydrolase (CBH), endo-1,4-f3-D-glucanase (EG), and -
glucosidase (BG), and hemicellulases, including xvlanase,
xyloglucanase, mannanase, arabinase, galactanase, polyga-
lacturonase, glucuronidase, acetyl xylan esterase, and other
enzymes [3]. Extensive studies were reported in the last few
decades in order to identify new more efficient enzymes [4-7]
and to obtain a high yield of sugars with low enzymes dosage
[8].

Filamentous fungi represent the major source of cellula-
ses and hemicellulases and are able to produce large amounts
of lignocellulosic enzymes in different growth conditions [9].

In this study, the basidiomycetous fungus Pleurotus
ostreatus was employed as a source of (hemi)cellulolytic
enzymes that were partially characterized and applied to the
hydrolysis of the lignocellulosic biomass Arundoe donax. This
biomass was chosen since it can be cultivated on lands such
as hilly areas that are considered not appropriate for the
traditional cereal production because yield is low and because
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the traditional cropping system causes extreme vulnerability
to soil erosion [10]. In these conditions, perennial biomass
crops such as giant reed (Arundo donax L.) proved to
reduce soil erosion and to increase potential gross income of
farmers [11] with favourable environmental impacts [12]. This
allows avoiding competition with the use of lands for food
production.

In order to optimize the application of P ostreatus
(hemi)cellulolytic enzymes to A. donax hydrolysis, statistical
analysis of biomass conversion by the investigated fungal
enzymatic cocktail was performed. To identify the most sig-
nificant parameters for the enzymatic hydrolysis, the Plack-
ett-Burman screening design was applied and the combined
effect of the most significant factors identified (temperature
(°C), pH, and time) was analyzed by a 3° factorial experimen-
tal design.

2. Materials and Methods

2.1. Microorganism. The strain Pleurotus ostreatus (Jacq.:Fr.)
Kummer (type: Florida) (ATCC number MYA-2306) was
maintained through periodic transfer at 4°C on solid medium
containing 15¢g/L agar and PDY [24 g/L potato dextrose
(Difco, Detroit, Michigan, USA) and 5g/L yeast extract
(Difco)].

2.2. Preinoculum. Precultures were prepared by inoculating
500 mL of PDY broth in 1T Erlenmeyer flask with six agar
plugs (@ 11mm) of P ostreatus mycelium, from the
edge of a 7-day-old agar culture, in a temperature-controlled
incubator at 28°C on a rotary shaker at 120 rpm for six days.
After homogenizing through sterile blender, the mycelia were
washed with sterile distilled water three times under lam-
inar flow cabinet. The washed mycelia were inoculated
(10%v/v) in the medium A with the following compo-
sition: MgSO,7H,0 (0.3g/L), FeSO,.7H,0 (0.005 g/L),
MnSO,-H,0 (0.00156 g/L), ZnSO,-7H,0 (0.0014 g/L), CaCl,
(0.3g/L), CoCl, (0.002 g/L), yeast extract (0.5 g/L), KH,PO,
(L5g/L),and pH 5.5.

2.3. Analysis of Inducers of P. ostreatus on Cellulase and Xyla-
nase Activities Production. Preliminary experiments were
carried out in 24-well plate flat bottom with Low Evaporation
Lid (BD-Falcon, Franklin Lanes, New Jersey, USA) con-
taining 1.5 mL of medium A and 10% v/v of homogenized
mycelia of P ostreatus in each well. The medium was supple-
mented with different carbon sources: xylan from beachwood
(Sigma-Aldrich, St. Louis, MO, USA), carboxymethylcellu-
lose (CMC), sodium salt medium viscosity (Sigma-Aldrich,
St. Louis, MO, USA), 99% xylitol (Alfa Aesar, Parkridge Road,
Ward Hill, MA, USA), D-(+)- 98% cellobiose (Alfa Aesar,
Parkridge Road, Ward Hill, MA, USA), L(+)-Arabinose
(Merck Millipore, Darmstadt, Germany), 98% L-(-)-Arabitol
(Alfa Aesar, Parkridge Road, Ward Hill, MA, USA), micro-
crystalline cellulose (Alfa Aesar, Parkridge Road, Ward Hill,
MA, USA), sophorose 0.6 mM (Sigma-Aldrich, St. Louis,
MO, USA), D(+)-Xylose (Sigma-Aldrich, St. Louis, MO,
USA), Arabinan (Megazyme), wheat arabinoxylan low
viscosity (Megazyme), D-(+)Galactose (Sigma-Aldrich, St.
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Louis, MO, USA), and lactose (Carlo Erba, Milan, Ttaly),
tested at final concentration of 1% (w/v), with the exception
of the sophorose, tested at final concentration of 0.6 mM. The
plates were incubated at 28°C on a rotary shaker at 250 rpm
for 14 days. Samples were centrifuged at 13.000 rpm for 15
minutes and the supernatants were used for cellulase and
xvlanase assays.

The selected carbon sources were further investigated
for their inductive effect at final concentration of 1% (w/v)
in 1L Erlenmeyer flask, containing 500 mL of medium and
10% v/v of homogenized P. ostreatus mycelia. The flasks were
incubated at 28°C on a rotary shaker at 120 rpm for 35 days.
Samples were collected for cellulase and xylanase assays as
described above.

2.4. Enzymatic Activity Assays

2.4.1. Xylanase Assay. Xylanase activity assay was performed
according to Bailey et al. [13].

2.4.2. Azo-CMCase Assay for Endo-1,4-3-Glucanase. Endo-
1,4-B-Glucanase activity produced in liquid culture was
assayed by using Azo-CMC (Megazyme, Ireland) as substrate,
following supplier’s instructions.

2.4.3. Dinitrosalicylic Acid Assay for Endo-1,4-f-Glucanase.
For assessing the optimum pH and temperature and
thermal- and pH-resistance, endo-1,4-$-Glucanase activity
was assayed towards CMC (Sigma-Aldrich, St. Touis, MO,
USA) as substrate, following the DNS assay method reported
by Ghose [14].

2.4.4. B-Xylosidase, 3-Glucosidase, and a-Arabinofuranosi-
dase Assays. [-Xylosidase, a-arabinofuranosidase, and f-
glucosidase activities were determined by using p-nitrophe-
nyl-glycoside substrates as described in Marcolongo et al.
[15]. All the enzymatic measurements were performed in
triplicate.

2.5. Optimum Temperature and Thermoresistance. Super-
natant of P osfreatus was concentrated by ultrafiltration with a
10 kDa polyethersulfone membrane (Millipore Corporation,
Bedford, MA, USA) and subjected to the determination of
optimum temperature and thermoresistance of the xylanase
and cellulase.

To assess the optimum temperature, the substrates birch-
wood xylan (Sigma-Aldrich, St. Louis, MO, USA) and CMC
(Sigma-Aldrich, St. Louis, MO, USA) used for the xylanase
and cellulase activities assays, respectively, were dissolved in
50 mM Na citrate at pH 5.3 and the incubations in presence
with the enzymatic preparation were performed at 30, 40, 50,
60, 70, and 80°C. The thermoresistance of the xylanase and
cellulase activities was investigated by incubating the fungal
culture supernatant in 50 mM Na citrate pH 5.3, at 30°C,
40°C, and 50°C.

The reported results correspond to mean values of the
three independent experiments, each one performed in three
replicates.
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2.6. Optimum pH and pH Resistance. The optimum pH of P
ostreatus cellulase and xylanase was determined on the super-
natant of fungal culture concentrated by ultrafiltration with a
10 kDa polyethersulfone membrane (Millipore Corporation,
Bedford, MA, USA). The experiments were performed at
25°C using both Mcllvaine bufter, with pH values between
3.0 and 9.0, and Na-citrate buffer, at pH ranging from 3.0
to 6.0, performing the cellulase and xylanase activities assays
with the substrates CMC and birch-wood xylan, respectively,
dissolved in the above-mentioned buffers.

The pH resistance of the cellulase and xylanase activities
was analyzed by diluting the supernatant in McIlvaine buffer,
with pH ranging from 3.0 to 9.0, and incubating at 25°C.

The reported results correspond to mean values of the
three independent experiments each one performed in three
replicates.

2.7. Enzymatic Hydrolysis. The enzymatic hydrolysis mix-
tures, set up according to the experimental designs, contained
the pretreated A. donax biomass previously oven-dried at
50°C to a moisture content less than 10% (w/w) in a total
volume of 2mL consisting of 50 mM sodium citrate buffer
plus the enzyme cocktail. The biomass hydrolysis was carried
out with the following enzymatic preparations, whose units
per grams of dry pretreated substrate are specified below in
the following paragraph on Plackett-Burman (PB) design:
cellulase and xylanase activities from P ostreatus after 9
days of growth and the cellulase from Trichoderma reesei
ATCC26921. The commercial enzymatic mix C (145 U/gds
of cellobiase from A. niger and 8 U/gds of thermostable -
xylosidase) was also included in the reaction mix to obtain
the complete carbohydrates hydrolysis into the respective
monomers. The hydrolysis mixtures, supplemented with
40 g/mL tetracycline and 30 g/mL cycloheximide to prevent
microbial contamination, were prepared in caped tubes and
were incubated together with blanks (pretreated lignocellu-
losic material without enzyme cocktail) on a rotary ther-
moblock (Themomixer C, from Eppendort) at 600 rpm. Dif-
ferent hydrolysis conditions were tested according to either
“Plackett-Burman (PB) design” or “3* factorial experimental
designs.” Samples were withdrawn at different time inter-
vals, chilled on ice, and centrifuged at 16.500 xg for 30 min
at4°c.

The total released sugars were expressed as the amount
(mg) of total soluble sugars liberated after hydrolysis per
grams of pretreated biomass.

2.8. Defermination of Sugar Content. The sugars contained
in the cleared supernatants obtained from A. donax, pre-
treated and subjected to the two-step acid hydrolysis or the
enzymatic hydrolysis as described above, were analyzed by
a high-performance liquid chromatographic (HPLC) system
(Dionex, Sunnyvale, CA, USA), equipped with an anionic
exchange column (Carbopac PA-100) and a pulsed electro-
chemical detector. Glucose and xylose were separated with
16 mM sodium hydroxide at a flow rate of 0.25 mL/min and
identified by the respective standards. Fucose was used as
internal standard.

2.9. Experimental Design and Data Analysis. Tn order to
elucidate the most significant conditions for the enzymatic
hydrolysis of pretreated A. donax the Surface Response
Methodology (SRM) was used. The Plackett-Burman (PB)
factorial design, used to identify the critical parameters, and
the 3 factorial experimental design were obtained by the
Statistica 12.0 software (Statsoft Inc., 2013). The regression
coefficients, analysis of variance (ANOVA), and p and F val-
ues were used to estimate the statistical parameters employed
by the same software. ANOVA table consists of calculations
that provide information about levels of variability within a
regression model and form a basis for tests of significance.

2.10. Plackett-Burman (PB) Design. A total of 11 (N) variables
including temperature (*C), amount of biomass (%, w/v), pH,
time (hours), concentration of cellulase and xylanase from P
ostreatus and of commercial cellulase from Trichoderma ree-
sei ATCC26921 (U/gds), and 5 unassigned variables (dummy)
were studied in 12 (N + 1) experiments. Each variable was
examined at two levels, high and low, denoted by (+1) and
(1) signs, respectively (Table SI in Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2015/951871).
Also 3 centre points, in which the medium level with the
code (0) was considered for each parameter, were included
in the PB matrix (Table 1). The main effect of each variable
was determined using the following equation:

p, - ZMi -2 M) 1)
N

where E,; is the variable main effect and M;, and M,_ are
the sum of the responses in runs, in which the independent
variable (x7) was present in high and low levels, respectively,
while N is the half number of runs considered. If the main
effect of the tested variable is positive, it means that the
influence of the concerning variable is greater at the high
level tested, and when it is negative, the influence of the given
variable is greater at the low level.

211 3 Factorial Experimental Design. To investigate the
effect of the most critical parameters, defined through the
PB factorial design, as well as how their interactions affect
the response variable, 3° factorial experimental design was
performed (Table S2). According to the 3° full factorial design
for the three variables, 27 experimental runs including 3
central points, totalizing 30 runs were executed (Table 2).

2.12. Validation of Developed Model. Based on the 3* fac-
torial experimental results, complementary experiments (in
triplicate) were carried out to validate the developed model.
The experiment performed incorporated the conditions (run
number 18) that allowed obtaining the maximum amount of
released sugars. After, the experimental responses obtained
were compared to the theoretical responses calculated from
the developed model. The difference between the experi-
mental and theoretical responses was evaluated to test the
reliability of the model to predict the yield of saccharification
of A. donax.
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TaBLE 2: 3° experimental screening design: three levels, 3 factors,
and 3 central points.

Total sugars released

Run T (°C) Time (hours) pH (mg/gds)
1 35 48 2.5 289.90
2 35 48 3 264.40
3 35 48 35 353.30
4 35 72 2.5 184.60
5 35 72 3 180.60
6 35 72 3.5 315.80
7 35 96 2.5 187.50
8 35 96 3 233.80
9 35 96 3.5 335.90
10 45 48 25 196.90
1 45 48 3 209.10
12 45 48 3.5 233.90
12 45 72 25 150.30
14 45 72 3 207.40
15 45 72 35 291.70
16 45 96 2.5 292.80
17 45 26 3 34740
18 45 96 35 480.10
19 55 48 2.5 69.40
20 55 48 3 185.0
21 55 48 3.5 235.60
22 55 72 2.5 156.70
23 55 72 3 155.50
24 55 72 3.5 156.60
25 55 926 25 203.18
26 55 96 3 262.0
27 55 96 3.5 2810
28C 45 72 3 210.9
29C 45 72 3 211.0
30C 45 72 3 210.5

3. Results and Discussion

3.1. Analysis of Inducers of Cellulase and Xylanase Production
in P. ostreatus. A preliminary screening of the potential
inducers of cellulase and xylanase activities production in P
ostreatus was firstly performed in 24-well plates monitoring
the time course of the enzymes secretion for 14 days in the
presence of 1% (w/v) CMC, microcrystalline cellulose, cel-
lobiose, sophorose, xylan, xylose, xylitol, wheat arabinoxylan,
galactose, lactose, and 0.6 mM sophorose. Many researches
have been focused on induction of cellulase and xylanase
production by different monosaccharides, disaccharides, and
carbohydrates used as sole carbon source [16]. Generally, the
final concentration of the sugar tested as inducer corresponds
to the 1% (w/v), demonstrating that this amount gives an
inductive effect on both cellulases [17, 18] and xylanases [19,
20]. As regards the sophorose, although in most cases it was
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used as carbon source at final concentration of 1% (w/v) [21-
23], its inductive effect on cellulase activity was also reported
at lower concentration [24].

This analysis revealed the effect of microcrystalline cellu-
lose as inducer of cellulase and xylanase activities production
(Figures S1 A-B), whilst no induction was evidenced in
the tested conditions by the other compounds, although
in literature they have been reported as strong inducers of
(hemi)cellulases production by fungi, such as Trichoderma
reesei [25], Clostridium acetobutylicum [26], and Aspergillus
niger [27].

Based on the data obtained from the analyses in multiwell,
P ostreatus cultures in 11 Erlenmeyer flasks containing
500 mL of medium with 1% microcrystalline cellulose were
performed (Figures S2 A-B). The cellulase and xylanase
activities reached a maximum value of 3.19 and 51.32 U/mL,
respectively, after 9 days of fermentation. In many works,
microcrystalline cellulose was reported as an inducer of
cellulase and xylanase activities production in fungal strains,
such as Cerrena unicolor VKM F-3196 (28], Trichoderma
viride [29], Streptomyces sp. [30], and Alfernaria brassi-
cae [31]. When C. unicolor VKM F-3196 was grown in a
medium containing microcrystalline cellulose, a production
of 6.5U/mL xylanase and 12.7 U/mL cellulase, at the fifth day
of fermentation, was observed by Belova et al. [28]. Similar
amounts of cellulase were produced by Trichoderma viride,
cultivated on microcrystalline cellulose, reaching the highest
value of 10.19U/mg after 3 days of growth [29]. During
submerged fermentation in presence of microcrystalline
cellulose, Streptomyces sp. EC22 produced a maximum of
cellulase (0.8 U/mL) and xylanase (2.4 U/mL) activity after
72 and 60 hours, respectively [30]. Ortega [31] showed the
induction of extracellular cellulolytic enzymes for the fungus
Alternaria brassicae grown in the presence of microcrys-
talline cellulose with a maximum of 1.95 and 10.90 U/mL
for endoglucanase and xylanase activities, respectively, very
low values in comparison with those hereby reported for the
strain P. ostreatus.

3.2. Partial Characterization of P. ostreatus Cellulase and
Xylanase Activities to Define the Enzymatic Properties Useful
for Their Application. The analysis of the culture supernatant
obtained after 9 days of growth of P osireatus revealed
only very low a-arabinofuranosidase, 3-glucosidase, and -
xylosidase activities whose concentrations were of 0.0082,
0.056, 0.0076 U/mL, respectively. These three enzymatic
activities are needed to obtain the biomass bioconversion into
fermentable sugars.

Moreover, the optimal temperature and pH, thermore-
sistance, and pH-stability of cellulase and xylanase activities
produced by P ostreatus were also evaluated to identify the
conditions to be tested in the statistical analysis of A. donax
bioconversion.

In Mcllvaine buffer, the optimal pH for the P. ostreatus
cellulase activity was 4.0 (Figure 1(a)), similar to that reported
for the three cellulases produced by P. florida (pH of 4.4) [32].
At least 60% of P. ostreatus cellulase activity was maintained
in the range 3.0-7.0. Differently, the xylanase enzyme lost
completely the activity at pH 3.0 and pH 4.0, showing an
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Ficure 1: Effect of (a) pH in Mcllvaine buffer, (b) pH in Na-citrate buffer, and (c) temperature on Pleurotus ostreatus cellulase and xylanase
activities. The cellulase and xylanase activities were measured at pH ranging from 3.0 to 9.0 in McIlvaine bufter and from 3.0 to 6.0 in Na-

citrate buffer and at the temperatures from 30 to 80°C.

optimum at 7.0 (Figure 1(a)), a value close to the optimum of
6.0 reported for a xylanase produced by P, ostreatus [33].

In the Na-citrate buffer, the cellulase activity analyzed in
our work showed an optimum at same pH value of 4.0, while
a different optimal pH of 5.3 was observed for the xylanase
(Figure 1(b)).

Both the P ostreafus cellulase and xylanase activities
showed an optimal temperature of 50°C (Figure 1(c)), which
represents the condition mostly used for the enzymatic
hydrolysis of lignocellulosic biomasses [15, 34]. The results
were comparable to the optimum temperature of 45°C shown
by the three cellulases produced by P florida [32], while it
was distant from that of xylanase produced by P ostreatus
(between 25 and 40°C) [33].

The P ostreatus cellulase and xylanase activities showed
very high stability in a broad range of pH values (Figures
2(a) and 2(b)). It is worth noting that the xylanase showed

amore elevated stability than the other xylanase produced by
P, ostreatus that loses 15 and 22% of activity at pH 6.5 and pH
9.0, respectively, after only 3 hours [33].

Cellulase activity from P ostreatus retained 50% of its
value for at least 7 hours at 30°C and 40°C and 2 hours at
50°C and it immediately lost activity at temperature higher
than 70°C (Figure 3(a)); other cellulases from Pleurotus sp.,
p-glucosidase, endoglucanase, and exoglucanase, showed a
half-life of 15 minutes at 72, 66, and 58°C, respectively [32].
Xylanase activity from P, estreatus retained 50% of its activity
for at least 2 days at 30°C and 7 hours at 40°C (Figure 3(a));
like the other xylanase from P. ostreatus [33], it lost the activity
at temperatures higher than 50°C.

3.3. Screening of Parameters Affecting the Enzymatic Hydrol-
ysis by PB Design. Statistical analysis of Arundo donax bio-
conversion by cellulases and xylanases produced by Pleurofus
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Ficure 2: pH resistance of (a) cellulase and (b) xylanase activities of Pleurotus ostreatus. The pH resistance of the cellulase and xylanase
activities was analyzed by diluting the supernatant in McIlvaine bufter, with pH ranging from 3.0 to 9.0, and incubating at 25°C. The percentage
values reported in the graphs are referred to the initial enzymatic activities of 100%.

Cellulase activity (%)

1 2 5 7

Time (hours)

24 48 72 96

M 60°C
M 70°C

M 30°C
M 40°C
M 50°C

(a)

100.0 4
900
£ 800
B 700
E 600
3 500
% 400
5 300
= 200
100
0.0
1 2 5 7 24 48 72 96
Time (hours)
M 30°C M 60°C
M 40°C M 70°C
M 50°C
(b)

F1GUre 3: Thermoresistance of (a) cellulase and (b) xylanase activities of the strain Pleurotus ostreatus. The thermoresistance of the xylanase
and cellulase activities was investigated by incubating the fungal culture supernatant in 50 mM Na citrate pH 5.3, at 30, 40, 50, 60, 70, and
80°C. The percentage values reported in the graphs are referred to the initial enzymatic activities of 100%.

TasLE 3: Macromolecular composition of untreated and pretreated
Arundo donax.

Carbohydrate composition

(% total dry weight)
Untreated Pretreated
Glucan 263+16 382+12
Xylan 241+12 57+09
Klason lignin 9.8 +0.4 361+ 0.6

ostreatus after 9 days of growth in the presence of microcrys-
talline cellulose was performed. Carbohydrate compositions
of the untreated and pretreated [35] giant reed (Arundo
donax) are reported in Table 3.
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The effect of the six parameters, temperature ("C), bio-
mass (%, w/v), pH, cellulase from P, osfreatus (U/gds), com-
mercial cellulase from Trichoderma reesei ATCC26921
(U/gds), and incubation time (hours), on the sugars released
during the enzymatic hydrolysis by P. ostreatus extracellular
cellulase and xylanase was analyzed through the PB screening
design.

Since in the enzymatic cocktail produced by Pleurotus
osireatus after 9 days of growth the cellulase activities were
lower than the xylanase one, the only cellulase activity level
was chosen as parameter in the statistical analysis experi-
ments.

Moreover, the addition of the commercial enzymatic mix
C (145 U/gds of cellobiase from A. niger and 8 U/gds of ther-
mostable 3-xylosidase) in the hydrolysis reaction was nec-
essary to obtain the complete carbohydrates hydrolysis into
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FIGURE 4: Pareta Chart of the Plackett-Burman design of sugars released during the enzymatic hydrolysis of Arundo donax (R* = 0.98 and
Ridj. = 0.92), showing the significant factors at 95% of confidence level (p < 0.05). Significant factors were pH (p = 0.002859), temperature
(p = 0.018157), and time (p = 0.048045) with an effect of —155.83, +104.69, and +71.96, respectively.

the respective monomers, since the f-glucosidase and f3-
xylosidase activities were not detected in the supernatant of
the strain P. ostreatus.

In Table S1 the lowest (-1) and the highest (+1) values
tested for each factor were reported. The results of the analysis
were reported in Table I, ANOVA data were reported in Table
§3, and the Pareto Chart, showing the standardized effects of
the analyzed factors, was presented in Figure 4.

Asreported in the ANOVA Table (Table S3), the most sig-
nificant influence on the released sugars during the enzymatic
hydrolysis of A. donax was exercised by the temperature (*C),
pH, and time. In Figure 4, the Pareto Chart (R* = 0.98 and
Ridj_ = 0.92) shows that the three significant factors at 95% of
confidence level (p < 0.05) are the pH representing the most
important factor for the released sugars (p = 0.002859) and
exercising a strong negative effect of —155.83, followed by the
temperature (p = 0.018157) and the time (p = 0.048045) with
a positive effect of +104.69 and +71.96, respectively.

Within the tested experimental values, the other three
variables, dosage of cellulase from T reesei ATCC 26921,
dosage of cellulase from P. ostreatus, and % (w/v) of biomass,
did not show significant effect at 95% of confidence level on
the hydrolysis of saccharification of A. donax. The dosage of
cellulase from Trichoderma reesei ATCC 26921 and that from
P ostreatus affected the saccharification of A. donax at 94 and
88% confidence levels, respectively.

Moreover, the PB analysis showed a strong influence of
the dummy 4, one of the unassigned considered variables. As
explained by Stowe and Mayer [36] (1966), this may be due
to an experimental error or a possible interaction between
two factors not revealed by the PB analysis but by the 3° full
factorial analysis.

3.4. Analysis of Combined Effect of pH, Temperature, and Time
on the Bioconversion of Arundo donax through the 3° Factorial
Experimental Design and Validation of Generated Model.
Since the PB analysis showed that the pH, temperature (*C),
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and time (hours) were the most significant factors on the
sugars released during the enzymatic hydrolysis of A. donax,
a 3® full factorial experimental design with 30 runs was
performed to analyze the combined effect of them.

As regards the other factors, % (w/v) of biomass, U/gds of
cellulase from P. osfreatus, and U/gds of commercial cellulase
from T. reesei ATCC26921, since they had no effect on the
released sugars, the experiments were performed using their
level 0 tested in the PB analysis, in order to reduce the
utilization of both commercial cellulase and enzymes from P
ostreatus, with economical advantage. Also, for the % (w/v)
of biomass, it was chosen to adopt the level 0 (5% w/v)
since previous experiments had shown better results with this
biomass percentage [37].

In Table S2, the lowest (-1) and the highest (+1) values
tested for each factor in the 3* full factorial experimen-
tal design were reported. The results of the analysis were
reported in Table 2, ANOVA data were reported in Table S4,
and the Pareto Chart, showing the standardized effects of the
analyzed factors, was presented in Figure 5.

The best result of 480.10 mg of sugars/gds was given by
the following combination of factors (run number 18): 45°C,
pH 3.5, and 96 hours of incubation (Figure 5).

The ANOVA Table (Table S4) showed that all the tested
factors (temperature, pH, and time) exercised a strong influ-
ence on the sugars released during the enzymatic hydrolysis
of A. donax. The 95% confidence interval and a coefficient
of determination R* of 0.93, (Ridj_ of 0.80) indicated that the
model was statistically significant. As shown in the Pareto
Chart (Figure 5), the pH was the most significant factor for
the released sugars (p = 0.000183), in agreement with the
results obtained by PB analysis, and it exercised a strong
negative effect of —105.85; it is followed by the temperature
(p = 0.000921) and the time (p = 0.000537) with a negative
effect of —71.20 and a positive effect of +65.13, respectively.

A relevant positive impact on the bioconversion process
was exercised by the interaction between temperature and
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p=.05

Standardized effect estimates (absolute value)

F1GURE 5: Pareto Chart of the 3° full factorial design of sugars released during the enzymatic hydrolysis of Arundo donax (R* = 0.93; Rjdj_
0.80), showing the significant factors at 95% of confidence level (p < 0.05). Significant factors were pH (p = 0.000183), temperature (p

0.000921), and time (p = 0.000537) with an effect of —105.85, —71.20, and +65.13, respectively. Strong positive impact on the bioconversion
process was exercised also by the interaction between the temperature and the time.

time. This strong interaction could explain the influence of

the dummy 4 revealed by the PB analysis, excluding the
hypothesis of an experimental error [36].

The 3D response surface was obtained by plotting the
response values (mg glucose/g dry substrate) on the Z axis
against (1) the variables temperature and time, keeping the
pH constant at its level 0 (Figure 6(a)), (2) the variables
pH and time, keeping the temperature constant at its level

0 (Figure 6(b)), and (3) the variables temperature and pH,
keeping the time constant at its level 0 (Figure 6(c)). The
Surface Response is demonstrated by

Y =206.25-12.49 « A—30.81 = A +78.27 B

+79.39 % B* 45344 % C +22.14 = C* 4 33.90

* AB— 825 AC —0.33 » AB® — 3432 » AC?
(2)

—71.23 + A’B—12.04 + A’C - 2222 + A*B?

+2.13 + A’C* +12.24 + BC + 2.67 + BC*
+11.26 = B*C - 10.56 + B*C?,

where Y indicates the released sugars concentration (mg/g
dry substrate), A is the temperature (‘C), B is the time
(hours), and C is the pH.

The saccharification ratio increased with increase in time

of incubation, keeping constant the pH at 3.5. Increase of

temperature in the range from 35 to 45°C resulted in an
improvement of the sugars yield. This trend, due to the
positive interaction between temperature and time, gave
more pronounced effect at longer incubation times with the
maximum sugar recovery at 96 h. At this time a further tem-
perature increase generated a reduction of saccharification
yield (Figure 6).
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The experimental results (average) did not differ signifi-
cantly with the theoretical values obtained by the generated
model (Table S5). Based on the determination coefficient
(R? = 0.93 and Ridj. = 0.80), more than 80% of the results
are represented by the model. The plotting between the
experimental total reducing sugars and the predicted total
reducing sugars was reported in Figure S3.

The conditions under which the maximum value of the
sugars released was achieved were also verified by carry-
ing out the experiments corresponding of run 18, whose
results were in close agreement with the model prediction
(455 mg/gds).

In general, the sugars released by the bioconversion of the
pretreated A. donax reported in this study were not so far
from those reported until now in literature, also in compar-
ison with the results obtained using commercial enzymes.
Several sources of enzymes were reported in the biocon-
version of lignocellulosic biomasses and the different sugars
vield obtained, which are summarized in Table 4, were
influenced by the type of pretreated lignocellulosic materials,
the enzymatic cocktail, and the operative conditions adopted
in the process.

It is worth noting that the bioconversion of the pre-
treated A. donax reported in this study released similar
amounts of glucose (229.30 mg/gds) and xylose (250.80 mg/
gds) to those previously obtained by using commercial
enzymes cocktail, containing 60 FPU/gds of cellulases and
64 pNPGU/gds of B-glucosidases, in the bioconversion of
the same biomass, which released 264.0 mg glucose/gds and
217.0 mg xylose/gds [38] (Table 4). Rana et al. [39] showed
that the enzymatic bioconversion of biological pretreated
Parthenium sp. with the Accellerase 1500 (Novozymes)
allowed obtaining 485.64 mg of total sugars per gram of
dry substrate (Table 4), comparable to that (480.10 mg/gds)
obtained in this study.
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Total sugars released (mg/gds)
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F1GURE 6: Surface Response showing the optimum region of each variable (central point) for the highest sugars released (mg/gds) during the
hydrolysis of Arundo donax.
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In some cases, the amount of sugars obtained using crude
enzymes from fungi in lignocellulose bioconversion, that
is, from Aspergillus candidus in saccharification of aqueous
ammonia treated corn cob or from Aspergillus foetidus
MTCC 4898 in saccharification of NaOH pretreated agri-
cultural residues like wheat straw, rice straw, and corncobs
[40, 41], was lower than that obtained in our study (Table 4).

Many works concerning the statistical optimization of
pretreated lignocellulosic materials bioconversion, apply-
ing either commercial enzymes or enzymes from different
microorganisms, were so far reported in literature. Lower
sugars yield (293 mg/g substrate) than those reported in this
work were obtained from the saccharification of Populus
balsamifera, under optimized conditions, 65 FPU of cellulases
from Agaricus arvensis/g substrate, 10% of the substrate, and a
temperature of 40°C [42] (Table 4); while higher sugars yield,
comparable to those obtained by using P. ostreatus enzymes,
was reported by Phuengjayaem et al. [43].

It is noteworthy that the sugars’ yield hereby reported
with P, ostreatus enzymes was significant also when compared
with that reached by process optimization with commer-
cial enzymes. In fact, maximum reducing sugar yield of
266.0mg/g was found, under optimized conditions, for the
enzymatic hydrolysis of apple pomace by a commercial
cocktail (43.0U/g of Celluclast 1.5L, 183.0 U/g of Peclinex
3XL, and 41.0U/g of Novozyme 188), as reported by Par-
mar and Rupasinghe [44] (Table 4). Ferreira et al. [45],
through response surface methodology, obtained a maxi-
mum reducing sugar yield of 313.0 mg/g for Cistus ladanifer
and 418.0mg/g for Cytisus striatus by using 60.0 FPU/g
of cellulase complex NS50013 and f-glucosidase NS50010
(Table 4).

Moreover, at the best assessed conditions, the enzymatic
cocktail produced by P ostreatus allowed obtaining, at the
same time, both glucose and xylose at similar yields. Differ-
ently, Ruangmee and Sangwichien [46] showed that at the
optimal conditions for glucose yield (552.9 mg/g substrate),
the xylose yield (74.0 mg/g substrate) was much lower.

Furthermore, it is worthy to note that an extensive litera-
ture search reveals that (hemi)cellulolytic enzymes produced
by P. ostreatus represent a good candidate as biocatalyst for
the enzymatic saccharification of A. donax, since they give a
sugar yield that was only in few cases a little bit lower [47, 49]
or comparable [40, 43] whilst, in some other cases, it results
higher than that obtained by using enzymes from different
sources [47-49], including the commercial ones [50-52].

4. Conclusions

It was demonstrated that microcrystalline cellulose is able
to induce the Pleurotus ostreatus production of a mixture
of cellulases and xylanases which were shown to be able to
hydrolyze the pretreated Arundo donax. A statistical analysis
of bioconversion based on this mixture led to the best results
of 480.10 mg of sugars/gds at 45°C, pH 3.5, and 96 hours of
incubation. In these conditions, a significant sugar yield was
obtained also in comparison with results previously reported
in literature. Interestingly, both glucose and xylose at similar
vields were achieved at the same time.
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Chapter I

3.1 Introduction

Lactic acid is an organic acid recognized as a GRAS (Generally Recognized As
Safe) compound by the US FDA (Food and Drug Administration) and it is widely
applied in food, cosmetic, pharmaceutical and chemical industries [18]. The large
amount of lactic acid produced, up to 70 %, is used in the food industry for cheese
and yogurt production [19]. In the cosmetic industry, lactic acid is used as a
component of hygiene and esthetic products, due to its verified antimicrobial and
rejuvenating effects on the skin [20]. Moreover, in the pharmaceutical and chemical
industries, lactic acid is used as a precursor of large and small polymers, like
polylactic acid and acrylic polymers, which are biocompatible and biodegradable and
thus, utilized for the packaging, prosthetic devices, sutures and internal drug dosing
[21]. The worldwide demand of lactic acid in 2007 was calculated to be 130,000-
150,000 metric tons per year, with commercial prices ranging between 1.38 US$ kg™
and 1.54 US$ kg™, depending on the purity grade [22]. It was estimated that the lactic
acid request should increase significantly over the coming years; thus, many efforts
are focusing on the development of efficient and cost-effective processes to increase
the lactic acid recovery vyield. Particularly, low-cost lignocellulosic wastes are
exploited as substrate for a competitive production of lactic acid through microbial
fermentations [23,24,25].

Among the lignocellulosic wastes, Brewers’ Spent Grain (BSG) is one of the most
valuable low-cost feedstock for lactic acid production. BSG represents the major by-
product of the brewing industry. It accounts for about 85 % of the total residues
generated after the mashing and lautering processes [128] and it is available in large
guantities throughout the year. The chemical composition of BSG varies according to
several factors such as the barley variety, the harvest time, and the malting and
mashing conditions.

This chapter deals with the description of studies concerning the conversion of BSG
into lactic acid through microbial fermentation. These activities were carried out in the
laboratory of Dr. Carlos Ricardo Soccol at the Department of “Engenharia de
Bioprocessos e Biotecnologia” (DEBB) (Universidade Federal do Parana, Brazil), in
the frame of the project BIOASSORT.

Particularly, the paper Il “Selection of the strain Lactobacillus acidophilus ATCC
43121 and its application to Brewers’ Spent Grain conversion into lactic acid”
describes the ability of the strain Lactobacillus acidophilus ATCC 43121, selected
among six lactobacilli belonging to the DEBB collection, to produce lactic acid from
BSG hydrolysates derived from two different geographical areas. In detail, the
hydrolysates obtained by enzymatic hydrolysis of BSGs after two types of
pretreatments, aqueous ammonia soaking and acid-alkaline pretreatment, were
evaluated as substrate for the growth of the Lactobacillus acidophilus ATCC 43121
strain and the lactic acid production.
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3.2 Results

3.2.2 Selection of the strain Lactobacillus acidophilus ATCC 43121 and its
application to Brewers’ Spent Grain conversion into lactic acid (Paper II)
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Six Lactobacillus strains were analyzed to select a bacterium for conversion of brewers’ spent grain (BSG) into lactic acid. Among
the investigated strains, L. acidophilus ATCC 43121 showed the highest yield of lactic acid production (16.1g/L after 48 hours)
when grown in a synthetic medium. It was then analyzed for its ability to grow on the hydrolysates obtained from BSG after acid-
alkaline (AAT) or aqueous ammonia soaking (AAS) pretreatment. The lactic acid production by L. acidophilus ATCC 43121 through
fermentation of the hydrolysate from AAS treated BSG was 96% higher than that from the AAT treated one, although similar yields
of lactic acid per consumed glucose were achieved due to a higher (46%) glucose consumption by L. acidophilus ATCC 43121 in the
AAS BSG hydrolysate. It is worth noting that adding yeast extract to the BSG hydrolysates increased both the yield of lactic acid
per substrate consumed and the volumetric productivity. The best results were obtained by fermentation of AAS BSG hydrolysate
supplemented by yeast extract, in which the strain produced 22.16 g/L of lactic acid (yield of 0.61g/g), 27% higher than the value
(17.49 g/L) obtained in the absence of a nitrogen source.

1. Introduction One of the most important organic compounds is lactic
acid, recognized as a GRAS (generally recognized as safe)
compound by the US FDA (Food and Drug Administration),
with many applications in food, cosmetics, and pharmaceu-
tical and chemical industries [2]. Moreover, it has received a
great deal of attention as a feedstock monomer for the pro-

Bioconversion of lignocellulosic residual biomass can make
a significant contribution to the production of organic bio-
chemicals [1]. Huge amounts of lignocellulosic wastes are
produced yearly all around the world. They include agricul-

tural residues, food farming wastes, green-grocer’s wastes,
tree pruning residues, and the organic and paper fractions of
urban solid wastes. A wide range of high added value prod-
ucts, such as biofuels, organic acids, biopolymers, bioelectric-
ity,and molecules, for the food and pharmaceutical industries
[1] can be obtained by upgrading solid wastes through bio-
technological processes.

duction of PLA (polylactic acid), used as a biodegradable
commodity plastic.

Microbial production of lactic acid from lignocellu-
losic wastes necessitates the pretreatment of lignocellulosic
biomass to remove the barrier of lignin and expose the poly-
saccharides on the plant cell wall, the enzymatic saccharifica-
tion of the polysaccharides with a (hemi)cellulolytic enzyme
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cocktail, and the fermentation of the resulting sugars with
lactic acid producing microorganisms [3].

Among the lignocellulosic wastes, BSG is considered as a
valuable low-cost feedstock with considerable attractiveness
for energy production. BSG represents the major by-product
of the brewing industry. It accounts for about 85% of the total
residues generated after the mashing and lautering processes
[4] and is available in large quantities throughout the year.
The chemical composition of BSG varies according to several
factors such as the barley variety, the harvest time, and the
malting and mashing conditions. BSG, as with any other
lignocellulosic waste, is susceptible to transformation into a
variety of different value-added products.

In this paper, six lactic acid bacteria (LAB) were com-
pared for their ability to produce lactic acid in a synthetic
growth medium. The most productive strain was investigated
for its ability to produce lactic acid from the sugar mixture
obtained by enzymatic hydrolysis of pretreated BSGs from
two different geographical areas. The hydrolysates obtained
by enzymatic hydrolysis of BSGs after two types of pre-
treatment, aqueous ammonia soaking and acid-alkaline pre-
treatment, were evaluated as substrate for the growth of the
selected bacterial strain and the lactic acid production.

2. Materials and Methods

2.1. Chemical Pretreatments of Brewers’ Spent Grains and
Enzymatic Hydrolysis of Pretreated Materials. The brewers
spent grains provided by the brewery Bier Hoft Curitiba-PR
(Brazil) (BSG 1) were subjected to acid-alkaline treatment
(AAT). This consisted of a first treatment with 1.25% (v/v)
H,50, in 1:8§ (w/w) ratio at 120°C for 17 minutes [5]. The
solid residue was washed with water until the pH was neutral,
dried overnight at 50 + 5°C, and mixed with 2% (v/v) NaOH
inal:20 (w/w) ratio at 120°C for 90 minutes [6]. The cellulose
pulp was washed with water until the pH was neutral, and it
was dried overnight at 50 + 5°C.

The brewer spent grains provided by the microbrewery
Maneba (Striano, Naples, Italy) (BSG 2) were subjected to an
aqueous ammonia soaking (AAS) treatment on a lab-scale
as described by Maurelli et al. [7]. The biomass milled to a
fine powder was suspended in 5% (v/v) aqueous ammonium
hydroxide solution at a solid to liquid ratio of 1:10 and
incubated at 70°C for 22 hours in screw-capped 25 mL bottles
to reduce the evaporation. The solid residue, recovered by
centrifugation at 8000 xg, was extensively washed with water
until reaching neutral pH and dried overnight at 50 + 5°C.

The saccharification experiments were carried out in a
total volume of 50 mL containing 50 mM sodium citrate
buffer pH 5.5 plus enzyme cocktail (2.24% (v/v) cellulase
and 1% (v/v) p-glucosidase, Novozymes) at 45°C, 60 xg for
72 hours. To reach a comparable cellulose content in the
pretreated lignocellulosic substrates subjected to enzymatic
hydrolysis, the pretreated BSG samples, AAT BSG 1and AAS
BSG 2, were added at a solid loading of 8 and 16% (w/v),
respectively. The liquid fraction was then separated from the
solid residue by centrifugation.

BioMed Research International

2.2. Determination of Chemical Composition of Raw and Pre-
treated Maferials. Carbohydrate compositions of the biomass
samples untreated and pretreated were determined accord-
ing to the method of Davis [8]. The polysaccharides were
degraded into their corresponding monomers by a two-step
acid hydrolysis. The samples were mixed with a 72%v/v
H,S0, solution at a solid loading of 10% and incubated at
30°C for 1h; then, the mixtures diluted to 4% (v/v) H,S0,
with distilled water were incubated for 1 hour at 120°C. After
filtration through 0.45 ym Teflon syringe filters (National Sci-
entific, Lawrenceville, GA), the hydrolysis products were ana-
lyzed via high-performance liquid chromatography (HPLC)
as described below. The acid insoluble lignin (Klason lignin)
was determined, after total removal of the sugars by the
weight of the dried residue.

2.3. Microorganisms and Cultivation Conditions for Screening
in Synthetic Medium. The strains Lactobacillus acidophilus
ATCC 53672, L. acidophilus ATCC 43121, L. acidophilus
ATCC 4356, L. lactis INRA 18, L. pentosus NRRL B-227, and
L. plantarum NRRL B-4496, all belonging to the strain col-
lection of the Bioprocess and Biotechnology Division of the
Department of “Engenharia de Bioprocessos e Biotecnologia”
(Universidade Federal do Parand, Brazil), were used in this
study. Stock cultures were maintained at —20°C in 2 mL vials
containing 25% (v/v) glycerol. The preinoculum was prepared
by transferring 1mL of stock culture cells to 25mL tubes
containing 10 mL of sterile Man, Rogosa, and Sharpe (MRS,
Oxoid) culture medium with the following composition:
20g/L glucose, 10g/L peptone, 8g/L meat extract, 4g/L
yeast extract, 2g/L (riammonium citrate, 2g/L. K,HPO,,
5g/1 CH,COONa-3H,0, 0.2 g/ MgSO,-7H, 0, and 0.05 g/L.
MnSO,-4H,O. The tubes were statically incubated for 24
hours at 37°C. Fifty microliters of this culture was then
transferred to a MRS agar Petri dish supplemented with 1 g/L
Aniline Blue (Sigma-Aldrich). One single blue lactic bacterial
colony was transferred into 15 mL sterile MRS broth medium
contained within a 25 mL test tube. The tubes were statically
incubated at 37°C for 48 hours. After incubation, 10 mL of
this culture was transferred into a 250 mL Erlenmeyer flask
containing 100 mL of MRS fermentation broth. The flasks
were incubated at 37°C and 60 xg for 96 hours during which
time samples were withdrawn every 24 hours and subjected
to analytical testing.

2.4. Inoculum and Fermentation Conditions for Cultivation in
BSG Hydrolysate. 'The strain selected as the best producer of
lactic acid in the primary screening was grown in 25 mL tubes
confaining 10 mL MRS broth. After 24 hours of static incuba-
tion at 37°C, 1 mL of this culture was transferred to a new tube
with 10 mI. MRS broth and incubated at the same conditions.
Then, the cells were harvested by centrifugation (3.300 xg for
15 minutes) and resuspended in distilled sterilized water. The
glucose concentration of BSG hydrolysate was adjusted to
50 g/L with deionized water, while the pH was adjusted to a
value of 6.0 by adding 5 M NaOH. The fermentation medium,
with or without the addition of 1.25% (w/v) yeast extract, was
then sterilized at 120°C for 15 minutes. Fermentations were
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performed in 250 Erlenmeyer flask containing 50 mlL steril-
ized hydrolysate inoculated with 10% (v/v) of cell suspension.
The flasks were incubated at 37°C and 60 xg for 96 hours. All
of the assays were performed in duplicate.

2.5. Analytical Methods. Samples taken during the fermenta-
tions at 24, 48, 72, and 96 hours were centrifuged at 12.800 g
for 15 minutes. The resulting supernatant was used for mea-
surement of glucose and lactic acid concentrations by high-
performance liquid chromatography (HPLC). The HPLC
analyses were performed in a Shimadzu LC-10-AD equipped
with a C-RSA Integrator Chromatopac Chromatography
Unit (Shimadzu) set to 210 nm (300 mm x 7.8 mm) column
HPX-87-4 (Aminex) and a refractive index detector. The
samples were diluted with deionized water, filtered through
0.2 um cellulose acetate filters (Sartorius Biolab Products),
and then injected into the chromatograph. The conditions
of chromatography involved a column temperature of 60°C,
an injection volume of 50 uI, and the elution with a mobile
phase of 5 mM sulfuric acid at a flow rate of 0.6 mL/min.

The concentration of these compounds was calculated
through calibration curves obtained using standard solutions.
Also the sugars released from untreated and pretreated bio-
masses prepared as above described were estimated. Cell
concentration was obtained by measuring the optical density
(ODggopm) in @ spectrophotometer SP-2000 (Spectrum).
Samples were diluted to a reading range of 0.05-0.5 OD unifs,
and the OD values were correlated with the cell concentration
(g/L) by means of a standard calibration curve previously
established. The calibration curve for cell concentration and
absorbance showed a linear relationship. One unit of optical
density at 600 nm corresponded to approximately 0.6 gdry-
cell weight/L.

2.6. Fermentative Parameters. The ratio of lactic acid pro-
duced to glucose consumed (g/g), the ratio of lactic acid (g/L)
to fermentation time (h), the ratio of lactic acid to dry-cell
weight (g/g), and the ratio of lactic acid yield per substrate
consumed to the maximum theoretical value (1g/g) were
monitored during the fermentation of Lactobacillus aci-
dophilus ATCC 43121

3. Results and Discussion

3.1 Screening of Lactic Acid Bacteria for Lactic Acid Production
in Synthetic Medium. 'The lactic acid bacteria (LAB) Lacto-
bacillus acidophilus ATCC 53672, L. acidophilus ATCC 43121,
L. acidophilus ATCC 4356, L. lactis INRA 18, L. pentosus
NRRL B-227,and L. plantarum NRRL B-4496 were compared
for their lactic acid production ability in a synthetic medium.
Since LAB have complex nutrient requirements, due to their
limited ability to synthesize B-vitamins and amino acids [9],
the Man, Rogosa, and Sharpe (MRS) broth containing miner-
als, B-vitamins, amino acids, fatty acids, purines, and pyrim-
idines was used as the fermentation medium. Time courses
of dry biomass, glucose, and lactic acid concentration were
monitored during batch fermentations of the six Lactobacillus
strains in MRS broth (Figures 1(a)-1(f)).

The analyzed Lactobacillus strains showed significant dif-
ferences in the fermentation performances, for example, cell
growth and productivity. The maximum biomass varied from
1.9 + 0.5¢/L for L. acidophilus ATCC 4356 (Figure 1(c)) to
4.56+£0.5 g/L for L. lactis INRA 18 (Figure 1(d)). Regarding the
volumetric productivity, the values varied from a minimum
of 0.22¢g/L. h and a maximum of 0.50 g/L h, reached by the
strains L. acidophilus ATCC 53672 (Figure 1(a)) and L. lactis
INRA 18 (Figure 1(d)), respectively. The maximum value
of lactic acid production varied from 8.3 + 0.6 g/L for L.
pentosus NRRL B-227 (Figure 1(e)) to 16.1 + 0.07 g/L for L.
acidophilus ATCC 43121 (Figure 1(b)). L. acidophilus ATCC
43121 (Figure 1(b)), L. acidophilus ATCC 4356 (Figure 1(c)),
and L. plantarum NRRL B-4496 (Figure 1(f)) showed the
highest fermentation yield, with a maximum value of lactic
acid production of 16.1 + 0.07 g/L (after 48 hours), 15.84 +
0.05g/L (after 48 hours), and 15.66g/L + 0.04 (after 72
hours), respectively. The maximum Y, value varied from
a minimum of 0.52¢g/g for the strain L. pentosus NRRL
B-227 to a maximum of 0.99 g/g for L. acidophilus ATCC
43121, followed by the strains L. acidophilus ATCC 53672, L.
plantarum NRRL B-4496, L. acidophilus ATCC 4356, and L.
lactis INRA 18 with Y, of 0.98 g/g, 0.96g/g, 0.95g/g, and
0.70 g/g, respectively.

L. acidophilus ATCC 43121, showing a volumetric pro-
ductivity value of 0.34 g/L h and the highest lactic acid pro-
duction, was selected for lactic acid production from the
sugar mixture obtained by enzymatic hydrolysis of chemically
pretreated BSG.

3.2. Chemical Prefreatments of Brewers’ Spent Grains. BSGs
from two different geographical areas were investigated as
substrate for L. acidophilus ATCC 43121 growth and lactic
acid production. The pretreatment of BSGs was performed by
adopting two chemical methods. The biomass obtained from
the brewery Bier Hoff Curitiba-PR Brazil, indicated as BSG
1, was subjected to an acid-alkaline treatment (AAT), whilst
an alkaline pretreatment was conducted on the BSG from
microbrewery Maneba Striano, Naples, Ttaly (BSG 2).

3.3. Acid-Alkaline Pretreatment. The acid-alkaline treatment
(AAT) performed on the biomass obtained from the brewery
Bier Hoft Curitiba-PR Brazil (BSG 1) involved two sequential
steps accomplished through an acid impregnation followed
by a biomass soaking in an alkaline solution. The procedure
and operative conditions adopted were those tested by Mus-
satto and Roberto [5]. The BSG 1 was treated with 1.25% (v/v)
H,S0, to solubilize the hemicellulosic fraction. The initial
removal of the hemicellulose shows the advantage of increas-
ing the porosity of the material that facilitates the diffusion
and impregnation of sodium hydroxide into the material
sample, thus enhancing the soda pulping and the pulp
uniformity. Moreover, since the hemicellulose is a valuable
source of xylose, its recovery allows the sugar exploitation to
produce value-added products such as xylitol [5] or ethanol
[10]. After acid hydrolysis, a soda pulping pretreatment with
2% (v/v) NaOH was performed to liberate cellulose fibers
from lignin [6].
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FiGure 1: Time courses of glucose concentration (S, A), dry biomass concentration (X, 0), and lactic acid concentration (P, o) during fermen-
tation in synthetic medium of the Lactobacillus sp. strains: (a) L. acidophilus ATCC 53672, (b) L. acidophilus ATCC 43121, (c) L. acidophilus

ATCC 4356, (d) L. lactis INRA 18, (e) L. pentosus NRRL b-227, and (f) L. plantarum NRRL b-4496. Data represent the mean of three
independent experiments.

TasLE 1: Chemical composition (% w/w) of brewer’s spent grains in the original form and as a cellulose pulp recovered by acid-alkaline and
aqueous ammonia soaking pretreatments.

Solid composition
Cellulose Hemicellulose Lignin Others (ash, protein, and extractives)
% (w/w) % (w/w) % (w/w) % (w/w)
Untreated BSG 1* 14.42 3421 3.93 4743
Untreated BSG 2° 2750 28.80 12.80 30.9
AAT*BSG1 86.49 3.87 2.31 7.33
AASYBSG2 43.20 38.85 4.83 1312

*BSG from the brewery Bier Hoff Curitiba-PR (Brazil).
PBSG from the microbrewery Maneba (Striano, Naples, Italy).
°BSG after acid-alkaline treatment (AAT).

BSG after the aqueous ammonia soaking (AAS) treatment.

Chemical analyses of the untreated and pretreated BSG 1 removed (88.68% (w/w)), whilst a loss of 41.22% (w/w) and
were performed to determine the macromolecular composi-  84.54% (w/w) was obtained for lignin and other materials
tion, and the results are reported in Table 1. (ash, protein, and extractives), respectively. The cellulose con-

After pretreatment, the total solid biomass recovered  tent was 86.49% (w/w), corresponding to the main fraction
was 7.89% (w/w). The hemicellulose was the main fraction of the pretreated BSG. However, if we considered that, after

59



BioMed Research International

the pretreatment, the mass recovered from each 100 g of the
original BSG was 789 g, the cellulose loss, calculated by the
percentage of each fraction, was 52.65%.

3.4. Aqueous Ammonia Soaking Pretreatment. An alkaline
pretreatment was conducted on the BSG 2 from microbrew-
ery Maneba Striano, Naples, Italy, by soaking the lignocellu-
losic material in 5% ammonium hydroxide solution at 70°C
for 22 h. As reported in literature, the alkali pretreatment is
one of the most widely used methods to enhance the ligno-
cellulosic biomass digestibility. One of the major advantages
of this method is the limited hydrolysis of the (hemi)cellulosic
fraction which prevents the production of sugar degradation
products which inhibit the microbial fermentation, such as
furfural [11]. The principal effect of the alkaline pretreatment
is the lignin removal from the biomass through reactions
of solvation and saponification of the intermolecular ester
bonds among lignin, hemicellulose, and cellulose. Moreover,
alkaline pretreatment causing the biomass swelling increases
the lignocellulosic material porosity and reduces the poly-
merization degree and the crystallinity of the cellulose [12].
This in conjunction with the disruption of the lignin structure
makes the cellulose more susceptible to enzymatic hydrolysis
[11]. Soaking in aqueous ammonia solutions (AAS) is a com-
mon alkaline pretreatment that reduces lignin content and
removes some hemicellulose while decrystallizing cellulose.
At the mild conditions adopted in AAS, the level of end-
groups dissolution, “peeling,” of the different polysaccharide
chains is extremely limited thus avoiding carbohydrates loss
and conversion of the lost sugars to compounds (e.g., fur-
fural) with inhibitory effect on the fermentation process [13].

Chemical analyses of the untreated and AAS pretreated
BSG 2 were performed to determine their macromolecular
composition (Table 1). After pretreatment, the total solid
biomass recovered was 60% (w/w). On the basis of the %
composition of the material samples, a big fraction of lignin
was removed (62.26%) whilst the cellulose and hemicellulose
underwent an increase of 5709 and 34.89%, respectively.
With respect to the mass recovered from 100 g of the original
BSG, calculated by the percentage of each fraction in 60 g of
the pretreated material (total recovered mass after the pre-
treatment), it is evident that the highest losses were reported
for the lignin fraction (77.3%) whilst only 19 and 5.8% of the
hemicellulose and cellulose were removed, respectively. In
agreement with the literature on the alkaline pretreatments,
our results indicate that ammonium hydroxide pretreatment
causes substantial lignin degradation whilst preserving most
of the carbohydrates [14]. In particular, most of the cellulose
was preserved probably due to the physical protection from
lignin and hemicellulose. On the other hand, the heterostruc-
tures of xylan branched with short lateral chains contributed
to the higher hemicelluloses hydrolysis [15].

3.5. Saccharification of the Prefreated BSGs by a Cocktail
of Commercial Enzymes. The pretreated BSG samples were
saccharified with commercial cellulase and S-glucosidase
from Novozymes. The ratio of enzymes in the cocktail used
for the saccharification was defined based on the composition

of pretreated BSG samples reported in Table 1. The enzymatic
saccharification of AAT BSG 1 and AAS BSG 2 generated
hydrolysates containing 75 and 60 g/L of glucose, respectively.
At the end of the reaction, 97 and 86.8% of efficiency of
cellulose conversion into glucose were achieved for AAT BSG
1 and AAS BSG 2, respectively. These conversion yields are
higher than that of 72% obtained by Mussatto et al. [16]
on BSG pretreated with a similar acid-alkaline pretreatment.
It can be observed that although the cellulose amounts
(~90% w/w) in the biomasses employed in our saccharifi-
cation experiments were comparable to those described by
Mussatto et al. [16], the lignin ones were quite different. Thus,
it is possible that the bigger lignin content (8.2% w/w) of the
pretreated BSG utilized by Mussatto et al. [16] decreased the
enzymes accessibility to the cellulose leading to the lower
conversion yield.

3.6. Lactic Acid Production Using BSG Hydrolysates after Acid-
Alkaline or Ammonia Soaking Prefrealment as Fermentation
Media. The hydrolysates obtained from the saccharification
of the differently pretreated BSGs were used to prepare
the fermentation media for the lactic acid production by
Lactobacillus acidophilus ATCC 43121, the strain previously
selected among the analyzed LAB. The BSG hydrolysates,
without adding any additional nutrients, and the BSG hydro-
lysates supplemented with the addition of 1.25% (w/v) yeast
extract were adjusted to pH 6.0 and glucose concentration of
50 g/L by adding sterile water. It was observed that glucose
consumption and lactic acid production occurred in all tested
fermentation media (Figures 2(a)-2(d), Table 2).

The maximum value of lactic acid production was
obtained from the AAS BSG 2 hydrolysate in the presence
of yeast extract and it was 80% higher than that from the
AAT BSG 1. Even in the absence of yeast extract, AAS BSG
2 hydrolysate allowed achieving a (around 96%) higher lactic
acid production than the AAT BSG 1 hydrolysate. In any
tested condition, the maximum production was observed
after 48 hours.

The higher lacticacid production from AAS BSG 2 hydro-
lysate generates higher values of Qp and Yy, than the AAT
BSG 1 hydrolysate (Table 2).

It is worth noting that the glucose consumption increases
in the AAS BSG 2 hydrolysate, resulting in being 46%
higher than that measured in the AAT BSG 1 hydrolysate
(Table 2), thus giving similar values of Y and fermentation
efficiency for the two pretreatments. Moreover, in the AAT
BSG 1 hydrolysate, L. acidophilus ATCC 43121 remained in a
stationary phase until the end of fermentation whilst, in AAS
BSG 2, the bacterium entered in early death phase at 72h,
which can be due to the poor residual glucose (Figures 2(a)-
2(d)).

Using the hydrolysate from AAS BSG 2 allowed achieving
higher biomass concentration than the AAT BSG 1, both in
the presence and in the absence of yeast extract.

It is worthy of noting that the yield of lactic acid per sub-
strate consumed (Yp;g) obtained using L. acidophilus ATCC
43121 grown in the BSG hydrolysate, without adding any addi-
tional element, was 0.48 g/g (from AAT BSG 1 hydrolysate)
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TaBLE 2: Fermentative parameters of lactic acid production of Lactobacillus acidophilus ATCC 43121 by using hydrolysates of brewer’s spent
grain from the brewery Bier Hoff Curitiba-PR (Brazil) (BSG 1) after acid-alkaline treatment (AAT) and hydrolysates of brewer’s spent grain
from the microbrewery Maneba (Striano, Naples, Italy) (BSG 2) after aqueous ammonia soaking (AAS) treatment.

Glucose consumption Lactic acid Ypys® Yo" Q* i
(/L) gL (glg) (g/8) (g/Lh) (%)
AAT BSG 1 hydrolysate 18.20 8.90 0.48 4.45 0.09 48
AAT BSG 1 hydrolysate + yeast extract 20.50 12.26 0.60 4.69 0.12 60
AAS BSG 2 hydrolysate 33.50 17.49 0.52 7.64 0.18 52
AAS BSG 2 hydrolysate + yeast extract 3740 22.16 0.61 5.61 0.31 61
%g-Lactic acid produced/g-glucose consumed.
Pg-Lactic acid/g-dry-cell weight.
c(g;’L)—Lactic acid/(h) fermentation time.
de;sfmaximum theoretical value (1g/g).
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Ficure 2: Time courses of glucose concentration (S, A), dry biomass concentration (X,0), and lactic acid concentration (P, o) during
fermentation of Lactobacillus acidophilus ATCC 43121 in (a) acid-alkaline treated brewer’s spent grain 1 hydrolysate, (b) acid-alkaline treated
brewer’s spent grain 1 hydrolysate + yeast extract, (c) aqueous ammonia soaking treated brewer’s spent grain 2 hydrolysate, and (d) aqueous
ammonia soaking treated brewer’s spent grain 2 hydrolysate + yeast extract. All values are media of three replications.

and 0.52g/g (from AAS BSG 2 hydrolysate). This demon-
strates that the BSG hydrolysate is an appropriate substrate
for lactic acid production. Since the lactic acid is considered a
relatively cheap product, the use of expensive carbon sources,
such as glucose or starch, is not economical. Less expensive
sources, like agroindustrial residues, are attractive alterna-
tives.

The maximum lactic acid production levels shown in this
study were higher than those obtained in the other few studies
so far reported on the use of hydrolysates from agricultural
residues as fermentation medium. The results of these studies
are summarized in Table 3. In the best conditions, the values
obtained in our studies for lactic acid production were higher
than those reported by Jawad et al. [17], McCaskey et al.
(18], and Mussatto et al. [19] and just a little lower than

those obtained by Ali et al. [20]. As for the yields Yy, the
maximum value obtained in our work was 14% lower than
the maximum values previously reported [18, 19] indicating
higher nutritional needs of L. acidophilus ATCC 43121 than
the microbes adopted in the other studies. When the strain L.
acidophilus ATCC 43121 was grown in the BSG hydrolysate
supplemented with 1.25% (w/v) yeast extract, the yield of
lactic acid increased from 0.48 g/g to 0.60 g/g (65% efficiency)
for AAT BSG 1 hydrolysate and from 0.52 g/g to 0.61g/g (65%
efficiency) for AAS BSG 2 (Table 2).

Also the volumetric productivity (Q,) of lactic acid by L.
acidophilus ATCC 43121 was higher in the BSG hydrolysate
supplemented with veast extract. Within 48 hours of fer-
mentation, the cells produced a maximum value of 12.26 g/L
of lactic acid from AAT BSG 1 hydrolysate and 22.16 g/L of
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lactic acid from the AAS BSG 2 hydrolysate with a volumetric
productivity of 0.12g/L h and 0.31g/L h, respectively. These
Qp values are higher when compared with 0.09g/L h and
0.18g/L h produced in the AAT BSG 1 hydrolysate and
the AAS BSG 2 without yeast extract addition, respectively
(Table 2).

It is possible that the addition of yeast extract is necessary
to reach an optimal C/N ratio for the lactic acid production
by the Lactobacillus strain. These results are in agreement
with those of many authors, showing the positive effect of
BSG hydrolysate supplementation with additional nutrients,
like yeast extract or vitamins, on lactic acid production.
Yeast extract is the most commonly used nitrogen source,
which provides the vitamin B complex content in addition to
organic nitrogen to lactic acid bacteria.

Since the addition of yeast extract is disadvantageous
from an economical point of view, more research will be
needed to discover strains with lower nitrogen sources
requests.

It was found that the maximum lactic acid productivity of
the strain L. casei in a synthetic medium increased concomi-
tantly with the initial yeast extract concentration. None of the
other nitrogen sources tested gave lactic acid concentrations
as high as that for yeast extract during 48 hours of fermenta-
tion [21].

Mussatto et al. [19] showed that the addition of 0.5% yeast
extract enhanced the lactic acid production by Lactobacillus
delbrueckii, reaching a concentration of ~9.0 g/L with a lactic
acid yield (Ypjs) of 0.7g/g. This is a higher value than
that obtained from nonsupplemented hydrolysate (787 g/L).
When fermented in BSG hydrolysate after AAS pretreatment
without any nutrient supplementation, the L. acidophilus
ATCC 43121 strain used in this study reached a lactic acid con-
centration of 17.49 g/L, a value higher than the one (~9.0g/L)
obtained by L. delbrueckii in the BSG hydrolysate supple-
mented with yeast extract [19]. Moreover, when the strain
L. acidophilus ATCC 43121 was grown in the AAS BSG 2
hydrolysate supplemented with 1.25% yeast extract, a maxi-
mum lactic acid concentration of 22.16 g/I. was reached. This
concentration is 2.5-fold higher than that obtained by Lacto-
bacillus delbrueckii in the presence of 0.5% yeast extract [19],
which represents the main achievement of our study in com-
parison with the work performed on Lacfobacillus delbrueckii.

4. Conclusions

The strain Lactobacillus acidophilus ATCC 43121 selected
for its higher lactic acid production in a synthetic medium
was analyzed for its ability to produce lactic acid from BSG
hydrolysate. The results indicated that the produced hydro-
lysates from ammonia soaking treated BSG 2, provided by
the microbrewery Maneba (Striano, Naples, Italy), and from
the acid-alkaline treated BSG 1, provided by the brewery
Bier Hoft Curitiba-PR (Brazil), are suitable substrates for the
growth of the strain L. acidophilus LPB-04 and the production
of lactic acid. Moreover, it was demonstrated that the biocon-
version of glucose into lactic acid was positively affected by
the presence of yeast extract. The maximum value of lactic
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acid production (22.16 g/1.) was obtained from the AAS BSG
2 hydrolysate in the presence of yeast extract. The produced
levels of lactic acid were comparable or higher in comparison
with those obtained from hydrolysates of other agricultural
residues. This result is in keeping with the many researches
focused on the valorization of BSG in order to recover
beneficial and valuable compounds, usable in nutrition or
combustion field. Due to its composition and availability, in
the last years, different methods to remove the water content,
avoiding the BSG degradation [22-24], and to separate each
component of it have been proposed [25, 26], taking different
economical and ecofriendly advantages into account.
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4.1 Introduction

Bioethanol has been recognized as a good alternative to petroleum-derived
transportation fuels, with several known advantages, such as high octane number,
low cetane number and high heat of vaporization [13]. The use of bioethanol for fuel
was widespread in Brazil, United States and Europe until the early 1900s; however,
since its production became more expensive than that of petroleum based fuel, the
bioethanol’s potential was ignored until the 1970s, when the oil crisis moved the
world's interest towards the use of new renewable resources [14]. In the last decade,
bioethanol production has increased rapidly because many countries have issued
several “Fuel Ethanol Programs”, aimed at mandating the use of ethanol blends
through tax incentives or exemption [15]; this leads toward reducing oil imports,
increasing rural economies along with improving the quality of air. In 2014, global
bioethanol production churned out a record of 14.3 billion gallons, eclipsing the
previous record of 13.9 billion gallons set in 2011. The United States is the leading
producer, accounting for nearly 60 % of the global output. Brazil, which produced
roughly 6.2 billion gallons, was responsible for about 25 % of world production, while
the European Union followed with 6 % [16].

Generally, bioethanol can be mainly classified into "first-generation" and "second
generation”, where the main difference is the characteristic of the feedstock used.
First generation bioethanol is made from edible sugars, grains or seeds, through a
simple processing consisting of sugar extraction (e.g. through crushing), followed by
fermentation and distillation. Brazil utilizes sugarcane for bioethanol production while
the United States and Europe mainly use starch from corn, and from wheat and
barley, respectively. However, many concerns are still associated to first generation
bioethanol such as feedstock insufficiency related to the increased demand; food
versus fuel conflict, due to the use of edible material for fermentable sugars recovery
[17]. To overcome this bottleneck, growing attention has been focused on the
production of second generation bioethanol, that is produced from non edible,
renewable and worldwide available lignocellulosic resources. They include
agricultural residues, food farming wastes, green-grocer's wastes, tree pruning
residues and organic and paper fraction of urban solid wastes. Besides its numerous
advantages, bioethanol production process from lignocellulosic crops is more difficult
compared to sugar crops because expensive additional steps, consisting of
pretreatment and hydrolysis, are required due to the complex structure of the
feedstock. A pretreatment step allow to remove the barrier of lignin and expose the
polysaccharides, that can be subsequently enzymatically hydrolyzed into fermentable
monosaccharides [129]. Thus, many efforts are still needed to make the second
generation ethanol production more eco-friendly and cost-effective.

This chapter describes the studies concerning the conversion of Brewers’ Spent
Grain (BSG) into ethanol through yeast strains fermentation. These activities were
carried out in the laboratory of Dr. Carlos Ricardo Soccol at the Department of
“‘Engenharia de Bioprocessos e Biotecnologia” (Universidade Federal do Parana,
Brazil) in the frame of the project BIOASSORT.

In the paper Ill “Second generation ethanol production from Brewers’ Spent
Grain” the alkaline-acid pretreated Brewers’ Spent Grain (BSG), after enzymatic
hydrolysis with commercial enzymes, was evaluated as fermentation medium for
ethanol production by the strain Saccharomyces cerevisiae NRRL YB 2293 selected
as the best producer among five ethanologenic microorganims belonging to the strain
collection of DEBB University, where these activities were performed during my stage
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in the frame of the BIOASSORT Project. In particular, a comparison between the
yields of lactic acid produced by the ethanologenic strain from BSG with or without
any supplementation of yeast extract was carried out.
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4.2 Results
4.2.1 Second generation ethanol production from Brewers’ Spent Grain (Paper
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Abstract: Ethanol production from lignocellulosic biomasses raises a global interest
because it represents a good alternative to petroleum-denived energies and reduces the food
versus fuel conflict generated by first generation ethanol. In this study. alkaline-acid
pretreated brewers’ spent grain (BSG) was evaluated for ethanol production after
enzymatic hydrolysis with commercial enzymes. The obtained hydrolysate containing a
glucose concentration of 75 g/ was adopted, after dilution up to 50 g/L, for fermentation by
the strain Saccharomyces cerevisiae NRRL YB 2293 selected as the best producer among
five ethanologenic microorgamims. When the hydrolysate was supplemented with veast
extract, 12.79 g/LL of ethanol, corresponding to 0.28 g of ethanol per grams of glucose
consumed (55% efficiency), was obtained within 24 h, while in the non-supplemented
hydrolysate, a similar concentration was reached within 48 h. The volumetric productivity
increased from 0.25 g/L-h in the un-supplemented hvdrolysate to 0.53 g/L h in the yeast
extract supplemented hydrolysate. In conclusion, the strain S. cerevisiae NRRL YB 2293
was shown able to produce ethanol from BSG. Although an equal amount of ethanol was
reached m both BSG hydrolysate media, the nitrogen source supplementation reduced the
ethanol fermentation time and promoted glucose uptake and cell growth.
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1. Introduction

The depletion of fossil feedstock and climate changes. such as global warming, due to green house
gas emussions (GHGs). have caused increasing interest in alternative renewable sources of energy,
pushing the worldwide trend to produce and use bio-based products and biofuels m substitution of the
fossil-based ones [1].

The most abundant renewable resource produced all around the world is represented by lignocellulosic
biomasses [2], which include agricultural residues, food farming wastes, “green-grocer’s wastes”,
tree pruning residues and the organic and paper fraction of urban solid wastes. A global interest in
using the lignocellulosic residues and waste as source of added value bioproducts is rising due to their
renewability, low cost, abundance, and non-competitiveness with food [3], boosting the development
of the biorefinery concept and advancing sustainable waste management [4].

Among the lignocellulosic residues, a great interest has been focused on brewers” spent grain
(BSG). BSG 1s a solid residue of breweries consisting of exhausted grain husks, obtained after mashing
and lautering. Its composition changes based on the operative conditions adopted during harvest,
malting and mashing time [5].

Until now, BSG was employed as animal feed or deposited in landfill. However, recent studies
revealed 1ts potential application for the production of a wide range of high added value bio-products,
such as organic acids, biogas, bioethanol, biopolymers and molecules for the food and pharmaceutical
industries [6,7]. The feasibility of these production processes should be evaluated on the basis of local
availability of BSG, its current utilization for animal feed production and the environmental and
economical advantages that could be gamed by changing its use to generate higher added value
products. Second generation ethanol, produced from non-food renewable lignocellulosic resources,
has been recognized as a good altemative to petroleum-derived transportation fuels, with several known
advantages, such as high octane number, low cetane number and high heat of vaporization [8].
Furthermore, it reduces the food versus fuel conflict created by first generation ethanol, mainly
produced m USA and Brazil by using corn and sugar cane, respectively, as a feedstock [9].
The complex structure of lignocellulosic biomasses requires a pretreatment step to remove the
recalcitrant lignin, followed by the enzymatic saccharification prior to sugar fermentation into ethanol.

Several techniques, such as physical treatment, chemical (alkaline and/or acid) treatment, biological
treatment, physicochemical treatment, i.e., steam explosion, liquid hot water (LHW), ammoma fiber
expansion (AFEX), supercritical flud (SCF) treatment and thermochemical treatment have been
explored for removing ligmin [10]. Once lignin has been removed, saccharification of the free
accessible (hemi)cellulose portions of the biomass 1s carried out to obtamn a hydrolysate rich 1n
fermentable monosaccharides [11].

In this manuseript, the screening of five ethanologenic microorganisms for their ethanol production
ability was performed. The most productive strain was then tested for its ability to grow and produce
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ethanol using the sugar mixture obtained by enzymatic hydrolysis of chemically pretreated BSG.
Compared to the few other works so far reported on ethanol production from BSG, this study allowed
achieving a higher or similar ethanol yield and a higher productivity.

2. Results and Discussion
2.1. Screening of Ethanologenic Microorganisms for Ethanol Production in a Synthetic Medium

The strains Saccharomyces cerevisiae NRRL 'Y 12,908, S. cerevisiae NRRL YB 2293, S. cerevisiae
NRRL Y 11.878. S. cerevisine NRRL Y 2034 and Zigosaccharomyces rouxi NRRL 'Y 2547 were
investigated for their ethanol production ability in a synthetic growth medium containing 40 g/L
glucose. Initial glucose was completely consumed by the five strains after 72 h of fermentation at 30 °C,
while the final ethanol concentration varied from a minimum value of 9.01 = 0.05 g/L to a maximum
one of 10.82 = 0.03 g/LL (Table 1). Among the investigated strains, S. cerevisize NRRL YB 2293
showed the highest fermentation yield, with a maximum value of ethanol production of 10.82 = 0.03 g/L
after 72 h and a productivity of 0.15 g/LL h (Table 1). It gave an ethanol yield of 0.27 g/g, equivalent to
53% of the theoretical ethanol vield by S. cerevisiae.

Table 1. Glucose and ethanol concentration after 72 h of fermentation in synthetic medium
of the yeast species strains. Data represent the mean of two independent experiments.

Glucose (g/I.)  Ethanol (g/1.)

Strains
40.0 0.0
Saccharomyces cerevisiae NRRL'Y 12,908 0.99 10.52 +0.02
Saccharomyces cerevisiae NRRL YB 2293 0.0 10.82 £ 0.03
Saccharomyces cerevisiae NRRLY 11,878 0.0 9.25+0.05
Saccharomyces cerevisiae NRRL 'Y 2034 0.0 9.56+0.03
Zigosaccharomyees rouxi NRRL'Y 2547 0.0 9.01 +0.05

2.2. Chemical Pretreatment of BSG and Saccharification of the Pretreated BSG by a Cocltail of
Commercial Enzymes

BSG. as well as other lignocellulosic wastes, represents a renewable source of fermentable sugars
that can be emploved as a feedstock for biofuels and chemicals production.

In this study, the BSG was chemically pretreated and saccharified with a cocktail of
commercial enzymes.

A chemucal pretreatment of BSG was carried out following the operative conditions reported by
Mussatto ef al. [12]. The analyses of the macromolecular composition of BSG before and after the
pretreatment are reported in Table 2. The untreated BSG consisted of about 14.42% (w/w) cellulose,
34.21% (w/w) hemucelluloses. 3.93% (w/w) lignin and 47.43% (w/w) other materials (ash. protein and
extractives). The chemical composition of BSG varies according to barley variety, harvest time,
malting, and mashing conditions [13]. It is worth noting that Murdock ef al. [14] reported a BSG with a
similar lignin and hemicellulose content of 29.9% and 3.8% (w/w), respectively. Moreover, the high
content of other materials, such as proteins and fibers, detected in our study is typical for BSGs,
in which those materials account for 20% to 70% of total composition [7].

69



Chapter IV

Energies 2015, 8 2578

Table 2. Chemical Composition (% w/w) of untreated, pretreated BSG.

Component Untreated BSG Pretreated BSG
Cellulose 14.42 86.49
Hemicellulose 34.21 3.87
Lignin 3.93 231
Others (ash, protein and extractives) 47.43 7.33

A first treatment with sulfuric acid was performed to solubilize the hemicellulosic fraction and
increase the diffusion of sodium hydroxide mto the lignocellulosic structure, thus enhancing soda
pulping. The alkaline pretreatment, performed to liberate cellulose fibers from lignin [15], 1s not totally
selective for lignin, and the carbohydrates, including cellulose, can also be degraded [16]. The immediate
cooling of the reaction medium in an ice bath allowed reducing the sugar loss and obtaining a solid
residue with high cellulose content [17].

After the pretreatment, a total biomass recovery yield of 7.89% (w/w) was obtained. Considering an
mitial amount of 100 g of dried BSG, the hemicellulose was the main removed fraction, with a recovery
of only 3.87 g from the 34.21 g present in the mitial biomass, while 2.31 g of lignin were recovered
from the 3.93 g treated. The pretreatment also promoted a high hydrolysis of the other compounds
(ash, protein and extractives) with a recovery of 7.33 g from the 27 g treated.

The composition of BSG after the complete pretreatment consisted of about 86.49% (w/w) cellulose,
corresponding to the main fraction, 3.87% (w/w) hemicelluloses, 2.31% (w/w) lignin and 7.33% (w/w)
other materials (Table 2).

The cellulose pulp obtained after pretreatment was saccharified with a cocktail of commercial
enzymes. At the end of the reaction, a hydrolysate with a final glucose concentration equal to 75 g/L,
a value higher than those obtained in the other few studies so far reported on the use of hydrolysates
from agricultural residues as fermentation media for ethanol production (Table 3). In particular,
the value of 97% efficiency for cellulose conversion into glucose attained in the saccharification step
was higher than the efficiency of 72% obtained by Mussatto ef a/. on a similarly pretreated BSG [12].
The glucose yield was calculated according to the following equation:

Glucose yield (%) = (Glucose x 0.9 x 100)/(cellulose content in the substrate) (1)
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This result could be explained by a different composition of the BSG used in the two studies.
Before and after the pretreatment, the BSG employed in this work and in that of Mussatto ef al. had a
similar cellulose and hemicellulose composition [12]. but they differed in the content of lignin. which
was higher in the material investigated by Mussatto ef al. [12]. It is possible that the lignin content of
8.2% (w/w) for the BSG used by Mussatto e al., compared to a value of 2.31% (w/w) for the BSG
employed in this work. had a negative effect (1) during the alkaline pulping process, decreasing the
lignin loss and (i1) during the saccharification, reducing the efficiency of cellulose conversion into
glucose [12]. Moreover, it was reported that different pretreatment methods could influence the
saccharification yield. The decrease of the BSG particle size to the micron level allowed improving
the carbohydrate solubilization yield from 23% up to 45% by using a multi-enzyme mixture,
as reported by Niemi et al. [23]. Xiros et al. [24] demonstrated that the yield of enzymatic hydrolysis
of alkali pre-treated BSG, through the enzyme extract trom Neurospora crassa, increased by about
50% in comparison with the non-pretreated material, achieving about 50% and 60% yield of pentose
and glucose, respectively.

2.3. Ethanol Production Using BSG Hydrolysate as Fermentation Medium

The strain S. cerevisiae NRRL YB 2293, previously selected among the investigated ethanologenic
strains, was analyzed for its ability to grow on the sugar mixture obtained by enzymatic hydrolysis of
chemically pretreated BSG. The BSG hydrolysate was adopted as growth medium with or without
1.25% yeast extract supplementation. The medium was diluted to a glucose concentration of 50 g/L
and the pH was adjusted to 6.0.

The strain was able to grow in both media, showing that the BSG hydrolysate is a potential
fermentation medium for ethanol production. The ethanol yield per substrate consumed (1?s) was
almost the same in the two different media: 0.26 g/g (51% efficiency) and 0.28 g/g (55% efficiency)
when the BSG hydrolysate was used without adding any additional element and in the veast
extract-supplemented formulation, respectively (Table 4). However, the cell biomass increased when
the yeast extract was added to the BSG hydrolysate. Hence, the ethanol yield per cell mass (Yrpx)
obtained in the no supplemented medium was much higher than that reached in the yeast extract
supplemented BSG hydrolysate (2.8 g/g versus 1.7 g/g, respectively) (Table 4).

Table 4. Fermentative parameters of ethanol production by Saccharomyces cerevisiae
NRRL YB 2293 from BSG hydrolysate and BSG hydrolysate + yeast extract.

. . Glucose Ethanol  Yes Yex Or n
Medium composition . b .
Consumption (g/L) (g/L) (g/d* (g/2) (gLh* (%)°

BSG hydrolysate 45.0 12.0 0.26 2.8 0.25 51

BSG hydrolysate + yeast extract 45.0 12.79 0.28 1.7 0.53 55

Notes: * g-ethanol produced/g-glicose consumed: ° g-ethanol/g-dry cell weight: < (g/1.) ethanol/(h) fermentation time;

4 Yers/maximum theoretical value (0.51 g/g).

Even though all the glucose was consumed by the cells in both media, and the same ethanol
concentration was reached, it 1s worth noting that the yeast extract supplementation allowed increasing
the volumetric productivity: the cells produced 12.79 = 1.2 g/LL of ethanol, completed the glucose
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uptake and reached the highest cell dry biomass (7.01 £ 1.3 g/L) within 24 h, while in the BSG
hydrolysate without any nutrient supplementation, all the glucose was used by the cells, achieving
almost the same ethanol concentration of 12.0 = 1.2 g/L., and reaching the highest cell dry biomass
(425 £ 1.1 g/L) only after 48 h (Figure 1) (Table 4). In fact, the volumetric productivity in BSG
hydrolysate was 0.25 g/L-h. two-fold lower than the value reached in the yeast supplemented BSG
hydrolysate (0.53 g/L-h) and the ethanol yield per cell mass (Ypx) obtained in the no supplemented
medium was 2.7 g/g, much higher than that reached in the yeast extract supplemented medium
(1.7 g/g) (Table 4).
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Figure 1. Fermentation of glucose to ethanol by Saccharomyces cerevisiae NRRLL YB 2293
in (a) BSG hydrolysate and (b) BSG hydrolysate + yeast extract; glucose concentration
(S. A), dry biomass concentration (X, 0) and ethanol concentration (P, ©). All values are
mean of two mdependent experiments.

These results showed clearly that the nitrogen source supplementation allowed a better growth of
the cells, which completed the glucose uptake and reached the fermentation ethanol rate in 24 h instead
of 48 h, as reported by Kolothumannil and Ingledew [25]. They demonstrated that the yeast extract
supplementation to the wheat mashes hydrolysate reduced the ethanol fermentation time and promoted
the glucose uptake and cell growth: an ethanol yield of 17.1% (v/v) was obtained within three days
when yeast extract was added, while in the absence of nutrient supplementation, a final ethanol yield
of 16.9% (v/v) was still achieved but after eight days.
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Few works on BSG conversion into ethanol are so far reported and the results of these studies are
summarized in Table 3. The different pretreatment methods, enzymatic cocktails for the saccharification
step, ethanologenic microorganisms and growth conditions employed in these works influenced the
ethanol yield.

Recently, Wilkinson ef al. performed a study targeted at establishing the best BSG treatment,
among the NaOH- or alkaline peroxide-based methods [21], to maximize the release of sugars during
enzymatic hydrolysis. Pre-treatment with 5% NaOH at 50 °C for 12 h at 25% (w/v) solids, followed by
a saccharification with an excess commercial enzyme resulted in the best pretreatment method for the
BSG. The operative conditions of each step were completely different from our work, influencing the
fermentation rate, but not the final ethanol concentration (Table 3). As a matter of fact, in 10 days of
fermentation, they obtained almost the same ethanol yield reached in only one day by our strain
S. cerevisize NRRL YB 2293 (17.3 g/L vs. 12.79 g/L).

An ethanol yield production of 0.065 g/g from dry BSG, very low in comparison to 0.28 g/g
obtained by S. cerevisiae NRRL YB 2293, was reported by Xiros ef al. [19] (Table 3). However,
the authors adopted very different operative conditions to produce ethanol by employing the mesophilic
fungus Fusarium oxvsporum and coupling alkali BSG pretreatment with solid-state (for enzymes
production by the fungus) and submerged fermentation (for ethanol production).

The concentration of ethanol obtained from pretreated BSG by the strain Pichia stipifis NCYC 1540
was lower than that reached by S. cerevisice NRRL YB 2293 (8.3 g/L. vs. 12.79 g/L., respectively)
(Table 3), although the ethanol yield is almost the same (0.32 g/g vs. 0.26 g/g, respectively) [18].
Even after optimization (effect of pH. other toxic inhibitors or lack of nutrients), performed by
Yohannan e al. [20], the same strain gave a comparable ethanol production (~14.8 g/L) (Table 3) to
that obtained m this work (12.79 g/L). Recently, Xiros and Christakopoulos [22] obtained a high
ethanol yield from BSG by using the fungus Fusarium oxysporum. The (hemi)cellulolytic fungal
enzymes, produced under submerged fermentation on BSG, were used for the saccharification of
alkali-pretreated BSG; the obtamned hydrolysate was converted into ethanol by the fungus in a
consecutive submerged fermentation. The optimized-process allowed obtaining an ethanol yield of
109 g/Kg dry BSG, corresponding to 60% of the theoretical ethanol yield.

In conclusion, compared to the few other works so far reported on ethanol production from BSG,
this study achieved a higher or similar ethanol yield and a higher productivity.

3. Experimental Section
3.1. Microorganisms and Cultivation Conditions for Screening in Synthetic Medium

The microorganisms investigated in this study include the strains Saccharomyces cerevisiae
NRRLY 12908, S. cerevisiace NRRL YB 2293, S. cerevisine NRRL Y 11.878. S. cerevisiae
NRRL Y 2034 and Zigosaccharomyces rouxi NRRL Y 2547, all belonging to the stram collection of
the Bioprocess and Biotechnology Division of the Department of “Engenharia de Bioprocessos e
Biotecnologia” (University Federal do Parana, Brasil). Cell cultures were maintained in 10 g/T.
glycerol at —20 °C. One milliliter of stock culture cells was transferred to 25 ml. test tubes containing
10 mL sterile YM broth medium with the following composition: 10 g/IL glucose, 5 g/I. peptone,
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3 g/L malt extract and 3 g/L veast extract. After incubation at 30 °C and 120 rpm for 24 h, 5 mL of
pre-inoculum were inoculated in 125 mL Erlnemeyer flask containing 50 mL of synthetic fermentation
broth with the following composition: 40 g/I. glucose, 5 g/I. peptone, 3 g/l malt extract and 3 g/I.
yeast extract. The flasks were incubated at 30 °C and 120 rpm for 72 h. Samples collected at time zero
and after 72 h were subjected to analytical tests.

3.2. Chemical Pretfreatment of BSG and Enzymatic Hydrolysis of Pretreated Material

The BSG, kindly provided by the brewery Bier Hoft Curitiba-PR (Brazil), was pretreated by using
1.25% (v/v) H2S0s 1n a ratio of 1:8 (w/w) at 120 °C for 17 mun [15]. After washing with water until
neutral pH and drying over night at 50 + 5 °C, the solid residue was treated with 2% (v/v) NaOH m a
1:20 (w/w) ratio at 120 °C for 90 min [26]. The residual cellulose pulp was washed and dried over
night at 50 + 5 °C. The chemical composition of the untreated and treated BSG was determined by the
Animal Nutritional Laboratory of the Federal University of Parana. using the method of Van Soest [27,28].
Saccharification was performed with 2.24% (v/v) cellulase (Novozymes) and 1% (v/v) p-glucosidase
(Novozymes), using 8% (w/v) substrate at 45 °C and 120 rpm for 72 h. The hydrolysate was collected
after centrifugation.

3.3. Inoculum and Fermentation Conditions for Cultivation in BSG Hydrolysate

The strain selected as the best producer of ethanol in the synthetic fermentation broth, S. cerevisiae
NRRL YB 2293, was pre-inoculated in 25 mL tubes containing 10 mI. of YM broth. After incubation
at 120 rpm for 24 h at 30 °C, 1 mL of this culture was transferred to a new tube with 10 mL of YM
broth, and incubated at the same conditions. After 24 h, cells were collected by centrifugation at
10,000 rpm for 15 min and washing three times in sterilized water. Ten percent (v/v) of this suspension
was added to 10 mL of BSG hydrolysate with or without the addition of 1.25% (w/v) yeast extract.
The fermentation media were adjusted to a pH of 6.0 by adding 5 M NaOH and diluting up to 50 g/T.
of glucose concentration. Incubation was performed at 30 °C and 120 rpm for 96 h. Samples for
High-Performance Liquid Chromatography analyses were collected every 24 h and all of the assays
were performed in duplicate.

3.4. Analyvtical Methods

Samples taken during the fermentation were centrifuged at 13,000 rpm for 15 min. Glucose and
ethanol concentrations were measured by High-Performance Liquid Chromatography (HPLC).
The analyses were performed in a Shimadzu LC-10-AD equipped with a C-RSA Integrator Chromatopac
Chromatography Unit (Shimadzu, Kyoto, Japan) set to 210 nm and (300 mm * 7.8 mm) column
Aminex HPX-87-4 (Bio-Rad Labs, Richmond, CA, USA), and a refractive index detector. Before the
injection into the chromatograph, samples were diluted with deionized water and filtered through
0.2 um cellulose acetate filters (Sartorius Biolab Products, Goettingen, Germany). The conditions of
chromatography used were: a column temperature of 60 °C, a mobile phase of 5 mM sulfuric acid at a
flow rate of 0.6 ml/min, and an injection volume of 50 pL. Calibration curves obtained using standard
solutions were utilized to calculate the glucose and ethanol concentration. Cell optical density (OD)
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was spectrophotometrically measured at 600 nm by using the spectrophotometer SP-2000
(Shanghai Spectrum Instruments Co., Shanghai, China). The OD values were correlated with the cell
concentration (g/L.) by means of a standard calibration curve previously established. One unit of
optical density at 600 nm corresponded to approximately ~0.75 g dry cell weight/L.

3.5. Analysis of Fermentative Parameters

The ethanol yield per substrate consumed (Yes g/g), the volumetric productivity (Op g/L h),
the ethanol yield per cell mass (Yex g/g). and the efficiency (1, %) were evaluated for each sample
collected during the fermentations.

4. Conclusions

Among the mvestigated strains, Saccharomyces cerevisiae NRRL YB 2293, belonging to the collection
of the Bioprocess and Biotechnology Division of the Department of “Engenharia de Bioprocessos e
Biotecnologia” (University Federal do Parana, Brasil), was selected for its higher ability to produce
ethanol in a synthetic medium. It was then applied for conversion of BSG hydrolysate into ethanol.

BSG was subjected to a chemical pretreatment by acid-alkali method and saccharified with a
cocktail of commercial enzymes, obtaining 97% efficiency of cellulose conversion into glucose.

The strain S. cerevisiae NRRL. YB 2293 was able to grow and to produce ethanol on the
BSG hydrolysate with and without adding veast extract. The ethanol yield per substrate consumed
(Yes) was almost the same in both media: 0.26 g/g (51% efficiency) and 0.28 g/g (55% efticiency)
when the BSG hydrolysate was used without adding any additional element and in the yeast
extract-supplemented BSG, respectively.

Yeast extract supplementation promoted cell growth, glucose uptake and ethanol fermentation at a
higher rate. When the BSG was supplemented with yeast extract, the cells produced 12.79 g/I. ethanol,
completed the glucose uptake and reached the highest cell dry biomass (7.01 g/L) within 24 h, while in
the BSG hydrolysate without any nutrient supplementation, all the glucose was consumed by the cells,
achieving almost the same ethanol concentration of 12.0 g/I. and reaching the highest cell dry biomass
(4.25 g/T.), within 48 h.

The volumetric productivity in the unsupplemented BSG was 0.25 g/I. h, twofold lower than the
value reached in the yeast extract supplemented BSG (0.53 g/L. h) and the ethanol yield per cell mass
(Ypx) obtained in the non-supplemented medium was 2.7 g/g, much higher than that reached in the
veast extract supplemented medium (1.7 g/g).

The application of the strain S. cerevisize NRRL YB 2293 on BSG hydrolysate allowed obtaining a
higher or equal ethanol yield compared to the few other works so far reported.
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This PhD project was aimed at the development of biosystems and biocatalysts,
(microbes and/or enzymes), involved in lignocellulosic biomass conversion into
valuable bio-products, such as sugars, ethanol and lactic acid.

As a source of new biosystems (lignocellulolytic microorganisms) and biocatalysts
(ligninolytic, cellulolytic and xylanolytic enzymes), 32 fungal strains of the “Strain
Collection of the Bioprocess and Biotechnology Division” from the Department of
“Engenharia de Bioprocessos e Biotecnologia”, University Federal do Parana (DEBB)
(Curitiba-PR, Brasil) were analyzed for their ability to produce the enzymes of interest
by screening them on solid and liquid media. This led to the selection of the
ligninolytic strain Pleurotus sajor-caju INRA 3501 and the (hemi)cellulolytic strain
Aspergillus niger NRRL 3312. The low-cost production of ligninolytic, cellulolytic and
xylanolytic enzymes has been optimized by setting up solid state fermentation on
lignocellulosic waste Brewers' spent grain (BSG), reaching a maximum value of
cellulase, xylanase and laccase activity of 118.04 U g™ of dry substrate (gds),
1315.15 U gds™ and 157.36 U gds™, respectively. By proteomic analyses peptides
belonging to the enzymes responsible for the cellulase and xylanase activities from
A. niger NRRL 3312 and for laccase activity from P. sajor-caju INRA 3501 were
identify. The results supported the use of lignocellulosic waste as a low-cost source
for industrial enzymes production; moreover, the new enzymes will be explored for
their potential role in lignocellulosic biomass delignification and saccharification, thus
evaluating their potential contribution to improve cost efficiency of high added value
bioproducts production.

The inductive effect of microcrystalline cellulose on (hemi)cellulolytic enzymes
production by Pleurotus ostreatus was proved, reaching a maximum values of 3.19
U/mL and 51.32 U/mL for cellulases and xylanases, respectively, after 9 days of
fermentation. Thus, the enzymatic mixture from P. ostreatus was partially
characterized and applied to the hydrolysis of the lignocellulosic biomass Arundo
donax. The enzymes showed stability in a wide range of pH, with an optimum values
of 4.0 and 5.3 for cellulase and xylanase activity, respectively; both enzymes have an
optimum of temperature at 50 °C, value generally used during the saccharification of
lignocellulose. Regarding the pH stability, the cellulase from P. ostreatus showed a
half-life of 7 hours at both 30 °C and 40 °C, while the xylanase showed a half-life of 2
days at 30 °C and 7 hours at 40 °C. Then, the enzymatic cocktail from P. ostreatus
was tested in the statistical analysis of Arundo donax saccharification, with the aim of
optimizing the process through the identification of the most significant parameters
influencing the sugars release. By the Plackett-Burman screening design, the
parameters temperature, pH and time were identified as the most significant
variables for the process and thus, their combined effect were investigated by a 3°
factorial experimental design. The maximum value of 480.10 mg of sugars gds™ was
obtained at 45 °C, pH 3.5, and 96 hours of incubation; moreover, a relevant positive
impact on the bioconversion process was exercised by the synergic effect of
temperature and time. Based on the results, the (hemi)cellulolytic cocktail produced
by P. ostreatus represent a good candidate as biocatalyst for the bioconversion of
lignocellulose in substituition to the commercial ones.

Saccharomyces cerevisiae NRRL YB 2293, belonging to the DEBB collection was
selected for its higher ability to produce ethanol in a synthetic medium and was
further applied for the conversion of BSG hydrolysate into ethanol. It has been
shown that the strain was able to grow and produce ethanol on the BSG hydrolysate
with and without added yeast extract. The ethanol yield per substrate consumed
(Yp/s) was almost the same in both media: 0.26 g/g (51 % efficiency) with the BSG
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hydrolysate and 0.28 g/g (55 % efficiency) with the yeast extract supplemented BSG
hydrolysate. Yeast extract supplementation promoted cell growth, glucose uptake
and ethanol fermentation at a higher rate. When the BSG was supplemented with
yeast extract, the cells produced 12.79 g/L ethanol, completed the glucose uptake
and reached the highest cell dry biomass (7.01 g/L) within 24 h, while in the BSG
hydrolysate without any nutrient supplementation, all the glucose was consumed by
the cells, achieving almost the same ethanol concentration of 12.0 g/L and reaching
the highest cell dry biomass (4.25 g/L), within 48 h. The volumetric productivity in the
unsupplemented BSG was 0.25 g/L h, two-fold lower than the value reached in the
yeast extract supplemented BSG (0.53 g/L h). The results demonstrate the feasibility
of ethanol production from the BSG hydrolysate by the application of the strain S.
cerevisiae NRRL YB 2293. Indeed a higher or equal ethanol yield compared to the
few other works so far reported was obtained.

The strain Lactobacillus acidophilus ATCC 43121, selected for its higher lactic acid
production in a synthetic medium, was analyzed for its ability to produce lactic acid
from BSG hydrolysate. The results indicated that the produced hydrolysates from
ammonia soaking treated BSG2 (AAS BSG2), provided by the microbrewery Maneba
(Striano, Naples, Italy), and from the acid-alkaline treated BSG1l (AAT BSG1),
provided by the brewery Bier Hoff Curitiba-PR (Brazil), are suitable substrates for the
growth of the strain L. acidophilus ATCC 43121 and the production of lactic acid.
Moreover, it was demonstrated that the bioconversion of glucose into lactic acid was
positively affected by the presence of yeast extract. The maximum value of lactic acid
production (22.16 g/L) was obtained from the AAS BSG2 hydrolysate in the presence
of yeast extract. The produced levels of lactic acid were comparable or higher in
comparison with those obtained from hydrolysates of other agricultural residues.

The efforts of this PhD project support the actualization of a circular economy
through the employment of lignocellulosic biomass as renewable resources, that can
be used again and again to generate valuable and marketable products, replacing
the exhaustible fossil-based resources, within the biorefinery concept.
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Abstract Fossil fuel reserves depletion, global warming,
unrelenting population growth, and costly and problematic
waste recycling call for renewable resources of energy and
consumer products. As an alternative to the 100 % oil
economy, production processes based on biomass can be
developed. Huge amounts of lignocellulosic wastes are
yearly produced all around the world. They include agricul-
tural residues, food farming wastes, “green-grocer's wastes,”
tree pruning residues, and organic and paper fraction of
urban solid wastes. The common ways currently adopted
for disposal of these wastes present environmental and
economic disadvantages. As an alternative, processes for
adding value to wastes producing high added products
should be developed, that is the upgrading concept: adding
value to wastes by production of a product with desired
reproducible properties, having economic and ecological
advantages. A wide range of high added value products,
such as enzymes, biofuels, organic acids, biopolymers, bio-
electricity, and molecules for food and pharmaceutical n-
dustries, can be obtained by upgrading solid wastes. The
most recent advancements of their production by biotech-
nological processes are overviewed in this manuscript.

Keywords Enzymes - Biofuels - Organic acids -
Biopolymers - Bioelectricity

Introduction

Fossil fuel reserves depletion, global warming, unrelenting

population growth, and costly and problematic waste recycling
call for renewable resources of energy and consumer products.

R. Liguori* A. Amore - V. Faraco (<)

Department of Chemical Sciences, University of Naples “Federico
11", Complesso Universitario Monte S. Angelo, via Cintia, 4,
80126 Naples, Italy

e-mail: vfaraco@unina.it

As an alternative to the 100 % oil economy, production pro-
cesses based on biomass can be developed by using the whole
plant, thus providing the bioretinery concept. Each constituent
of the residual biomass can be extracted and functionalized in
order to produce non-food and food fractions, intermediate
agro-industrial products, and synthons. Three major industrial
domains can be concerned: molecules, matenals, and energy.
Using of residual biomass as raw material would simultaneous-
ly give the advantage of reducing externalities associated with
waste disposal.

The biorefinery concept based on the use of the whole plant
can evolve to a generalization. The reduction of the wastes or
byproducts could be linked not only to one whole plant
transformation but also to the use of several plants based on
complementarities of ditferent processes, different factories
belonging sometimes to different companies up to the zero-
waste biorefinery concept. The wastes and byproducts of the
first one could be the starting material for the second one and a
source of energy for the third one. Optimization of the flow of
raw materials, of byproducts, and of energy between different
industrial production units on a given site 1s a generalization of
the concept of biorefinery through an actual “Industrial
Metabolism” (Octave and Thomas 2009). The substitution
of oil products by biobased products will develop a new
bioeconomy and new industrial processes respecting the sus-
tainable development concept. Industrial biorefinery will be
linked to the creation of new processes based on the 12
principles of green chemistry (clean processes, atom econo-
my, renewable feedstocks, etc.). Biotechnology, especially
white biotechnology, will take a major part into these new
processes with biotransformations (enzymology and microor-
ganisms) and fermentation.

Huge amounts of lignocellulosic wastes are yearly pro-
duced all around the world. They include agricultural residues,
food farming wastes, “green-grocer's wastes,” tree pruning
residues, and organic and paper fraction of urban solid wastes.
The common ways currently adopted for disposal of these

@ Springer



Appendix VI

6130

Appl Microbiol Biotechnol (2013) 97:6129-6147

wastes include landfilling—having as the main disadvantage
the high cost of transport; incineration—not convenient be-
cause of the low calorific value and high water content; and

feeding for animals—having the limit that not every waste is
appropriate for every animal. As an alternative, processes for
adding value to wastes should be developed, that i1s the
upgrading concept: adding value to wastes by production of
a product with desired properties, and economic and ecolog-
ical advantages (Laufenberg etal. 2003). A wide range ofhigh
added value products, such as enzymes, biofuels, organic
acids, biopolymers, bioelectricity, and molecules for food
and pharmaceutical industries, can be obtained upgrading
solid wastes by biotechnological processes. The most recent
advancements of their production are overviewed in this
manuscript.

Biofuels from wastes
Bioethanol

The largest ethanol producers in the world are the USA,
Brazil, and China. In 2009, the USA produced 39.5 = 10° 1 of
ethanol using comn as a feedstock, while the second largest
producer, Brazil, created about 30x10° 1 of ethanol using
sugarcane (Bhatia et al. 2012). Bioethanol market is
expected to reach 100> 10° 1 in 2015 (Bhatia et al. 2012).
In fact, in the USA, the Department of Energy has set a goal
of 60 billion gallons of renewable fuels per year to be
produced by 2030, while in the European Union there 1s a
mandatory target to substitute 10 % of its transportation
fuels with renewable fuels by 2020. However, ethanol pro-
duction from this edible feedstock poses concerns about
competition with food and feed supplies, and the only
sustainable alternative substrate for ethanol production is
lignocellulosic biomass.

Non-edible lignocellulosic residual biomasses attract keen
mterest as source for production and recovery of added value
products such as fuel ethanol, due to their abundance, wide-
spread distribution, and non-competitiveness with food supply.

Lignocellulose conversion into ethanol commonly in-
volves 1) a pretreatment to remove the barrier of lignin and
expose plant cell wall polysaccharides, ii) enzymatic sacchar-
ification of sugars with a (hemi)cellulolytic enzyme cocktail,
and 1ii) fermentation of the sugars with ethanologenic micro-
organisms. Numerous pretreatment strategies have been de-
veloped such as physical treatment, chemical treatment (alka-
line or acid), biological treatment, physicochemical treatment,
Le., steam explosion, liquid hot water, ammonia fiber expan-
sion, supercritical fluid treatment, and thermochemical treat-
ment (Chundawat et al. 2011). Afier pretreatment, cellulose
and hemicelluloses are hydrolyzed to monomeric sugars
(hexoses and pentoses) using acid or enzymatic methods.
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Enzymatic hydrolysis by (hemi)cellulases 1s the preferred
method because of the higher conversion yields and less
corrosive and toxic conditions compared to the acid hydroly-
sis (Taherzadeh and Keikhosro 2007). Fermentation of all free
sugars into ethanol is then carried out by yeasts or bacteria.

However, many challenges have still to be faced for
mmproving the competitiveness of cellulosic ethanol produc-
tion process. Particularly, the cost of enzymes used in the
process is considered as one of the key bottlenecks for
producing fuels and chemicals from lignocellulosic bio-
mass. Several efforts are underway to reduce the cost of
enzyme production. Some of the strategies include improv-
g the performance of the enzymes by mcreasing the spe-
cific activity and thereby minimizing enzyme dosage by
direct evolution and site-directed mutagenesis, reducing
the cost of enzyme production by improving cellulase titers
during fermentation by process engineering using cheap
substrates including biomass, producing enzymes near
biorefinery, or expressing enzymes in plants.

The enzymatic hydrolysis may take place in a separate
step followed by fermentation called separate hydrolysis and
fermentation (SHF) process, or it may take place together
with the fermentation in a simultaneous saccharification and
fermentation of hexoses (SSF) process or simultaneous sac-
charification and co-fermentation (SSCF) of both hexoses
and pentoses (Fig. 1). The ultimate objective is a one-step
consolidated bioprocessing (CBP) of lignocellulose to
bioethanol (Amore and Faraco 2011; Olson et al. 2011), in
which all the steps occur in a single reactor where a single
microorganism or microbial consortium converts pretreated
biomass into ethanol without added enzymes (Fig. 1).

Identification of the most appropriate lignocellulosic
wastes to be used as feedstock has to be performed on a
local basis taking climatic and logistic conditions, such as
the availability and the current disposal methods, into ac-
count. For instance, as reported by Faraco and Hadar (2011),
residues from cereal crops, olive trees, and tomato and grape

SSCF CBP

Cellulase
production

Cellulose
hydrolysis

Hexose
fermentation

Pentose
fermentation

Bio-ethanol

Fig. 1 Processes of bioethanol production. SHF separate hydrolysis and
fermentation, SSF simultaneous hydrolysis and fermentation, SSCF simul-
taneous saccharification and co-fermentation ofboth hexoses and pentoses,
CBP consolidated bioprocessing
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processing are the most abundant lignocellulosic wastes in
France, Italy, Spain, Turkey, and Egypt, where their use as
-aw materials for ethanol production could give rise to a
potential production capacity of 13 Mtoe of ethanol. Due to
the lack of sufficient amounts of agricultural residues m all
of the other Mediterranean countries, use of the cellulosic
content of municipal solid waste (MSW) as feedstock for
ethanol fuel production is also proposed. A maximum po-
tential production capacity of 30 Mtoe of ethanol could be
achieved from 50 % of the 180 million tons of wastes
currently produced annually in the Mediterranean Basin,
the management of which has become a subject of serious
coneern.

Table | summarizes some examples of fermentation pro-
cesses producing ethanol from wastes.

Several fruits processing wastes, such as banana peel
(Joshi et al. 2001), mangoes (Reddy and Reddy 2007), and
pineapple (Muttara and Nirmala 1982) have been success-
fully used as substrates for ethanol production. Papaya
(pawpaw) agricultural waste, largely produced in Africa,
has been used by Akin-osanaiye et al. (2008) as substrate
for yeast fermentation, yielding a maximum of 5 % of
ethanol after 24 h of simultaneous saccharification and
fermentation by Aspergillus niger and Saccharomyces
cerevisiae. Recently, grapes waste has been reported as a
good substrate for ethanol production by S. cerevisiae
strains as reported by Raikar (2012) (with an ethanol yield

of 16 %) and Asli (2010) (with an ethanol yield of 95 g L™).

Wheat straw (Singh and Bishnoi 2012a; Passoth et al.
2013), rice straw (Singh and Bishnoi 2012b), oat, and barley

straw (Hahn-Higerdal et al. 2006) have been largely report-
ed as a source for bioethanol production, and many efforts
have been put on their pretreatment optimization for increas-
ing accessibility of polysaccharides (Balan et al. 2009;
Zhong et al. 2009). Corn stalks and soybean residues have
also been reported as a source of fermentable sugars
(Zaldivar et al. 2001; Yang et al. 2011).

Mutreja et al. (2011) investigated the effect of different
pretreatment of eight lignocellulosic wastes as  substrates
for ethanol production, namely Syzygium cumini (jamun),
Azadivachta indica (neem), Saracens indica (asoka), Bambusa
dendrocalmus (bamboo), Populus nigra (poplar), Achnatherum
hymenoides (wild grass), Eucalyptus marginata (cucalyptus),
Mangifera indica (mango), and acid pretreatment of S. cumini
(Jamun) at 30 °C giving a maximum ethanol yield of 1.42 g/L.

Singh and Jain (1995) reported cane molasses as a good
substrate for ethanol production by batch fermentation.

Use of MSW 1s a promising strategy to meet the world
energy needs and reduce GHG as well.
Particularly, the replacement of biomass with the biodegrad-
able portion of MWS (BMSW) can bring environmental
advantages in waste management, carbon dioxide cut, water
quality and quantity control, land use, and biodiversity (Li
2008). In a previous study, Li et al. (2007) showed the
production of about 52 % of fermentable glucose from
BMSW. Recently, biodegradable wastes, such as kitchen
waste, garden waste, and paper waste, have been shown
suitable substrates for ethanol production, yielding about
90 % of glucose under optimized conditions (Li 2008). As
for the use of lignocellulosic wastes, the use of BMSW as a

emissions,

Table | Examples of fermenta-

tion processes producing ethanol Organism

Waste

Reference

from wastes
Saccharomyces cerevisiae and

Aspergillus niger
Saccharomyces cerevisiae SC1

Wickerhamomyces anomalus
and Scheffersomyces stipitis
Aspergillus flavus and
Trichoderma reesei
Saccharomyces cerevisiae
424A(LNH-ST)
Flocculating yeast

Zymomonas mobilis

Saccharomyces cerevisiae

Saccharomyces cerevisiae 101
(wine strain)
Clostridium phytofermentans

Phiebia sp. MG-60

Papaya (pawpaw) agricultural waste

Grapes waste

Wheat straw
Wheat straw
Rice straw

Waste banana peels
Cane molasses

Syvzygium cumini (jamun), Azadirachia
indica (neem), Saracens indica (asoka),
Bambusa dendrocalmus (bamboo),
Populus nigra (poplar), Achnatherum
hymenoides (wild grass), Eucalyptus
marginata (eucalyptus), Mangifera
indica (mango)

Six varieties of mangoes

Switchgrass
Woody biomass

Akin-osanaiye et al. (2008)

Raikar (2012); Asli (2010)
Passoth et al. (2013)

Singh and Bishnoi (2012a)
Zhong et al. (2009)

Joshi et al. (2001)
Singh and Jain (1995)
Mutreja et al. (2011)

Reddy and Reddy (2007)

Jain et al. (2013)
Kamei et al. (2012)
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resource for bioethanol production is an advantageous route,
leading to reduction of waste going to landfill or incinera-
tion, and to whole reduction of greenhouse gas emissions.

As examples of waste conversion into ethanol by CBP,
the effectiveness of Clostridium phytofermentans solid-state
fermentation in directly converting switchgrass into ethanol
was evaluated by Jain et al. (2013). C. phytofermentans was
chosen for the consolidated bioprocessing of biomass since
it is able to grow on diverse substrates through the produc-
tion ot 161 enzymes involved in the breakdown or modifi-
cation of complex carbohydrates (Cantarel et al. 2009), and
it produces ethanol as its major product along with a lesser
quantity of acetate (Wamnick et al. 2002; Weber et al. 2010).
The study shows that, during the solid-state fermentation,
the maximum concentration of ethanol, 58.14 mM was
measured on the 12th day of incubation. The acetate and
ethanol concentrations were similar during the initial 6 days
of fermentation, but between days 6 and 14, the ethanol
concentration increased significantly and surpassed the
highest acetate concentration of 27.56 mM. Differently,
during the submerged-state fermentation, the production of
acetate (5 mM) and ethanol (27.56 mM) concentrations
increased until the sixth day but did not increase further.

Kamei et al. (2012) reported ethanol production from
woody biomass using a single microorganism without addi-
tion of chemicals or enzymes. They propose a new process
of unified aerobic delignification and anaerobic saccharifi-
cation and fermentation of wood by the white-rot fungus
Phlebia sp. MG-60. This fungus is able to selectively de-
grade lignin under acrobic solid-state fermentation condi-
tions, and to produce ethanol directly from delignified oak
wood under semi-aerobic liquid culture conditions. After
56 days aerobic mcubation, 40.7 % of initial lignin and
glucan were degraded. Then under semi-aerobic conditions
without the addition of cellulase, 43.9 % of theoretical
maximum ethanol was produced after 20 days.

Biobutanol

Butanol is a product of ABE (acetone butanol ethanol)
fermentation (Gottschalk 1986), and it represents an excel-
lent chemical feedstock (in the plastics industry), and more
importantly, a superior fuel compared to ethanol (Pfromm et
al. 2010), since 1t 1s less corrosive, less hygroscopic, and
tolerates water contamination better; it 1s less evaporative
and explosive due to its lower vapor pressure; it has 30 %
higher energy density than ethanol; it can be mixed in higher
ratios with gasoline in existing cars without retrofitting the
engine (Fatehi 2013). Butanol can be produced by a variety
of microorganisms and the most commonly used strains are
Clostridium acetobutylicum and Clostridium beijerinckii
(Durre 1998; Qureshi et al. 2006).
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Table 2 summarizes some examples of fermentation pro-
cesses producing biobutanol from wastes.

In an attempt to reduce the cost of butanol production by
fermentation, the use of a variety of low-cost feedstocks has
been investigated such as molasses (Fan et al. 2010), sago starch
(Madihah et al. 2001), wheat bran (Liu et al. 2010), barley straw
hydrolysate (Qureshi et al. 2010), palm oil waste (Lee et al.
1995), and lignocellulosic matenials such as wheat straw, cane
molasses, corn, and switchgrass (Cho et al. 2009). Raganati et
al. (2013) studied the butanol production by C. acetobutylicum
DSM 792 fermentation on unsupplemented cheese whey. The
conversion was successfully carried out in a biofilm packed bed
reactor for more than 3 months. Under optimized conditions, the
performances were a butanol productivity of 2.66 g/L/h, a
butanol concentration of 4.93 g/L, a butanol yield of 0.26 ¢/L,
and a butanol selectivity of the overall solvents production
82 wt.%. Ni et al. (2012) used cane molasses as substrate in
ABE production by Clostridium saccharobutylicum DSM
13864. Under optimum conditions, total solvent of 19.80 g/L
(13.40 g/L butanol) was reached after 72 h of fermentation in an
Edenmeyer flask. In a 5-L bioreactor, total solvent of 17.88 g/L
was attained after 36 h of fermentation, and the productivity and
yield were 0.50 g/L/h and 0.33 g ABE/g sugar consumption,
respectively. To further enhance the productivity, a two-stage
semi-continuous fermentation process was steadily operated for
8 days (205 h, 26 cycles) with average productivity (stage 1) of
1.05 g/L/h and cell concentration (stage I) of 7.43 OD660,
respectively. The average batch fermentation time (stage I and
II) was reduced to 21-25 h with average solvent of 15.27 g/L.

Claassen et al. (2000) described the results obtained with
fermentation of hydrolysate from domestic organic waste pro-
duced using Masonite steam explosion and enzymatic hydro-
lysis. C. acetobutylicum DSM 1731 C. beijerinckii B-592 and
Clostridium LMD 84.48 produced 1.5 and 0.9 g/l ABE and
1.9 g/ ABE, respectively, from this hydrolysate without fur-
ther supplementation. Incubation with two-fold concentrated
hydrolysate completely impaired ABE production. Afier re-
moval of unspecific inhibiting components, the yield of ABE
production by C. acetobutylicum DSM 1731 increased about
three-fold as compared to the non-treated hydrolysate.
Similarly, Qureshi et al. (2010) studied the increase in butanol
production after removal of mhibitors generated from the
pretreatment of substrate. The fermentation of dilute sulfuric
acid barley straw hydrolysate (BSH; undiluted/untreated) by C.
beijerinckii P260 resulted in the production of 7.09 ¢/L ABE,
an ABE yield 0f 0.33, and productivity of 0.10 g/L/h. This level
of ABE is much less than that observed in a control experiment
where glucose was used as a substrate (ABE yield of 0.41 and
productivity of 0.31 g/L/h) suggesting the toxicity of BSH
which was then reduced by treating it with lime [Ca(OH),].
The treated BSH resulted in the production of 26.64 g/l ABE.
The presence of phenolic inhibitors has been detected also m
pretreated fiber-rich agricultural biomass, causing a reduction
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Table 2 Examples of fermenta-

tion processes producing Organism

Waste

Reference

biobutanol from wastes
Clostridium beijerinckii BA101

Clostridium saccharobutvlicum DSM
13864
Clostridium acetobutylicum P260

Clostridium acetobutvlicum 2N

Clostridium acetobutylicum

Clostridium beijerinckii ATCC 55025
Clostridium beijerinckii P260

Medium based on com steep
water
Cane molasses

Corn fiber xylan
Sugar beet molasses
Gelatinized sago starch-derived

Parekh and Blaschek (1999)
Ni et al. (2012)

Qureshi et al. (2006)
Fan et al. (2010)
Madihah et al. (2001)

Clostridium saccharoperbutvlacetonicum N1-4

Clostridium beijerinckii National Collection

sugars

Wheat bran Liu et al. (2010)

Dilute sulfuric acid barley straw ~ Qureshi et al. (2010)
hydrolysate

Palm oil waste Lee et al. (1995)

Lignocellulosic hydrolysates ~ Cho et al. (2009)

of Industrial and Marine Bacteria Ltd.

8052

Clostridium acetobutylicum DSM 792

Clostridium acetobutvlicum DSM 1731,
Clostridium beijerinckii B-592, and

Clostridium LMD
Clostridium beijerinckii BA101

Clostridium saccharoperbutvlacetonicum

Ni1-4

Unsupplemented cheese whey Raganati et al. (2013)

Hydrolysate from domestic Claassen et al. (2000)

organic waste

Fiber-rich agricultural biomass

Palm oil mill effluent

Ezeji et al. (2007)
Hipolito et al. (2008)

of 30 % yield of ABE by C. beijerinckii BA101 (Ezeji et al.
2007).

Biohydrogen

Hydrogen is becoming one of the most favorable new energy
carriers because it is clean, recyclable, and can be used in tuel
cells to directly generate electricity (Das and Veziroglu 2001).

Fermentative production of hydrogen results from the
fermentative conversion of organic substrate to biohydrogen
manifested by a diverse group of bacteria using multi-
enzyme systems involving three steps similar to anaerobic
conversion. Dark fermentation reactions do not require light
energy, so they are capable of constantly producing hydro-
gen from organic compounds throughout the day and night
(Hussy et al. 2003). Photofermentation differs from dark
fermentation because it only proceeds in the presence of
light (Basak and Das 2006). Fermentative hydrogen produc-
tion can be done using direct biophotolysis by green algae,
mdirect biophotolysis by cyanobacteria, photofermentation
by anaerobic photosynthetic bacteria, and dark fermentation
by anaerobic fermentative bacteria.

In recent works, it 1s indicated that photosynthetic bacterna
can utilize several different waste materials as carbon sources
for hydrogen production allowing, in the same time, the
reduction of wastes. Table 3 summarizes some examples of
fermentation processes producing biohydrogen from wastes.

Besides wastewaters of sugar refinery (Yetis et al. 2000),
milk industry (Tiirkarslan et al. 1998), tofu industry (Zhu et

al. 1999), and lactic acid fermentation plant (Sasikala and
Ramana 1991), the main solid wastes usable as feedstock for
hydrogen production include sewage sludge (Sunita and
Mitra 1993) and municipal solid wastes (Fascetti et al.
1998). Biohydrogen produced from the hydrolyzate of cel-
lulosic feedstock represents a promising candidate as a high
efficiency energy carrier to supply future needs. Monlau et
al. (2012) have determined which compositional (lignin,
cellulose, hemicelluloses, total uronic acids, proteins, and
soluble sugars) and structural (crystallinity) features of 20
kinds of lignocellulosic substrates can have an effect on

biohydrogen production using predictive partial least square

(PLS) models. They found that soluble sugars, namely non-
structural carbohydrates present in the untreated substrates,
had a significant positive effect on biohydrogen production
because the hydrogen yield enhancement is correlated to an
mcrease of soluble sugar content of the substrate. A pre-
treatment of lignocellulosic substrates would enhance the
biohydrogen production, leading to the solubilization of
holocelluloses and increasing the soluble sugars fraction.
Fermentation technology for lignocellulosic hydrogen pro-
duction can consist of a direct process in which cellulose
hydrolysis and hydrogen production take place in the same
reactor, or a two-stage process, in which cellulose 1s hydro-
lyzed in the first stage followed by dark hydrogen fermenta-
tion for hydrogen production in the second stage (Fig. 2).
The direct process 1s actually used for the conversion of
agricultural wastes and wood into biohydrogen, and 1t is
cheaper and more commercially feasible, but it needs choosing
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Table 3 Examples of fermenta-
tion processes producing
biohydrogen from wastes

Organism

Waste

Reference

Clostridium thermocellum ATCC 27405

Caldicellulosiruptor saccharolvticus
(dark fermentation step) and
Rhodobacter capsulatus (DSM1710)
(photofermentation step)

Rhodobacter sphaeroides 0.1J.001

Rhodobacter sphaeroides 0.U.001

Rhodobacter sphaeroides 0.U.001

Hulls

Potato steam peels hydrolysate
and molasses

Waste water from milk industry
Tofu wastewater

Waste water of a lactic acid

Magnusson et al. (2008)
Ozgiir et al. (2010)

Tiirkarslan et al. (1998)
Zhu et al. (1999)
Sasikala and Ramana

Rhodopseudomonas

Rhodobacter sphaeroides RV

fermentation (1991)
Sunita and Mitra (1993)

Fascetti et al. (1998)

Sewage and wastewater

Selected municipal solid wastes
(lactate containing solutions
derived from the acidogenesis)

a microorganism able to produce cellulolytic enzymes and
hydrogen simultaneously and it is less efficient due to the need
to use the same temperature condition for cellulose degradation
and dark H, fermentation. Many reports indicate that thermo-
philic microorganisms, such as Thermococcus kodakaraensis,
Clostridium thermolacticum, and Clostridium thermocellum
(Kanai et al. 2005; Liu et al. 2008) are suitable for biohydrogen
production since they have the ability to produce cellulolytic
enzymes and hydrogen simultaneously. It has been reported
that C. thermocellum ATCC 27405 could use the hulls as the
carbon source to produce hydrogen without any pretreatment,
reaching the maximum hydrogen yield of 0.22 mol H,/mol
glucose (Magnusson et al. 2008).

In a two-stage process, after solubilizing cellulosic bio-
masses by hydrolysis, hydrogen fermentation would be easier
to perform in a continuous process (Datar et al. 2007; Lo et al.
2010a). Since the theoretical hydrogen yield of the dark fer-
mentation is usually within the range of 3—4 mol Hy/mol

a
Two-step process One-step process
Pre-treatment
e —
Hydrolysis
—_—
Fermentation
N ———
C o D,

Fig. 2 Processes of biohydrogen production. a One-step process in which
cellulose hydrolysis and hydrogen production take place in the same
reactor; two-stage process, in which cellulose is hydrolyzed in the first
stage followed by dark hydrogen fermentation for hydrogen production in
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hexose and the system also produces 5060 % of CO, in the
biogas, actually, the best biohydrogen production system,
which has high yield and low CO, emission, is based on
the combination of the dark fermentation followed by
photofermentation. The organic acids produced during the dark
fermentation can be used by purple non-sulfur bacteria to
produce hydrogen; this allows obtaining eight further moles
of hydrogen per mole of hexose. Thus, a combination of dark
and light fermentation 1s theoretically capable of producing the
maximum yield of 12 mol of hydrogen per mole of hexose
(Guwy et al. 2011). There are a lot of factors that significantly
affect the efficiency of the combined process such as the
presence of fixed nitrogen and the concentration and type of
organic acids available (Akkose et al. 2009; Kim et al. 2000;
Chen et al. 2010; Uyar et al. 2009; Su et al. 2009).
Photofermentative hydrogen production on effluents of
thermophilic dark fermentations on potato steam peels (PSP)
hydrolysate and molasses was investigated by using the

b
Two stage Single stage
fermentation fermentation
Dark-
fermentation
Photo-
fermentation
i

the second stage. b Bioreactor design for fermentation: single stage in
which light and dark fermentation are conducted in the same vessel or
two stage in which dark fermentation and photofermentation are conducted
in separate vessels
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extreme thermophile Caldicellulosiruptor saccharolyticus in
the dark fermentation step, and Rhodobacter capsulatus
(DSM1710) in the following photofermentation step. To in-
crease the hydrogen yields, it was necessary to adjust the
mitial acetate concentration in the dark fermentor eftluents
by dilution before using them in the photofermentation; the
hydrogen yields (moles H, per mole consumed hexose)
obtained on potato steam peels hydrolysate and molasses are
3.91 and 5.81, respectively (Ozgiir et al. 2010).

When considering the integration of dark fermentative
hydrogen production and photofermentation, the bioreactor
design 1s of considerable importance. Bioreactor designs are
essentially of two types: single stage or two stages. In the
latter system, dark fermentation and photofermentation are
conducted in separate vessels; this allows optimizing the
fermentation environment for each stage of biohydrogen
production, but at the same time, increases the space re-
quirements and operating costs rather than the single-stage
system in which light and dark fermentation are conducted
in the same vessel. On the other hand, the disadvantage of
the single-stage system is the impossibility to optimize the
environmental conditions for each phase (Argun and Kargi
2010). Actually, many researches are needed to optimize the
bioH, production from waste m terms of production cost
and efficiency. For example, in a recent study, a novel
process integrating sequential dark photo fermentation
(SDPF) and microalgae photoautotrophic process was pro-
posed (Lo et al. 2010b). This process was shown to produce
biohydrogen with a high-yield (up to 6.5 mol Hy/mol hex-
ose) and low CO; emission (since all the CO; produced
from fermentation was completely consumed by microalgae
growth).

Biogas

Biogas 1s produced by the anaerobic digestion or fermenta-
tion of biodegradable materials, and it comprises primarily
methane (CHy) and carbon dioxide (CO,) and may have
small amounts of hydrogen sulfide (H,S), moisture, and
siloxanes (Schink 1997).

Wastes are suitable substrates for production of biogas in
anacrobic digestion treatments. Table 4 summarizes some
examples of fermentation processes producing biogas from
wastes.

Initially, the emphasis was tocused on anaerobic digestion of
municipal solid waste (Braber 1995; Kiely et al. 1997), but also
lignocellulosic waste can be used to obtain biogas-rich meth-
ane, although this waste conversion process requires, m addi-
tion, an initial pretreatment. The enzymatic pretreatment of
sugar beet pulp, that has high fiber content, improves biogas
yield from anaerobic fermentation (Zieminski et al. 2012).
Besides producing biogas, the anaerobic biological treatment
decreases and stabilizes solid wastes volume generating a

nutrient-rich digestate that can be used as fertilizer (Stroot et
al. 2001). For these reasons, several studies, not only on labo-
ratory scale butalso on pilot- and full-scale anaerobic digestion
for the treatment of organic solid waste, have already been
reported (Igoni et al. 2008; Rao and Singh 2004; Lopez and
Espinosa 2008; Elango et al. 2007; Fernandez et al. 2008). In
general, the process is divided in three phases: hydrolysis,
acidogenesis/acetogenesis, and methane production (Schink
1997). It was demonstrated that the composition and diversity
of the microbial community have a great impact on the biogas
yield. In fact, the process efficiency can be influenced by the
variations i the microbial community that occur during the
ongoing fermentation. Moreover, molecular analyses have
shown the presence of numerous unknown bacteria, which
may have an important influence on the degradation process
(Weiland 2010). Furthermore, the efficiency of anaerobic di-
gestion is improved combining two or more different types of
feedstock (Alvarez et al. 2010) that allow balancing nutrients
(C/N ratio and macro- and micronutrients) and diluting
inhibitors/toxic compounds (Hartmann et al. 2004; Sosnowski
et al. 2003). As a matter of fact, increased methane yields and
volumetric productivities were observed in co-digestion
of food waste with yard waste at specific ratios by
Brown and Li (2013). Moreover, their study showed
increased methane yields and volumetric productivities
as the percentage of food waste was increased to 10 %
and 20 % of the substrate at feedstock/effluent ratios
(an operating parameter that measures the amount of
substrate to the amount of inoculum) of 2 and 1, re-
spectively. Zhang at al. (2013) studied the anaerobic co-
digestion of food waste and cattle manure, and both
batch and semi-continuous tests indicated that the total
methane production is enhanced in co-digestion, with an
optimum food waste to cattle manure ratio of 2. At this
ratio, the total methane production in co-digestion in-
creased by 55.2 % imn semi-continuous mode and by
41.1 % in batch tests.

Organic acids from wastes

Bioconversion of lignocellulosic biomass could make a
significant contribution to the production of organic
chemicals. A wide range of organic acids can be produced
by bacterial metabolism (Gottschalk 1986). Table 5 summa-
rizes some examples of fermentation processes producing
organic acids from wastes.

Volatile fatty acids such as acetic acid, propionic acids,
oxalic acid, and butyric acid have been obtained from cereal
hulls (Jin etal. 2002, 2004, 2006), bagasse residues (Henrique
et al. 2005), food wastes (Lim et al. 2008), and sisal leaf
decortications residues (Mshandete et al. 2008). In addition,
lactic acid has been produced from waste sisal stems (Muruke

@ Springer



Appendix VI

6136 Appl Microbiol Biotechnol (2013) 97:6129-6147

Table 4 Examples of fermentation processes producing (biogas) methane (CH,) and carbon dioxide (CO,) from wastes

Biosystem

Waste

Reference

Granular biomass from a pilot hybrid reactor treating
wine waste and from an IC reactor treating brewery
wastewater was used as inoculum

Effluent from a mesophilic liquid AD system fed with
food wastes, fats, oils, and greases, and sewage sludge
was used as inoculum

Anaerobically treated activated sludge was used as inoculum

Pig shurry
Anaerobic sludge derived from an agricultural biogas

Anaerobic sludge from a sewage sludge digester and/or
cattle manure
Thickened excess activated sludge

Seed inoculum collected from a nearby Khadi and Village
Industries Commission cattle dung based biogas plant
Sewage contains organic solids and methanogenic bacteria

Mesophilic sludge

Pig manure and fish waste

Yard waste

Cattle manure and food waste
Organic fraction of municipal solid waste
Sugar beet pulp and spent hops

Organic fraction of municipal solid waste,
primary sludge, and waste activated sludge

Sewage sludge and organic fraction of
municipal solid wastes

Food wastes emanating from fruit and vegetable
markets, households, hotels, and juice centers

Municipal solid waste and domestic sewage

Organic fraction of municipal solid waste

Alvarez et al. (2010)

Brown and Li (2013)

Zhang et al. (2013)
Kiely et al. (1997)
Zieminski et al. (2012)
Stroot et al. (2001)

Sosnowski et al. (2003)
Rao and Singh (2004)

Elango et al. (2007)
Femnandez et al. (2008)

et al. 2006), sugarcane bagasse (Adsul et al. 2007), and
kitchen waste (Ohkouchi and Inoue 2007) by using
Lactobacillus isolates.

Furthermore, formic acid, levulinic acid, citric acid,
valeric acid, caproic acid, and vanillic acid are obtainable
from bioprocessing of lignocellulosic waste (Olson 2001;
Chaudhary and Sharma 2005; Mshandete et al. 2008;
Ibrahim et al. 2008).

Abdel-Rahman et al. (2011) reviewed the advantages and
limits of lactic acid production from several lignocellulose
materials by simultancous saccharification and fermenta-
tion. Wood hydrolysate (Wee et al. 2004), wheat bran hy-
drolysate (Givry et al. 2008), cassava bagasse (John et al.
2006), soft wood (lyer et al. 2000), and sugarcane bagasse

Table 5 Examples of fermentation processes producing organic acids

(Adsul et al. 2007) are some examples of lignocellulosic
wastes investigated for lactic acid production by different
Lactobacillus stramn, yielding lactic acid in the range of 0.5—
0.9 g per gram of substrate consumed. Due to the recalci-
trance of lactic acid bacteria to process lignocelluloses hy-
drolyzates, new strains are being used for lactic acid pro-
duction from this feedstock. Recently, a Pediococcus
pentosaceus has been shown able to produce lactic acid
from lignocellulose-derived mixed sugars including glu-
cose, mannose, galactose, arabinose, and xylose (Adler et
al. 2011). Guo et al. (2010) studied the production of lactic
acid using corncob hydrolysates for the growth of Rhizopus
orvzae, yielding 355 g lactic acid per kilogram comcobs,
after 72 h incubation.

Biosystem Waste

Product Reference

Activated sludge inoculum (from an activated
sludge process of a municipal wastewater
treatment plant)

Sisal leaf decortications residues

Volatile fatty acids (organic acids) Mshandete et al. (2008)

Lactobacillus sp.
Lactobacillus delbrueckii mutant Uc-3

Lactobacillus manihotivorans LMG18011
cafeteria
Enterococcus faecalis
Lactobacillus bifermentans
Lactobacillus sp.
Lactobacillus sp. Soft wood

Pediococcus pentosaceus
sugars
Rhizopus oryzae

Waste sisal stems
Waste sugarcane bagasse

Fresh kitchen wastes from the

Wood hydrolysate
Wheat bran hydrolysate

Cassava bagasse

Lignocellulose-derived mixed

Comcob hydrolysates

Lactic acid (organic acids)
Lactic acid (organic acids)
Lactic acid (organic acids)

Lactic acid (organic acids)
Lactic acid (organic acids)
Lactic acid (organic acids)
Lactic acid (organic acids)
Lactic acid (organic acids)

Lactic acid (organic acids)

Muruke et al. (2006)
Adsul et al. (2007)
Ohkouchi and Inoue
(2007)

Wee et al. (2004)
Givry et al. (2008)
John et al. (2006a)
Iyer et al. (2000)
Adler et al. (2011)

Guo et al. (2010)
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Biopolymers from wastes

The potential of biodegradable polymers and particularly
those obtained from agro-resources has long been recog-
nized. Biodegradable plastics made from renewable re-
sources can reduce petroleum consumption and decrease
plastic waste disposal issues, since they are biodegradable
in soil, compost, and marine environments. The so-called
“agro-polymers” can be used in food industry and packaging,
replacing conventional plastic materials. Polyhydroxybutyrate
and polyhydroxyalkanoate are the major biodegradable poly-
mers produced via biotechnological processes (Ojumu et al.
2004; Leaf and Srienc 1998). Polylactic acid is a biodegrad-
able polymer composed of lactic acid monomers arising from
lignocellulose as previously reported.

Table 6 summarizes some examples of fermentation pro-
cesses producing biopolymers from wastes.

As reviewed by Mtui et al. (2009), many lignocellulosic
materials such as domestic and agro-industrial residues have
been investigated for production of biopolymers with improved
properties such as biodegradability, mechanical strength, ther-
mal stability, electrical conductivity, and recyclability.

Polyhydroxybutyrate 1s attracting the industry attention
due to the similar biodegradability characteristics to those of
conventional thermoplastics. With the tools of life cycle
assessment (LCA), much effort is devoted to quantifying
the environmental 1mpact and feasibility of processes for
production of this biobased-polymeric material (Sudesh and
Iwata 2008). For mstance, a recent LCA study explored
fossil energy profiles of current and future scenarios for
the production of the co-biopolymer polyhydroxybutyrate-
valerate (PHBV), showing that the use of com farming and
com-glucose for this polymer production strongly supports
the moving to biopolymer production systems independent
of fossil fuels (Guo et al. 2012).

A broad range of waste and surplus materials have
been exploited for the bio-mediated production of
polyhydroxyalkanoate biopolymer, as described by Koller et
al. (2010). Starch-based residues, molasses, lignocellulose
hydrolyzates, whey, glycerol liquid phase (from biodiesel

Table 6 Examples of fermentation processes producing biopolymers

production), and waste lipids can easily enter the metabolic
pathway of PHA production.

The first study on PHA biosynthesis from the pentoses
xylose and arabinose stemming from the hemicellulose frac-
tion of poplar wood was done by Bertrand et al. (1990) with
Pseudomonas pseudoflava ATCC 33668, Keenan et al.
(2006) reported PHA biosynthesis in shaking flask cultures
of Burkholderia cepacia grown on 2.2 % (w/v) xylose
derived from forest biomass produced difterent P(3HB- co
-3HV) copolyesters ranging from 1.3 to 4.2 g I'".

The production of biobased polymers from cheap alter-
native raw materials is strongly growing in recent years, as
shown by the increasing number of manuscripts regarding
the use of molasses, whey, lignocelluloses, fats and oils,
glycerol, and wastewater for the development of biorefinery
which combines biofuel production and high added value
bio-products (Cha et al. 2007; Dumbrepatil et al. 2008;
Kucukasik et al. 2009; Moralejo-Garate et al. 2011; Koller
et al. 2012; Naranjo et al. 2013).

Bioclectricity from wastes

Microbial fuel cells (MFCs) are a new idea in biological
wastes treatment for conversion ot biomass into electricity
using their metabolic pathway (Rabaey and Verstraete
2005). MEC is a hybrid bioelectrochemical device which
directly converts energy deposited in chemical bonds of
substrate to electrical energy through bioelectrochemical
reactions mediated by microorganisms. They extract energy
necessary to build biomass (anabolic process) from redox
reactions (catabolism) through electron donor/acceptor con-
ditions. The potential (biologically mediated) developed
between the bacterial metabolic activity [series of redox
reactions generate electrons (e ) and protons (H ' )] separated
by a membrane manifests generation of bioelectricity
(Venkata Mohan and Chandrasekhar 2011). MFCs have
some advantages over the technologies currently used for
generating energy from organic matter. First, the direct
conversion of substrate energy to electricity enables high

Biosystem Waste Product Reference
Pseudomonas pseudoflava ATCC 33668  Hemicellulose fraction of poplar wood Polyhydroxyalkanoate  Bertrand et al. (1990)
Burkholderia cepacia Xylose derived from forest biomass Polyhydroxyalkanoate  Keenan et al. (2006)

Cordyceps sinensis 16 Molasses
Microbial community engineering Glycerol
Bacillus megaterium Glycerol

Saccharophagus degradans
Alcaligenes latus DSM 1124

Cellulosic waste from tequila bagasse

Soya wastes from a soya milk dairy and

Exo-biopolymer Cha et al. (2007)

Polyhydroxyalkanoate =~ Moralejo-Garate et al. (2011)
Polyhydroxybutyrate Naranjo et al. (2013)
Polyhydroxyalkanoate  Alva Munoz and Riley (2008)
Polyhydroxyalkanoate

malt wastes from a beer brewery plant
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conversion efficiency, about eight times as high as conven-
tional hydrogen production technologies (Yue and Lowther
1986). Second, MFCs operate efficiently at room tempera-
ture. Third, an MFC does not require gas treatment because
the off-gases of MFCs are enriched in carbon dioxide, and
fourth, MFCs do not need energy input for aeration provid-
ed the cathode is passively aerated (Lui et al. 2004). The
efficiency and economic potency of converting organic
wastes to bioenergy depend on the characteristics and chem-
ical components of the waste material. Table 7 summarizes
some examples of fermentation processes producing bio-
electricity from wastes. In the last years, lignocellulosic
biomasses from agricultural residues (Ren et al. 2007);
brewery, synthetic (Venkata Mohan et al. 2008), starch
processing (Lu et al. 2009), and dye (Sun et al. 2009)
wastewaters; and other wastes have been used for generating
electricity by applying the MFCs technology; among them,
one of the most suitable in the MFCs system is the waste-
water from breweries since it 1s characterized by low con-
centrations of inhibitory substances, and its organic matter is
a food-derived nature (Feng et al. 2008). Abhilasha and
Sharma (2009) compared the electricity production capacity
of beer brewery wastewater, sugar industry wastewater,
dairy wastewater, municipal wastewater, and paper industry
wastewater through MFCs obtaining up to 14.92 mA current
m 10 days of operation by using MFC. Recently, it has been
demonstrated that using the sequential anode—cathode con-
figuration microbial fuel cells (SACMFC) coupled with
photobioreactor, it is possible to improve the treatment of
the domestic wastewater to generate electricity. Wastewater
was first treated with the SACMFC to remove chemical
oxygen demand (COD), phosphorus, and nitrogen and to
generate electricity. Then, the treated wastewaters were used
to further remove the residual phosphorus and nitrogen by
using microalgac (Jiang et al. 2012). Mohan and
Chandrasekhar (2011) tried to recover bioelectricity from
biodegradable organic matter present in food waste by inte-
grating solid-state fermentation with MFC. Experiments dem-
onstrated the possibility of using designed solid-phase micro-
bial fuel cell configurations for generating bioelectricity from
solid-state fermentation of composite canteen-based solid
food waste. An Integrated Biohydrogen Refinery (IBHR) 1s

Table 7 Examples of fermentation processes producing biopolymers

described by Redwood et al. (2012). This refinery is aimed at
converting biomass to electricity using hydrothermal hydro-
lysis, extractive biohydrogen fermentation, and photobiolog-
ical hydrogen fermentation. In this study, an extractive fer-
mentation is applied to waste-derived substrates following
hydrothermal pretreatment, achieving 83-99 % biowaste de-
struction. The selective separation of organic acids from
waste-fed fermentations offers appropriate substrate for
photofermentative hydrogen production, which enhanced the
energy generation up to 11-fold. The MFC represents an
important milestone for the energy of the future since all the
current methods to generate energy are not sustainable and are
based on sources that are not renewable. Despite the last
researches on MFCs have resulted in a 10,000-fold increase
in the current density obtained from MFCs in small lab-scale
system (Rabaey et al. 2004; Venkata Mohan et al. 2007;
Schroder 2007; Biffinger et al. 2008; Lovely and Nevin
2008: You et al. 2008), the scale-up is yet a great challenge
due the existing limitations like the high cost of the
facilities.

Added value products from wastes by microbial
solid-state fermentation

Solid-state fermentation (SSF) is carried oul in the absence
or near-absence of free water (Pandey 2003), and it is
characterized by low energy consumption, high volumetric
productivity, higher titer ot added value products, less waste
generation, and low catabolic repression (Holker et al.
2004). Different kinds of wastes have been successfully
used as substrates for microbial solid-state fermentation to
produce a variety of products with great economical advan-
tage as reported following. An easy pretreatment of solid
wastes, including grinding and material classification in
different granulometries to achieve a better material homog-
enization and to assure less influence of this parameter on
the next step, is needed to allow microbial colonization. In
this way, SSF represents an attractive alternative to
Submerged Fermentation (SmF) process. Table 8 summa-
rizes some examples of solid-state fermentation processes
producing added value products from wastes.

Biosystem Waste

Product Reference

Pseudomonas pseudoflava ATCC
33668

Burkhelderia cepacia Xylose derived from forest biomass

Cordyceps sinensis 16 Molasses
Microbial community engineering Glycerol
Bacillus megaterium Glycerol

Hemicellulose fraction of poplar wood

Polyhydroxyalkanoate (biopolymer) Bertrand et al. (1990)

Polyhydroxyalkanoate (biopolymer) Keenan et al. (2006)
Cha et al. (2007)
Moralejo-Garate et al. (2011)

Naranjo et al. (2013)

Exo-biopolymer (biopolymer)
Polyhydroxyalkanoate (biopolymer)
Polyhydroxybutyrate (biopolymer)
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Table 8 Examples of solid-state fermentations producing added value products from wastes

Organism

Waste

Product

References

Rhizopus orvzae

Pleurotus florida

Aspergillus carneus M34

Eight Fusarium culmorum, 4
Fusarium solani, 6 Fusarium
verticillioides, and 3 Fusarium
equiseti

Aspergillus glaucus MN1,
Aspergillus oryzae MN2, and
Penicillum purpurogenum
MN3

Pleurotus ostreatus and Trametes
versicolor

Pleurotus ostreatus and Trametes
versicolor

Aspergillus niveus

Sewage sludge as source of
microorganisms
Pleurotus ostreatus

Pleurotus ostreatus

Grifola frondosa

Aspergillus terreus

Panus tigrinus

Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger NRRL 599
Aspergillus niger
Aspergillus niger GCMC-7
Aspergillus niger NRRL-567

Phanerochaete chrysosporium
F1767, Phlebia radiata 79, and
Ceriporiopsis subvermispora
FP-90031-sp

Bacillus sp. strain XZ1L9

Lentinula edodes

Aspergillus niger CGMCCO0774
and Pycnoporus cinnabarinus
CGMCCI1115

Lentinus spp., Lentinula spp.,
Leonotis spp., Pleurotus spp.,
Agarieus spp., Agrocvbe spp.,

Volvariella spp., and Grifola spp.

Pleurotus spp.
Pleurotus sajor-caju

Pleurotus ostreatus and Trametes
versicolor

Food-processing wastes
Agro wastes
Agro wastes

Wheat straw, wheat bran, beet
pulp, and cotton seed cake

Rice husks, wheat bran, com cobs,
wheat straw, and rice straw

Wastewater
Tomato pomace
Agro wastes

Vegetable oil-refining wastes

Tomato pomace

Sugarcane bagasse

Oak-sawdust plus com bran, and
oak/corn bran supplemented

with coffee spent-ground
Mild alkali-treated rice straw

Rice straw, rice husk, and cassava peel

Molasses

Molasses

Cheese whey

Whey

Whey with sugars and additives
Zea maize

Orange processing waste

Carob pod

Molasses

Apple pomace waste supplemented
with rice husk
Wheat straw

Corncob molasses

Agro-industrial and lignocellulosic
wastes

Waste residue of rice bran oil

Agricultural wastes (tomato skins,
corn stalk husks and cobs, wheat
straw, olive mill solid waste,
madake bamboo, etc.)

Agro-industrial wastes

Rice and wheat straw

Wheat straw

Lipases (enzymes)
Laccases (enzymes)
Xylanases (enzymes)

Xylanases (enzymes)

Cellulases and amylases (enzymes)

Laccases and xylanases (enzymes)
Laccases and xylanases (enzymes)

Thermostable polygalacturonase

(enzymes)
Lipases (enzymes)

Glycosyl-idrolase (enzymes)

Laccases (enzymes)

Xylanases and cellulases
(enzymes)

Cellulases (enzymes)

Laccases and lignin peroxidases

(enzymes)
Citric acid (organic acids)

Citric acid (organic acids)
Citric acid (organic acids)
Citric acid (organic acids)
Citric acid (organic acids)
Citric acid (organic acids)
Citric acid (organic acids)
Citric acid (organic acids)
Citric acid (organic acids)

Citric acid (organic acids)

Oxalic acid (organic acids)

L-lactic (organic acids)
Lentinan (pharmaceutical products)

Vanillin (pharmaceutical products)

Animal feed (food and feed)

Animal feed (food and feed)
Animal feed (food and feed)
Animal feed (food and feed)

Sathishkumar et al. (2010)
Fang et al. (2010)
Arabi et al. (2011)

El-Naggar and El-Hersh (2011)

Tandolo et al. (2011b)
Tandolo et al. (2011a)
Maller et al. (2011)
Santis-Navarro et al. (2011)

Amore et al. (2012)
Karp et al. (2012)
Montoya et al. (2012)

Narra et al. (2012)
Rugayyah et al. (2013)

Garg and Sharma (1992)

Pera and Caallieri (1997)
El-Samragy et al. (1996)
Hossain et al. (1983)

El-Holi and Al-Delaimy (2003)
Esuoso et al. (1991)
Aravantinos-Zafiris et al. (1994)
Fyllos (1998)

Hagq et al. (2001)

Dhillon et al. (2011)

Galkin et al. (1998)

Wang et al. (2010)

Israilides and Philippoussis
(2003); Philippoussis et al.
(2007); Zhang et al. (2007)

Zheng et al. (2007)

Israilides et al. (1981)

Alborés et al. (2006)
Bisaria et al. (1997)
Shrivastava et al. (2011)
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Table 8 (continued)

Organism Waste

Product References

Saccharomyces cerevisiae Cucumber and orange peels

Animal feed and human food
(food and feed)

Mondal et al. (2012)

Enzymes

Production of industrially relevant enzymes represents a
field of increasing interest of biotechnology sciences. The
global market for industrial enzymes was estimated at $3.3
billion in 2010, and it is expected to reach $4.4 billion by
2015, with a compound annual growth rate (CAGR) of 6 %
over the 5-year forecast period. Oxidative enzymes, i.e.,
laccases (Piscitelli etal. 2011), lignin peroxidases, and man-
ganese peroxidases (Hofrichter et al. 2010), and hydrolytic
enzymes, 1.e., xylanases (Bhat 2000), cellulases (Phitsuwan
et al. 2013), proteases (Anwar and Saleemuddin 1998), and
lipases (Nagarajan 2012), attract much interest because of
their applications in different industrial fields, such as pulp
and paper industry, food industry, animal feed industry,
textile industry, detergent, pharmaceutical, leather, and silk
mdustries. Moreover, oxidative enzymes represent useful
biocatalysts for bioremediation processes, being able of
degrading huge variety of toxic and recalcitrant compounds.
Large amounts of these enzymes are needed to make possi-
ble their application at industrial scale, thus considerably
increasing costs of industrial processes. Reducing the costs
of enzymes is a key research priority for reducing the costs
of several industrial processes, especially those that histor-
ically have caused adverse environmental impacts and, con-
sequently, may have incentive to use more environmentally
benign processes like those based on enzymes. From this
point of view, SSF holds tremendous potential for the pro-
duction of industrial enzymes because of its economic ad-
vantages (Pandey et al. 2000). Singhania et al. (2010), for
example, highlighted the economic advantages of SSF pro-
cesses comparing cellulase production in SmF (submerged
fermentation) and SSF processes, reporting about tenfold
reduction in production cost when cellulases were produced
in SSF when compared to SmF.

Much work has been carried out on the production of
enzymes of industrial importance by SSF processes with
different microorganisms on agro-industrial residues. SSF
of basidiomycetes fungi represents the best system for pro-
ducing fungal enzymes because of the similarity between
their natural environment and the conditions in which SSF
processes are carried out (Viniegra-Gonzalez et al. 2003).

Several examples of production of enzymes by SSF of
fungi on wastes were so far reported, 1.e., by Couto (2008),
Lopez et al. (2010), Sathishkumar et al. (2010), Fang et al.
(2010), Arabi et al. (2011), El-Naggar and El-Hersh (2011),
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landolo et al. (2011a, b), Maller et al. (2011), Santis-
Navarro et al. (2011), Amore et al. (2012), Karp et al.
(2012), Montoya et al. (2012), Narra et al. (2012), and
Rugayyah et al. (2013).

One of the main bottlenecks of SSF 1s the complicated
downstream process of the enzymes of interest, due to the
presence of particulates and to the complex composition of
the substrates. Therefore, more research 1s needed to im-
prove downstream processing of the added value products
produced by SST.

Organic acids

Citric acid 1s largely employed for commercial use; indeed,
approximately 75 % of it is used in food and 12 % in
pharmaceutical industries. There are several waste materials
being used for the production of citric acid in the world,
such as molasses (Garg and Sharma 1992; Pera and Caallieri
1997, Fedoseev 1970; Jianlong et al. 2000), whey (El-
Samragy et al. 1996; Hossain et al. 1983; El-Holi and Al-
Delaimy 2003), Zea maize (Esuoso et al. 1991), orange
processing waste (Aravantinos-Zafiris et al. 1994), and car-
ob pod (Fyllos 1998). It 1s produced mainly by submerged
fermentation using A. niger or Candida sp. from different
sources of carbohydrates, such as molasses and starch-based
media (Hagq et al. 2001). A solid-state fermentation for citric
acid production from pineapple waste by A. niger KS-7 was
developed by Kareem et al. (2010). It was found that pine-
apple waste with 15 % (w/v) sucrose and ammonium nitrate
(0.25 %, w/v) gave the optimum citric acid secretion
(60.61 g/kg) in the presence of methanol (2 %, v/v) when
fermented for 5 days at 30 °C with the initial moisture
content of 65 %.

The effect of two crucial process parameters for solid-
state citric acid fermentation by 4. niger NRRL-567 using
apple pomace waste supplemented with rice husk was thor-
oughly investigated through response surface methodology
by Dhillon et al. (2011). Moisture and methanol had signif-
icant positive etfect on citric acid production. Higher values
of citric acid on apple pomace by 4. niger (34241 and
24842 g/kg dry substrate) were obtained with 75 % (v/w)
moisture along with two inducers [3 % (v/w) methanol and
3 % (v/w) ethanol] with fermentation efficiency of 93.90 %
and 66.42 %, respectively, depending upon the total carbon
utilized after 144 h of incubation period. These results show
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that apple pomace is the promising substrate for the hyper
production of citric acid through solid-state tray fermenta-
tion, which is an economical technique and does not require
any sophisticated instrumentation.

Production of oxalic acid by different white-rot fungi
during solid-state fermentation has been detected by
Galkin et al. (1998). They worked with 15 different fungal
strains, and they found an oxalic acid accumulation by
Phanerochaete chrysosporium F1767 (ATCC 24725),
Phlebia radiata 79 (ATCC 64658), and Ceriporiopsis
subvermispora FP-90031-sp; the highest level of oxalate
was detected i the cultures of C. subvermispora on the
12th day of growth (2.6 mM). In all three fungi, the accu-
mulation of oxalate occurred during stationary growth phase
and peaked approximately between the first and second
growth weeks, then decreasing quite starkly.

Wang et al. (2010) have provided encouraging data of
producing L-lactic acid from lignocellulosic resource. They
obtained a high concentration of L-lactic acid (74.7 g/L)
from corncob molasses (initial total sugars of 91.4 g/L,
especially xylose) in fed-batch fermentation, utilizing
Bacillus sp. strain XZL9.

Pharmaceutical products

The fungal cultivation on lignocellulosic wastes allows produc-
mng a lot of high added value products with pharmaceutical
applications, such as hormones, vitamins, and enzymes. In
particular, the cultivation of Lentinula edodes has been reported
for the bioconversion of many types of low-value agro-
mndustnal and lignocellulosic wastes into higher value products
such as anti-tumor, anti-inflammatory, anti-virus, anti-bacterial
polysaccharides and compounds with immunomodulating
properties, as well as active substances that lower cholesterol
(Israilides and Philippoussis 2003; Philippoussis et al. 2007;
Zhang et al. 2007). Among these, lentinan, a polysaccharide
obtained from the fruiting body or the mycelium of the mush-
room L. edodes, has found the major industrial applications in
the phammaceutical industry. It can be used as an adjuvant in
some cancer therapies (Borchers et al. 1999), as an anticlotting
agent (Subbarao et al. 1979), and also in patients with bacterial
and parasitic infections (Jones 1988). Recently, industrial ap-
plications of the underutilized by-products, like bioactive pep-
tides, collagen, gelatin, and oligosaccharides, generated from
the seafood processing plants were discovered (Senevirathne
and Kim 2012). Bioactive peptides derived from fish by-
products have shown various biological activities including
antihypertensive and antioxidant activities; collagen and gelatin
are currently used in different fields including food, cosmetic,
and biomedical industries (Senevirathne and Kim 2012).
Vanillin 1s one of the products which have attracted great
interest (Walton et al. 2003), since it is used in various fields

including the chemical and pharmaceutical industries for the
production of herbicides, anti-foaming agents or drugs such as
papaverine, -dopa, and the anti-microbial agent, trimethoprim.
Zheng et al. (2007) developed a new technology to transform
ferulic
rice bran oil, into vanillin using a combination of fungal
strains A. niger CGMCC0774 and Pycnoporus cinnabarinus
CGMCCII115. The highest yield reached 2.2 g/L of vanillic
acid by A. niger CGMCCO0774 in a 25-L fermenter when
concentration of ferulic acid was 4 g/L. The filtrate of A. niger
CGMCCO0774 culture was concentrated, and vanillic acid in

acid, which was from waste residue of

the filtrate was bio-converted into vanillin by P. cinnabarinus
CGMCCII115. The yield of vanillin reached 2.8 g/L when
5 g/L of glucose and 25 g of HZ802 resin were supplemented
in the bioconversion medium.

Food and feed

Bioconversion of wastes through mushroom cultivation and
single cell protein (SCP) represents an innovative and alterna-
tive system that offers the potential to obtain protein-rich
attractive food, supplementing the conventional protem
source. The utilization of agricultural wastes, such as tomato
skins, corn stalk husks, and cobs (Israilides and Henderson
1981), allows obtaiming high value-added products, which are
being utilized as animal feed. Edible mushrooms such as
Lentinus spp., Lentinula spp.. Leonotis spp., Pleurotus spp.,
Agaricus spp., Agrocvbe spp., Volvariella spp., and Grifola
spp., able to grow on a wide range of biomasses, including
lignocellulosic and agro-industrial wastes, have been largely
studied for their ability to ferment the different crop residues
(wheat straw, olive mill solid waste, madake bamboo, etc.) to
produce improved animal feed. The effects of fungi on ligno-
cellulosic wastes are focused on two points: they increase the
digestibility of the lignocellulosic material through their en-
zymatic activities, but they are also able to use the substrates to
benefit and increase the protein content. Moreover, fungi-
treated lignocellulosic feeding carries no risk for animals
(Howard et al. 2003), so they provide an economically ac-
ceptable alternative for the production of food of superior taste
and quality which does not need isolation and purification
(Israilides and Philippoussis 2003; Philippoussis et al. 2007).
Alborés et al. (2006) showed that, after 14 days of SSF, the
edible mushroom Pleuromnus spp. allows to obtain the biocon-
version of the agro-industrial wastes with so as to increase
nutritional values and digestibility for its use as animal feed. In
another study in which rice straw and wheat straw were used
as substrates, Pleurotus sajor-caju used as fungi, the protem
content of rice and wheat straw increased from 2.87 % to
6.3 % and from 3.1 % to 7.5 % at the end of a 20-day
mcubation (Bisaria et al. 1997). In order to improve the
digestibility and nutrient availability in rumen, wheat straw
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was subjected to solid-state fermentation (SSF) with white-rot
fungi Pleurotus ostreatus and Trametes versicolor by
Shrivastava et al. (2011). The fungal treatment after 30 days
led to the significant decrease in acid detergent fiber (ADF),
neutral detergent fiber (NDF), hemicellulose, lignin, and cel-
lulose to the extent of 35.00 %, 38.88 %, 45.00 %, 37.48 %,
and 37.86 %, respectively, in P. ostrearus fermented straw,
while 30.04 %, 33.85 %, 39.90 %, 31.29 %, and 34.00 %,
respectively, in 70 versicolor fermented straw. However, max-
mmum efficiency of fermentation in terms of low carbohydrate
consumption per unit of lignin degradation tavoring cattle
feed production was observed for P. ostreatus on the tenth
day (17.12 %) as compared with T. versicolor on the 30th day
(16.91 %). The myco-straw was found to contain significantly
high crude protein (4.77 % T. versicolor, 5.08 % P. ostreatus)
as compared to control straw (3.37 %).

Moreover, another potential way that allows the conversion
of low-quality biomass into an improved animal feed and
human food is based on the utilization of protein extracted
from cultivated microbial biomass (SCP). The production of
SCP using S. cerevisiae by submerged fermentation on cucum-
ber and orange peels was evaluated. Cucumber peel generates
higher amount of protein followed by that of orange with
53.4 % and 30.5 % crude protein, respectively, per 100 g of
substrate used. It was demonstrated that the SCP production by
yeast depends on the growth substrates or media composition
since that the percentage of SCP was much lower (17.47 %)
when the growth medium contains inorganic nitrogen sources
but devoid of glucose, while the addition of glucose enhanced
the protein content (60.31 %:; Mondal et al. 2012).

Conclusions

Awide range of high added value products such as enzymes,
biofuels, organic acids, biopolymers, bioelectricity, and
molecules for food and pharmaceutical industries can be
obtained upgrading solid wastes. The reported examples of
the microbial processes so far exploited for upgrading
wastes highlight the variety of transformable wastes. The
adopted wastes have to be chosen on a local basis taking the
amounts and the current disposal systems into account. A
large spectrum of food and fruit processing wastes should be
used to ensure the continuous feeding of the production
system considering the different seasonal availability. This
variability and the heterogeneous character of the other most
abundant type of solid wastes (MSW) make the need for an
adaptation of raw material composition or the development
of a more tlexible conversion system.
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1. Abstract

The shortage of fossil energy sources, the alarm over greenhouse
gas emissions (GHGs) and global warming have caused an increasing
interest in alternative renewable sources of energy, boosting the world-
wide trend to produce and use biofuels in substitution of petroleum-—
based fuels. Bioethanol represents one of the most promising biofuels.
The potential yield of first generation bioethanol, produced from tra-
ditional agricultural crops, is not sufficient in many parts of the world
Moreover, first generation ethanol production systems pose a concern
about competition with food and feed supplies. To overcome these
bottlenecks, second generation bioethanol production from non edi-
ble renewable lignocellulosic biomass is attracting keen interest. The
present manuscript describes the main steps of the second generation
bioethanol production process.

2. Introduction

The shortage of energy fossil sources, the alarm over greenhouse
gas emissions (GHGs) and global warming [1] have prompted an in-
creasing worldwide interest in alternative renewable sources of energy.
The European Parliament with the DIRECTIVE 2000/28/CE — also

known as “Climate—Energy package 2020—20" — has promoted the
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production and use of biofuels in substitution of petroleum-based
tuels, establishing a 10% reduction of conventional fuels as the target
for 2020.

Bioethanol represents one of the most promising biofuels, exhibit-
ing several advantages, such as high octane number, low cetane num-
ber and high heat of vaporization [2]. A variety of biomass feedstock
have been explored for ethanol production and can be classified into

three types:

a) lignocellulosic materials such as woody biomass, herbaceous
perennials and various wastes;

b) starch—rich crops such as maize and grain sorghum;

¢) sucrose—rich crops such as sugarcane and sugar beet [3].

First generation bioethanol is produced from traditional agricul-
tural crops, mainly represented by corn, sugarcane and sugar beet.
Brazil and USA are the leaders of ethanol production, together ac-
counting for about 90% of the world production. During 2012, the
USA has produced 13.3 billion gallons of ethanol [4]. More than 95%
of the ethanol produced in the USA for transportation is currently
obtained from corn starch and represents 10% of the fuel supply and
25% of all the motor fuel produced [5]. Nowadays, Brazil is the only
country that uses ethanol, produced exclusively from sugarcane, as a
tull substitute for gasoline [6].

The current production of first generation ethanol in the European
Union is less than its consumption. Given that the potential yield is
not sufficient to accomplish the prefixed European goals, an increase
in ethanol importations can be foreseen. Moreover, first generation
ethanol production systems pose a concern about the competition
with food and feed supplies.

To overcome these bottlenecks, second generation bioethanol pro-
duction from non edible renewable lignocellulosic biomass is attract-
ing keen interest. Lignocellulosic biomasses are the most abundant
renewable resources on Earth. Thus, their utilization for second gen-
eration ethanol production would minimize the conflict between
land use for food (and feed) and energy production. Moreover, these
raw materials are less expensive and present a more even geographi-
cal distribution than the conventional agricultural feedstock. A large
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fraction of lignocelluloses is represented by residual biomass such
as agro—industrial wastes, agricultural and forest crop residues and
the organic and paper fractions of municipal solid waste (MSW) that
would represent the key response to the need of increasing renewable
energy production particularly in the Mediterranean basin [7]. It is
worth noting that only small amounts of cellulose, hemicellulose and
lignin composing agricultural residues are currently exploited, as the
majority is considered waste. Moreover, second generation ethanol
production and use has lower green—house gas emissions (<86%) than
the first generation fuels, reducing environmental impact, particularly
on climate change.

Lignocellulose consists of three types of polymers — cellulose,
hemicellulose and lignin — bonded by both non—covalent and cova-
lent cross linkages [8, 9]. Cellulose is a highly crystalline linear poly-
mer composed of D—glucose units linked by B-1,4 glycosidic bonds
[8]. Hemicellulose is likewise a polysaccharide, accounting for 25-35%
of dry wood [3]. It is a very heterogeneous and ramified polymer, con-
sisting of a mixture of various monosaccharides, such as xylose and
arabinose (both s—carbon sugars) and glucose, mannose and galactose
(all 6—carbon sugars), and glucoronic acid. Lignin is present in the
cellular wall to give structural support, mechanical resistance, imper-
meability and defence against microbial attack and oxidative stress.
It is an amorphous heteropolymer formed by phenylpropane units
joined together by non hydrolysable linkages [o].

Bioethanol production from lignocellulosic materials takes place
in three phases: the first step consists in breaking the lignin barrier
(pretreatment); further step involves the hydrolysis of cellulose and
hemicellulose to generate fermentable sugars (saccharification) fol-
lowed by the fermentation of mixed hexose and pentose sugars to
produce ethanol. In this manuscript, the main routes to perform these
steps and their components are described.

3. Pretreatment of lignocellulosic materials for ethanol produc-
tion

The main goals and characteristics of the pretreatment of lignocellu-
losic materials are to:
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a) remove the barrier of lignin,

b) expose plant cell wall polysaccharides,

¢) prevent a great degradation or loss of carbohydrate,

d) minimize the concentration of by—products that are inhibitory
to the following hydrolysis and fermentation processes, and (4)
be economic and environmentally friendly. Numerous strate-
gies of pretreatment have been developed belonging to different
categories, i.e. physical (Pyrolysis, Microwave), physicochem-
ical (Steam Explosion, Ammonia Fiber Explosion), chemical
(Alkaline Hydrolysis, Acid Hydrolysis, Ozonolysis, Organosolv)
and biological.

3.1. Physical processes

Pyrolysis

The pyrolysis pretreatment involves the decomposition of cellulose
into H,, CO, and residual char by using temperatures higher than
300 °C; the process is enhanced when carried out in the presence of
oxygen. The wide variety of pyrolysis products points to the need
of separating and purifying them prior to use [10]. The recovered
solution, after separation from the residual char is mainly composed
of cellulose, which can be saccharified for the fermenmation of ethanol.
Different kind of food crops like corn, sugarcane and soybean were
pretreated through pyrolysis to generate ethanol [11]. Ethanol can be
produced on a large scale using bio—oil hydrolysate produced by fast
pyrolysis of loblolly pine particles. The mainly issue is the presence of
inhibitor compounds. These can be removed by economically friendly
methods (activated carbon, air stripping and microbial), followed by
microbial fermentation, reaching 0.4 g ethanol/g glucose produced
with a 79% yield [12]. Pyrolytic sugars from poplar were separated
from phenols by solvent extraction and were hydrolyzed into glucose
using H,SO, as catalyst. The fermentation of poplar hydrolyzed to
produce ethanol was carried out by Saccharomyces cerevisiae. The yield
obtained was 0.473 g ethanol/g glucose [13].
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Microwave

The waves, with frequencies between 0.3 GHz and 300 GHz, are ab-
sorbed by water, fats and sugars and their energy is transferred to
organic molecules generating heat. This leads to the degradation of
lignin, making cellulose and hemicellulose more accessible to enzy-
matic hydrolysis [14]. Lignocellulose—rich sweet sorghum biogases
were pretreated and hydrolysed at the same time using microwave
irradiation. An ethanol yield based on total sugar of 480 g kg™ was ob-
tained after 24 h of fermentation using a mixed culture of microorgan-
isms [15]. Microwave pretreatment of oil palm empty fruit bunch beer,
combined with alkaline conditions, was reported by Nomanbhay et
al. [16]. A loss of 74% lignin, 24.5% holocellulose and a yield of total
reducing sugars of 41% was obtained at the best operative conditions
of 3% (w/v) NaOH at 180 W for 12 min [16].

3.2. Physicochemical processes
Steam Explosion

The steam explosion is one of the most currently used methods for
the pretreatment of lignocellulosic biomasses. The high temperature
(180 to 240 °C) combined to pressure from 1 to 3.5 MPa, followed by
an explosive decompression allows one to obtain the breakdown of
the rigid lignin structure fibers. The result is a better accessibility of
cellulose for enzymatic hydrolysis and fermentation [17]. The optimal
steam explosion conditions for sugarcane bagasse are 215 °C for 5
min at maximum operating pressure [18]. After pretreatment and
enzymatic saccharification, an overall glucose yield of 86.8% of the
content in raw material was achieved. The steam explosion of canola
straw increases the glucose recovery in the saccharification process,
reaching an increment of 153.22% compared to the control samples,
as shown by Garmakhany et al. [19].

Ammonia Fiber Explosion (AFEX)

The process consists of treatment with liquid anhydrous ammonia at
high temperature (60—100 °C) and pressure (250—300 psi) for 5 min, fol-
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lowed by a rapid decrease of the pressure. This causes the disruption
of the lignocellulosic structure and the de—crystallization of cellulose,
but the lignin remains unchanged; the lignocellulosic biomasses char-
acterized by a higher content of lignin are not efficiently pretreated
with this method [20]. The AFEX pretreatment of lignocellulosic ma-
terials derived from forages and agricultural residues was performed
by Belkacemi et al. [21]. The saccharification of the pretreated ma-
terials, without any detoxification, allows one to obtain a 60 to 80%
of theoretical yield of sugars. Subsequent ethanol fermentation of
the hydrolysate by Pachysolen tannophilus ATCC 32601 resulted in a
theoretical yield of 40-60% after 24 h. AFEX followed by enzymatic
hydrolysis has been applied to coastal Bermuda grass by Myoung et al.
[22]. Pretreatment at 100 °C for 30 min produced 94.8% of theoretical
sugar yield, corresponding to the maximum sugar yield achieved with
the AFEX treatment.

3.3. Chemical processes
Alkaline Hydrolysis

Alkaline hydrolysis (mainly lime (CaO/Ca(OH),), NaOH, Na,CO,)
is effective in removing lignin and improving the subsequent en-
zymatic hydrolysis of the pretreated biomass. Its advantage with
respect to other pretreatment technologies is the use of lower tem-
peratures and pressures; however, it requires more time, hours or
days rather than minutes or seconds. Compared with the other kinds
of pretreatment, alkaline hydrolysis represents a slow process, re-
quires neutralization, and the recovery of added alkali [23]. The
optimization of alkaline pretreatment of coffee pulp for ethanol fer-
mentation was performed by Menezes et al. [24]. The pretreatment
using 4% (w/v) NaOH for 25 min gave the best results with a recov-
ery of cellulose pulp of 69.18% and the production of 13.66 g/L of
ethanol with a yield of 0.4 g ethanol /g glucose after the fermentation
step. Alvarez et al. [25] used alkaline hydrolysis to pretreat different
kinds of pine residues. They showed that the hydrolysis yield mainly
depends on temperature and alkali concentration. Among the tested
operative conditions, 2.5% NaOH for 9o min at 120 °C resulted in
the best yield of glucose (41.33% w/w) after enzymatic hydrolysis.
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The process could theoretically produce a maximum yield of 90.190%
of ethanol/substrate (glucose) and about 8o L of bioethanol per dry
ton of woody biomass.

Acid Hydrolysis

Acid hydrolysis represents a widely used pretreatment method be-
cause the use of concentrated or diluted acids (usually between 0.2%
and 2.5% w/w) at temperatures between 130—210 °C allows one to
obtain high yields of sugars [26]. The hemicellulose, easier to be hy-
drolyzed than cellulose, is attacked by acid solutions [20]. Depending
on the reaction conditions, such as temperature, acid concentration
and hydrolysis time, the amount of sugar decomposition products,
e.g. turfural and s—hydromethylfurfural (s-HMF), that inhibit the
subsequent ethanol fermentation, changes [27]. The hydrolysate ob-
tained by the sulphuric acid pretreatment of Curcuma longa waste was
directly fermented without a detoxification step as shown by Nguyen
et al. [28]. The acid hydrolysis was carried out at 122.68 °C with 4.91%
sulphuric acid for 50 min, obtaining an ethanol yield of 30.57%. Some
acid compounds can be used as pretreatment catalysts, but also as a
nitrogen source in the fermentation process for bioethanol production.
Rice straw was pretreated with 0.65% nitric acid at 158.8 °C for 5.86
min as reported by Kim et al. [29]. After neutralization, the pretreated
rice straw was used in the fermentation run without adding any nitro-
gen sources, reaching an ethanol yield from 10.92 g/L to 14.50 g/L by
using Pichia stipitis.

Ozonolysis

Ozone attacks the aromatic rings of the lignin structure without
damaging hemicellulose and cellulose. The process is atfected by
ozone concentration, biomass type and moisture content [14]. The
ozonolysis of sugarcane bagasse in a fixed bed reactor at room tem-
perature was performed by Travaini et al. [30] to evaluate the best
samples moisture and ozone concentrations for sugar saccharifica-
tion. The ozonolysis, under the best experimental conditions (40%
sample moisture and 3.44% ozone), increased fermentable carbohy-
drate release considerably during enzymatic hydrolysis. Glucose and
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xylose yields increased trom 6.64% and 2.05%, for raw bagasse, to
41.79% and 52.44% for pretreated bagasse. The ozonolysis process
is relatively expensive due to large requirements of ozone, but has
some advantages: high dry matter concentrations (45—-60%), very
low production of inhibitory products, and reactions performed at
atmospheric conditions [31]. The negative issues are the ineffective
removal of lignin and the low yields of reducing sugars. However,
combination of ozonolysis with other pretreatment processes has
shown promising results. Ozonolysis was studied separately and in
combination with wet disk milling (WDM) for the pretreatment
of sugarcane bagasse and straw, with the aim of improving their
enzymatic saccharification. The use of WDM followed by ozonolysis
resulted in glucose yields of 81.1% for bagasse and 92.4% for straw,
with shorter WDM times [32].

Organosolv

The use of organic solvent or mixtures of solvents in combination
with water causes hydrolysis of the internal bonds in lignin and also
of those between lignin and hemicellulose. Ethanol, methanol, ace-
tone, and ethylene glycol are the solvents commonly used in the
process. Besides the use of solvents, high temperatures (200 °C) are
required, but depending on the type of biomass and the catalyst used,
lower temperatures can be sufficient. It could be possible to use
organic and inorganic acids as catalysts [14]. Geng et al. [33] showed
that the addition of an acid catalyst in the organosolv pretreatment
of horticultural waste, followed by H,O, post pretreatment, was fea-
sible. The enzymatic hydrolysis of the pretreated waste resulted in a
hydrolysate containing 26.9 g/L reducing sugar, while the following
termentation by using Saccharomyces cerevisiae produced 11.69 g/L
ethanol. Different organosolv operative conditions for the pretreat-
ment of rice straw were tested by Amiri et al. [34], the best conditions
resulting in 75% (v/v) aqueous ethanol containing 1% w/w sulphuric
acid at 180 °C for 30 min. The enzymatic hydrolysis of the pretreated
straw allowed one to obtain a glucose yield of 46.2%, which was
then fermented to 22.5 g ethanol by Clostridium acetobutylicum NRRL
B—sor.
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3.4. Biological processes

Biological pretreatment can represent the most environmentally friendly
method for the delignification of lignocellulosic biomasses, since it
does not require energy and chemical compounds. Although biologi-
cal pretreatment is considered a promising technology because of its
environmental advantages, the process has not been largely applied
because it requires a long time (about 3—5 months), results in very high
teedstock loss during pretreatment and because the rate of following
hydrolysis is very low [35]. The best effective microorganisms that can
be employed in the biological delignification are the brown and white
rot fungi, which synthesize ligninolytic enzymes. Brown rot attacks
cellulose while white and soft rots attack both cellulose and lignin [14].
The biological pretreatment of the rubber wood (Hevea brasiliensis)
with the white rot fungus Ceriporiopsis subvermispora was investigated
by Nazarpour et al. [36]. After 9o days of fermentation, the lignin and
hemicelluloses loss was 45.06% and 42.08%, respectively, while the
loss of cellulose was very low (9.50%). This treatment increased the
sugar yield to about 27.67% during the subsequently hydrolysis. The
hydrolysate obtained from wheat straw pretreated with the white—rot
fungus Irpex lacteus was fermented by the yeast Pachysolen tannophilus.
The ethanol yield obtained was between 23 and 35% greater than the
yields typically obtained with a conventional process, in which wheat
straw is pretreated using steam explosion and fermented with the yeast
Saccharomyces cerevisiae [37].

4. Hydrolysis of polysaccharides fraction of lignocelluloses for
ethanol production

After pretreatment, the released cellulose and hemicelluloses are hy-
drolyzed into fermentable monomeric sugars (hexoses and pentoses).
The hydrolysis of (hemi)cellulose remains a major bottleneck for the
efficient production of ethanol [38, 39].

Two major methods can be employed to carry out the hydrolysis
process. The first method involves acids as catalysts, while the second
uses enzymes known as cellulases [40, 41]. The acid hydrolysis degrades
the cellulose and hemicelluloses polymers into monomeric sugars with-
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out preliminary pretreatment of biomass. It can be carried out using
concentrated or diluted acids. The concentrated acid hydrolysis, with
sulphuric and hydrochloric acids, is the mainly used method for the hy-
drolysis of lignocellulosic biomass [27] producing high hydrolysis yields
of cellulose [40]. However, this process requires large quantities of acids,
expensive acid recycling and causes degradation of monosaccharides.
It follows that enzymatic hydrolysis is the generally preferred
method due to the mild operation conditions, higher conversion
yields, low energy cost, and less corrosive and toxic conditions com-
pared to the acid hydrolysis [20, 42, and 43]. However, the enzymes
involved in the enzymatic hydrolysis have higher costs and this repre-
sent the main bottleneck in lignocellulosic ethanol production [44].

4.1. Enzymatic hydrolysis

As reviewed in Kumar and Murthy [42], the enzymatic hydrolysis
process can be divided into two phases. The first step is represented
by enzymatic depolymerization in which long polysaccharide chains
are hydrolyzed to soluble oligomers. In the second step, oligomers are
hydrolyzed to sugar monomers. The rate—limiting step in the process
is considered the first hydrolysis phase.

Due to the complexity of the lignocellulosic carbohydrates, the
activities of multiple hydrolytic enzymes are required for complete de-
construction of the various components of the lignocellulosic biomass;
these enzymes are produced as either free cellulases or complexed cel-
lulases, called cellulosomes [43, 45]. The efficient enzyme mixture
comprises ten different enzymes. Among these, at least 6 can be
considered crucial, depending on the composition of the raw mate-
rials [46]. Enzymes involved in lignocellulosic biomass are following

described.

Cellulase enzymes

Cellulases are glycosyl hydrolases (GH) involved in cellulose hydrol-
ysis, whose classification is available on the CArbohydrate—Active
EnZymes web site (CAZY: www.cazy.org). These enzymes are con-
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ventionally divided in three major classes: endoglucanases, exoglu-
canases and B—glucosidases [44, 47, and 48].

Endoglucanases (EG) or 1,4-beta—glucanases (EC 3.2.1.4) randomly hy-
drolyze intramolecular 3-1,4—ghicosidic linkages, creating new chain—ends;
exoghicanases (CBH) or cellobiohydrolases (EC 3.2.01) hydrolyze the 1,4—
glycocidyl linkages from the reducing or non—reducing ends to form cel-
lobiose; 3—glucosidases (BG) (EC 3.2.1.21) hydrolyze cello—oligosaccharides
and cellobiose into glucose eliminating cellobiose inhibition.

Fungi and bacteria have been reported to be able to produce cel-
lulases. In particular, the fungus Trichoderma reesei is the preferred
industrial source of cellulases and hemicellulases due to the high level
of secreted enzymes. This fungus produces at least two CBHs, five
EGs, and two BGs whose expression is finely regulated [49]. However,
this fungus produces low levels of BGs if compared to Aspergillus sp.
Trichoderma strains engineered with extra 3—glucosidase have been
studied. In particular Nakazawa et al.[50] reported a recombinant T.
reesei strain expressing A. Aculeatus BGL1. The resulting strain appears
more suitable for cellulose hydrolysis. Among bacteria, several Bacillus
strains isolated from natural habitats were shown to be able to produce
cellulase activities [51].

Cellulosome systems are multi—enzymatic complexes produced
mainly by anaerobic bacteria but also by other bacteria and few anaero-
bic fungi[40, 48, and 52]. In these systems there are two subunit types,
the scaffolding and the enzymatic subunits. The structural scaffold-
ing subunits contain a carbohydrate—binding module that binds the
cellulose surface and multiple copies of cohesins (named dockerins)
that interact with the enzymatic subunits, CBD (cellulose binding
domains) and CBM (carbohydrates binding modules).

Hemicellulase enzymes

In addition to the three major groups of cellulose enzymes, there
is also a number of hemicellulases which hydrolyze hemicellulose.
Due to the more varied composition of this polysaccharide, enzymes
degrading hemicellulose are divided into two major groups: depoly-
merising enzymes, which cleave the backbone, and enzymes that
remove substituents. These enzymes act synergistically to hydrolyze
lignocellulosic polysaccharides [48].
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Xylanase

Most studies on hemicellulases were focused on enzymes that hy-
drolyze xylan. According to the CAZY database, these enzymes in-
clude GH 3, 30, 30, 43, 52, 54, 116 and 120.

The complete degradation of xylan requires the cooperative action
of endoxylanase and xylosidase.

Endo-1,4—3—xylanase (1,4-b—d—xylan xylanohydrolases, EC 3.2.1.8)
cleaves the glycosidic bonds in the xylan backbone releasing shorter
xylo—oligosaccharides; f—xylosidase (1,4-b—d—xylan xylohydrolase, EC
3.2.1.37) cleaves the small xylo—oligosaccharides and cellobiose into
xylose. These enzymes are produced by several microorganisms such
as fungi, bacteria, yeast, and marine algae. Filamentous fungi are in-
teresting producers because the enzymes are secreted at levels higher
than those of yeasts and bacteria.

As reviewed by Van Dyk and Pletschke, [ 48] endoxylanases have
different specificities. For example, family 11 xylanases prefer cleaving
the xylan backbone in unsubstituted regions, while family 1o xylanases
are able to cleave the xylan backbone closer to the substituents.

The synergic activity of several accessory enzymes which remove
the various substituents linked to the backbone is also essential.

a—arabinofuranosidase

o—L—arabinofuranosidase (EC 3.2.1.55) removes the L-arabinose sub-
stituents from the xylan backbone. According to the CAZY database,
arabinofuranosidases are present in GH 3, 43, 51, 54 and 62. All these
families, except for GH 43 and 62, perform hydrolysis with retention
of the anomeric configuration.

As reviewed by Van Dyk and Pletschke [48], a—L— arabinofuranosi-
dases have different specificities cleaving 1,2 linkages or 1,3 linkages.
Moreover, these enzymes are able to cleave doubly substituted ara-
binose residues from arabinoxylan. As reported by Lagaert et al [53],
complete degradation of arabinoxylan needs the synergistic action of
arabinofuranosidases and also of B—=xylosidases. Rasmussen et al. [54]
demonstrated that optimal hydrolysis of soluble wheat arabinoxylan
requires the combined action of an endoxylanase, a 3—xylosidase and
the two types of arabinofuranosidases.
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o—glucuronidase

o—glucuronidase (EC 3.2.1.139) removes 4—O-methyl glucuronic acid
substituents from the glucuronoxylan. This enzyme hydrolyses the a—
1,2 bonds between the glucuronic acid residues and B—D—=xylopyranosyl
backbone units [44].

Esterases

Esterases hydrolyse the ester linkages between xylose units of the
xylan and acetic acid (Acetylxylan esterase, EC 3.1.1.72) or between
arabinose side chain residues and phenolic acids such as p—coumaric
acid (p—coumaric acid esterase EC 3.2.1.73) or ferulic acid (ferulic acid
esterase, EC 3.2.1.73).

Acetylxylan esterase removes the O—acetyl groups from positions 2
and/or 3 on the f—D—xylopyranosyl residues of acetyl xylan.

Ferulic acid and p—coumaric acid esterases (EC 3.1.1.73) hydrolyze ester
linkages on xylan, liberating the respective phenolic acids linked to
the arabinofuranoside residues [48].

Mannanases

Mannose residues have a—1,6—galactose as side groups and these are
acetylated at the O—2 and O—3 positions. The core enzymes for com-
plete degradation of mannan into simple sugars are the endoman-
nanase and 3—mannosidase.

Endo—[3—1,4—mannanases (EC 3.2.1.78) catalyze hydrolysis of the 3—
1,4-linked backbone within different mannans. In the CAZy database
enzymes are classified into three different glycoside hydrolase families:
GHs, GH26 and GHi113 [55].

B—mannosidase (EC 3.2.1.25) is the key enzyme responsible for cat-
alyzing random hydrolysis of manno—glycosidic bonds in the main
chain. All plant mannanases belong to family GHs subfamily 7 (GHs_7)
[56].

Additional enzymes, such as a—galactosidases (EC 3.2.1.22), — glu-
cosidase (EC 3.2.1.21) and acetyl mannan esterases are required to
remove side chain sugars on mannans.
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5. Sugars fermentation for bioethanol production

Once lignin has been removed and the saccharification of the free
accessible (hemi)cellulose portions of the biomass has been carried
out, the final step to be performed is the fermentation of sugars into
bioethanol.

Saccharomyces cerevisiae is the most widely used organism for ethanol
production from hexoses, whilst Pichia stipitis and Candida shehatae
are the main yeasts able to ferment both hexose and pentose sugars to
ethanol. Bacteria belonging to the species Clostridia and Zymomonas,
and fungi such as Fusarium spp. have been also demonstrated to be
useful for ethanol production.

The current process is optimized for 6—carbon atoms sugars fer-
mentation since most yeasts cannot ferment s—carbon atoms sugars.
Given that the economically competitive ethanol production from
lignocellulosic materials requires the efficient use of both hexose and
pentose monosaccharides, research is now strongly exploring new
engineered yeasts able to ferment 5—carbon sugars with high yields.
The main routes for ethanol fermentation are described below.

5.1. Ethanol production by separate hydrolysis and fermentation (SHF)

Two main routes can be followed for ethanol production, such as
separate hydrolysis and fermentation (SHF) and simultaneous sacchar-
ification and fermentation (SSF).

In SHE, the bioconversion of lignocellulose takes place in two sepa-
rate reactors, thus separating the saccharification and the fermentation
processes, resulting in the quick and easy possibility to optimize each
production step, with conduction of each process at the optimal con-
ditions of pH and temperature.

An example of SHF process application for ethanol production is
described by Erdei et al. [57], who reported an experiment of separate
hydrolysis and co—fermentation (combining xylose and glucose fer-
mentation) of steam—pretreated wheat straw (SPWS) combined with
wheat starch hydrolysate feed, achieving an average yield of ethanol
up to 86%.
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5.2. Ethanol production by simultaneous saccharification and fermentation,
SSF

In SSF, enzymatic hydrolysis and fermentation are carried out together,
using a unique reactor. By taking place in the same reactor, this kind
of process has a number of advantages such as the reduction of costs
and the increase of hydrolysis rate, besides the possibility to make the
fermentable sugars immediately available to yeasts.

However, the ideal pH or temperature conditions for the sacchari-
fication step may differ from those of the fermentation step. Thus, it
is very difficult to find favorable conditions for both processes.

As generally stated, SSF is a much more competitive process in
comparison to SHF from the economical point of view, since the use
of a unique bioreactor results in a total reduction of investment and
operational costs.

Recent works regarding SSF are those by Nahar and Pryor [58] and
Rezic” et al. [59], who used as feedstock for bioethanol production
crushed whole sugar beets (ethanol yield up to 92%) and sugar beet
pulp (ethanol yield up to 49%), respectively.

Hydrolysis and fermentation conditions for production of ethanol
trom very high—gravity cassava mash during a simultaneous saccha-
rification and fermentation (SSF) process were optimized using a
statistical methodology [60], reaching a final ethanol yield of 15.03%
(wt.%) in 72 h.

5.3. Ethanol production by consolidated bio processing, CBP

Consolidated bio processing (CBP) has been so far recognized as the
best system to reduce the cost of biomass processing, by combining
the hydrolysis of the polysaccharides and the subsequent fermentation
of the hexoses/pentose sugars.

Differently from SSE, besides the use of a unique reactor, in CBP a
single engineered microorganism is used, which is able to directly con-
vert (hemi)cellulose into ethanol using its own enzymatic machinery.

So far, there are no microorganisms able to perform both the
enzymatic hydrolysis and the fermentative steps with high yield of
both processes, thus genetic engineering must be applied to create
suitable microorganisms for the CBP process.
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It is worth noting that there are two main routes to perform CBP:
CBP I route, characterized by the engineering of a cellulase producing
microorganism to make it able to ferment sugars; CBP II route aimed
at the engineering of an ethanologenic microorganism to make it able
to produce cellulases or hemicellulases.

As recently reviewed by Olson et al. [39], progress in the develop-
ment of genetic tools for fungal systems has been obtained, focusing
mostly on the increase of cellulase production, especially for fungi like
Fusarium oxysporum and Trichoderma reesei. There has also been a sub-
stantial progress in the development of genetic tools for free—enzyme
bacterial systems, including Clostridium phytofermentans, Clostridium
japonicas, Thermoanaerobacter and Thermanaero—bacterium sp. The lat-
ter, a thermophilic anaerobe that utilizes a broad range of substrates
including xylan, is a prominent example of engineered organisms
with recently developed genetic tools to produce a biofuel at high
yield [61, 62].

CBP category I

Trichoderma, Aspergillus, Rhizopus and Fusarium are the potential fila-
mentous fungi suitable for development of CBP type 1. All of them
produce high amounts of both cellulases and hemicellulases, leading
to high yields of fermentable sugars. Particularly, T. reesei is the best
producer of such activities, so far described.

These fungi have been reported as ethanol producers, even if with
very low yield and high concentration of by—products, such as lactic
acid.

As reviewed by Amore and Faraco [63], many efforts are focused
on the elucidation of regulatory mechanisms, in order to advance the
knowledge on the metabolic pathways involved in ethanol production
by filamentous fungi recognized as potential candidates for CBP type .

CBP category II

S. cerevisiae is the most used yeast for ethanol production from Cé
sugars and it represents the best candidate for CBP type II. Thus, a big
challenge is to confer to this microorganism the capability to produce
cellulase and/ or hemicellulase activities.
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S. cerevisiae has been so far described as a suitable host for recombi-
nant production of different enzymes, among which are also enzymes
involved in the conversion of polysaccharides.

As previously reported, for the complete conversion of cellulose
there is the need of three different enzymes namely endoglucanases,
cellobiohydrolases and 3—glucosidases, whose most common sources
are fungi, especially Trichoderma reesei, and bacteria.

Cellobiohydrolases (CBH) and endoglucanases have been success-
fully expressed in S. cerevisiae, whilst very low yields of fungal 53—
glucosidase have been achieved.

Kluyveromyces marxianus is another interesting candidate for CBP II.
It has been used with good results as host for heterologous proteins,
including enzymes involved in cellulose hydrolysis.

Among bacteria, E. coli represents the main candidate for the CBP
IT category. It is able to metabolize a wide spectrum of sugars and a
well-know microorganism to be genetically engineered.

Despite the extensive research performed to optimize E. coli re-
combinant cellulase production and reduce the addition of external
cellulases, the potential of the obtained recombinant strains to di-
rectly grow on plant biomass cannot be proved, mainly due to the
complex cocktail of enzyme needed for the complete lignocelluloses
conversion into fermentable sugar, as reviewed by Amore et al. [64].

Zymomonas mobilis, Klebsiella oxytoca and Bacillus subtilis are other
candidates for the CBP II process, being known for ethanol production
and tolerance to the toxicity of the final products.

6. Conclusions

To overcome bottlenecks associated to first generation bioethanol,
produced from traditional agricultural crops, second generation
bioethanol production from non edible renewable lignocellulosic
biomass is attracting strong interest, as it minimizes the conflict
between land use for food (and feed) and energy production. Lig-
nocelluloses are the most abundant renewable resources on Earth
and include residual biomass such as agro—industrial wastes, agricul-
tural and forest crop residues and the organic and paper fractions of
municipal solid waste (MSW). Moreover, second generation ethanol
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production and use show lower green—house gas emissions than
the first generation fuels, reducing environmental impact. However,
the process currently adopted for second generation bioethanol pro-
duction is not competitive as yet. Lignocellulose consists of three
types of polymers — cellulose, hemicellulose and lignin — bonded
by both non—covalent and covalent cross linkages. Bioethanol pro-
duction from lignocellulosic materials takes place in three phases,
namely a pretreatment step to remove the lignin barrier, hydrolysis
of cellulose and hemicellulose to generate fermentable sugars (sac-
charification) and fermentation of mixed hexose and pentose sugars
to produce ethanol.

As regards the pretreatment step, all the techniques so far used
(physical, physico—chemical and chemical processes), are not eco—
friendly and generate inhibitors which negatively affect the next step
of lignocellulose saccharification into fermentable sugars. Biological
pretreatment could represent a valid alternative, but the long treat-
ment time and the low final yield do not make it a feasible process, as
yet.

Despite the high costs of enzyme production, enzymatic hydrolysis
is preferred to the acid one. A wide spectrum of enzymes is required to
completely convert pretreated lignocellulose into fermentable sugars,
both cellulases, acting on the cellulose polymer for Cé sugars release,
and hemicellulases, for Cs sugars production.

Simultaneous saccharification and fermentation (SSF) and separate
hydrolysis and fermentation (SHF) are the main routes used to pro-
duce bioethanol by fermenting the hydrolysate from cellulose, even
it consolidated bioprocessing (CBP) has been recognized as the best
system to reduce the cost of biomass processing, by combining the
hydrolysis of the polisaccharides and the subsequent fermentation of
the hexose/pentose sugars.
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Abstract Lignocellulosic biomasses derived from dedicated
crops and agro-industrial residual materials are promising re-
newable resources for the production of fuels and other added
value bioproducts. Due to the tolerance to a wide range of
environments, the dedicated crops can be cultivated on mar-
ginal lands, avoiding conflict with food production and having
beneficial effects on the environment. Besides, the agro-
industrial residual materials represent an abundant, available,
and cheap source of bioproducts that completely cut out the
economical and environmental issues related to the cultivation
of energy crops. Different processing steps like pretreatment,
hydrolysis and microbial fermentation are needed to convert
biomass into added value bioproducts. The reactor configura-
tion, the operative conditions, and the operation mode of the
conversion processes are crucial parameters for a high yield
and productivity of the biomass bioconversion process. This
review summarizes the last progresses in the bioreactor field,
with main attention on the new configurations and the agita-
tion systems, for conversion of dedicated energy crops
(Arundo donax) and residual materials (corn stover, wheat
straw, mesquite wood, agave bagasse, fruit and citrus peel
wastes, sunflower seed hull, switchgrass, poplar sawdust, co-
gon grass, sugarcane bagasse, sunflower seed hull, and poplar
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wood) into sugars and ethanol. The main novelty of this re-
view s its focus on reactor components and properties.

Kevwords Single and double helical ribbon impeller -
Rushton impeller - S-shaped impeller - Anchor impeller -
Pitched-blade impeller - Peg-mixer - Paddle blade magnetic
impeller

Introduction

The use of crops as renewable sources of energy and com-
pounds in alternative to fossil resources can promote a sus-
tainable development avoiding the problems of shortage of
fossil feedstock (Liguori et al. 2013; Kajaste 2014), but it
generates problems 1n the agricultural market since their cul-
tivation increases the lands subtracted to the food production
and rising global food prices (Scheidel and Sorman 2012).

To limit the competition between the food- and the non
food-crop lands, the cultivation of dedicated energy crops in
marginal lands non appropriate for the traditional food crops is
spreading throughout the world (Popp et al. 2014). It is note-
worthy that the large-scale cultivation of dedicated crops, such
as the perennial biomass Arundo donax, have favorable effects
on the environment, since it improves soil fertility and reduces
soil erosion (Fagnano et al. 2015). Moreover, lignocellulosic
agro-industrial residual materials represent a further alterna-
tive of cheap sources to further mmimize the conflict of food
versus fuel. They avoid the displacement of food crops and the
issues related to the deforestation, hmiting the negative im-
pacts on the environment (Igbal et al. 2013).

Due to the high cellulose and hemicellulose contents (an
average of 40 and 30 %, respectively) (Limayem and Ricke
2012), the dedicated crops and the residual materials can be
converted in different value-added products, such as

@ Springer



Appendix VI

598

Appl Microbiol Biotechnol (2016) 100:597-611

fermentable sugars (Mezule et al. 2015) and bioethanol or
other bioproducts obtained by sugars fermentation
(Shahsavarani et al. 2013). The complexity of the lignocellu-
losic macromolecular structure requires a bioconversion pro-
cess consisting of three phases (Fig. 1). The first step is the
biomass pretreatment needed to remove the lignin and make
the polysaccharides more accessible to the further hydrolysis
and 1t 1s considered generating the most negative impact on
the environment, due to the high energetic mputs. The poly-
saccharides are then subjected to hydrolysis into monosaccha-
rides mainly performed by hydrolytic enzymes during the sec-
ond step, which is the most costly step of the overall process
due to the high costs of the enzymes. In the last fermentation
step, the fermentable sugars are converted into the targeted
added value bioproducts (Jorgensen et al. 2007a).

Several efforts are under way to improve both the molecu-
lar systems, hydrolytic enzymes (Amore et al. 2012, 2013,
2015; Salmon et al. 2014; Wemgartner Montibeller et al.
2014; Giacobbe et al. 2014), and microorganisms (Liguori
et al. 2015; Ventorino et al. 2015), and bioreactor systems
adopted for the biomasses bioconversion process in order to
solve the environmental and economical issues of the process
(Wang et al. 2011; Khoo 2015).

This review summarizes the last advances in the bioreactor
field, with main focus on the new configurations and the ag-
itation systems, for conversion of dedicated energy crops and
residual materials into sugars and ethanol by separate hydro-
lysis and fermentation (SHF), simultaneous saccharification
and fermentation (SSF), simultaneous saccharification and
co-fermentation (SSCF) and consolidated bioprocessing
(CBP) (Fig. 2).

The attention was focused on the dedicated crops Arundo
donax (Table 1), corn stover (Table 2), wheat straw (Table 3)
and other residual materials (Table 4). The main novelty of
this review is its focus on reactor components and properties.

Bioreactors for Arundo donax conversion
Production of sugars from SHF

The energy crop Arundo donax was investigated by Palmgvist
and Lidén (2012), in comparison with spruce, to evaluate the
influence of water-msoluble solids (WIS) content on glucose
yield during the hydrolysis. Both biomasses were steam
pretreated and tested at WIS content of 10, 15, and 20 %.
The process was performed in a 3-L stirred tank bioreactor
(Belach Bioteknik, Stockholm, Sweden), supplied with an
anchor impeller (Fig. 3a) (13-cm diameter and 2-cm blade
width). The Cellic CTec2 (Novozymes, Denmark)
(0.1 g solution g ' WIS) was adopted as enzyme preparation.
They tested two different methods, the first keeping constant
the impeller speed at 10 rpm, and the second one keeping
constant the impeller power input, in order to identify the best

@ Springer

system to be applied for the hydrolysis of biomasses at high
WIS concentration. They demonstrated that, at a fixed impel-
ler speed of 10 rpm, the WIS content did not influence the
energy mnput tor Arundo donax, while a higher overall energy
input was required for the hydrolysis of the spruce because,
for the latter system, a strong correlation between mitial WIS
content and energy input was observed. This is explaied by a
quick drop in torque and viscosity that occurred during the
sacchartfication of Arundo donax, as reported for other bio-
masses (Dasari et al. 2009), and that was much less noticeable
for the spruce. In detail, when the impeller speed was kept
constant and the WIS concentration was increased from 10
to 20 %, the glucose yield decreased from ~40 to ~27 % for
Arundo donax and increased from ~20 to ~30 % for the
spruce. Otherwise, when the impeller power was kept con-
stant, the glucose yield was equivalent to that obtamed at
constant impeller speed for Arundo donax, while an opposite
trend was observed for the spruce, since the glucose yield
decreased from ~45 to ~30 % when the WIS content increase
from 10 to 20 %. It could be due to a different shear force in
the reactor between the two biomasses. Furthermore, Kadi¢
et al. (2014) investigated the effect of agitation rate on the
particle-size distribution (PSD) and glucan release during hy-
drolysis of the steam pretreated Arundo donax and spruce. The
2.5-L Biostat A and Biostat A Plus bioreactors (B. Braun
Biotech Intemational, Germany), equipped with a pitched-
blade impeller with three blades at an angle of 45 © (diam-
eter of 70 mm and a blade width of 20 mm) (Fig. 3b), were
used for the hydrolysis. Three impeller speeds 100, 300, and
600 rpm were tested, evaluating their difterent effects on the
biomass-particles mixing. In the case of spruce, the effects of
agitation rate were only observed using high WIS content
(13 %) at higher speed. In fact, no effects during the hydrolysis
were observed at 13 % of WIS at 100 rpm, but when the
impeller speed was enhanced up to 600 rpm, an increase in
the hydrolysis rate from 20 to 37 % afier 48 h took place. This
could be explained as a result of strong reduction of particle
size that improves the sugars released, increasing the
hydrolysable surface area. Otherwise, for Arundo donax
hydrolysis, a smaller particle size than spruce was observed
both at low and high impeller speed; in spite of this, only a
slight temporary effect (from 43 % at 100 pm to 53 % at
600 rpm after 48 h) on the hydrolysis rate at high WIS content
(13 %) occurred. After 96 h of hydrolysis, the same rate of
~60 % was reached in both systems. To investigate if the
reduction of particle size was caused by the enzymes action
or by the agitation rate, further experiments in which the lig-
nocellulose biomasses at 13 % of WIS were agitated at high
revolutions per minute without the enzymes addition were
performed by Kadi¢ et al. (2014). For the spruce, the effects
of agitation rate on the particle size was strongly evident; in
contrast, the reduction of particle size of Arundo donax was
more influenced by the enzyme’s action than the agitation rate,
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since the highest size reduction was only observed when the
enzymes were loaded. Based on these results, it is important to
choose the agitation speed based on the macromolecular struc-
ture of the lignocellulosic biomasses and the mitial solids
loading.

Bioreactors for corn stover conversion
Production of sugars from SHF in batch operation mode

The effect over the yield of sugars obtained during the hydro-
lysis of the sulfuric acid/steam pretreated corn stover
employing two different reactor systems, the horizontal rotat-
ing bioreactor (HRR) and the vertical stirred-tank reactor
(VSTR), was investigated by Du et al. (2014). The sacchari-
fication was performed by using the enzyme Cellic CTec2
from Novozymes, at loading of seven filter paper activity units
per gram of dry matter (FPU g ') at 50 °C in both reactor
systems, equipped with thermostatic water bath. The material
blending was assured by a mixing blade, at maximum con-
stant rotation speed (100 rpm) in the HRR system and by a
double helical ribbon impeller (Fig. 3¢), at variable speed in
the VSTR system. During the hydrolysis, a more rapid viscos-
ity reduction occurred in the HRR, allowing better cellulose

Fig. 2 Processes of sugars and SHF
bioethanol production. SHF
separate hydrolysis and

degrading in comparison with the VSTR. Comparing the
batch and fed-batch (adding biomass or biomass/enzymes)
enzymatic hydrolysis, it was demonstrated that the best result
of 86 g glucose kg ! of dry matter was obtained afler 87 h of
mmcubation in the HRR through the batch hydrolysis in com-
parison with the value of 73 g glucose kg ' of dry matter
shown by the batch VSTR system.

It 1s well known that the use of ultrasound for lignocellu-
lose treatment improves the enzymatic hydrolysis yield
(Khanal et al. 2007; Nitayavardhana et al. 2008; Montalbo-
Lomboy et al. 2010a). Recently, Montalbo-Lomboy et al.
(2010b) mvestigated the influence of the batch system over
the saccharification sugars yield and the particles size of the
corn slurry. The STARGEN™ 001 from Genencor, at loading
0t'456 granular starch hydrolyzing units per gram of substrate
(GSHU g "), was added after sonication and was used as
enzyme in the hydrolysis step for 3 h in a rotary shaker. The
results showed a yield of reducing sugars obtained with the
batch system equal to 1.6 g L ™",

The high solid processing of corn stover (PCS) represents
one of the main drawbacks in the saccharification step. Even
though an initial high PCS allows to obtain different advan-
tages, like the reduction of reactor size, it is generally avoided
due to the high viscosity shown and the high power required

SSF SSCF

CBP

; : Cellulase Cellulase Cellulase
fermenmpon, SSF smrult;meous production production production
hydrolysis and fermentation, l ! |
SSCF s!mult_a.neous Cellulose o Cellulose
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+ } }

@ Springer



Appendix VI

600 Appl Microbiol Biotechnol (2016) 100:597-611
« - .
= to mix homogenously the substrates. Dasar et al. (2009) de-
5 signed a 8-L scraped surface bioreactor (SSBR), equipped
a 3 with three scraping blades, to improve the saccharification of
= - . e
E o the corn stover at high initial PCS. They compared the glucose
- g y p g
g g ; liberated in the process by using the bioreactor against the
g g 3 results obtained in 250-mL Erlenmeyer flasks. In this work,
= ko . X . N -
g & 2 the saccharfication was performed at 50 °C with 15 FPU of
~ Spezyme CP cellulase enzyme (Genencor) per gram of cellu-
> = lose, at speed of 250 rpm in flasks and 2 rpm in bioreactor. The
= E’ latter system allowed to reach a glucose yield ot 60 %, a value
% E 10 % higher than that obtained in flasks (50 %) and, within the
B| £ first hours of the hydrolysis reaction, a quick decrease in
E - torque was observed, allowing a low-energy consumption.
Tz = This was due to the random radial and angular mixing of the
El=2 = .
E > biomass and the homogeneous temperature generated by the
£l &8 & horizontal rotation and the scraping of the blades.
2 = = . . .
sl = It is well known that the enzymatic hydrolysis represents
2 ;3 3 ;’a the liniting step of the overall costs of lignocellulose biocon-
EN =R version process. Thus, several kinetic models to reduce both
ot costs and efforts of the step were generated (Philippidis and
w | w Hatzis 1997; Gusakov et al. 1985; Sadana 1992; Kadam et al.
4 b =t . . .
g £ £ 2004. One of them was elaborated and validated considering
= é é not only the reaction for conversion of cellulose into glucose
=5 = and cellobiose, but also for the conversion of the cellobiose
§n E‘ g into glucose (Kadam et al. 2004). Moreover, parameters like
;g‘) ¥ 5 enzyme ‘u‘dsorption, subst 1‘“{ilt: reactivity, lt:l'ﬂpt)ljalll re, and sug-
= ar inhibition were taken into account. Following the model,
® the sulfuric acid-treated corn stover was saccharified with
"
g 5 45 mg protein per gram of cellulose (CPN commercial cellu-
=] .
2 Z | o lase, logen Corp., Ottawa, Canada) at 45 °C in 250-mL baftled
2l &= Erlenmeyer flasks stirred at 130 rpm, or in stirred-tank reactor
S el o
= with impeller speed of 250 rpm. The results demonstrated that
it 5 the model fitted well to predict the glucose yield both in flasks
g Z : : o
'z = and In tank reactor. The maximum glucose concentration of
L ~ - ~
% g around 50 g kg ' of cellulose, after 168 h, was obtained for
b = both systems used. Although the temperature effect was not
= = - . .
= P E % completely defined by the model, this could be exploited to
% Tz 22 optimize the saccharification process m silico.
& = | E g' E
= | .2 5 =g
s| 2|5 2=
- =, = . . .
g << = Production of sugars from SHF in fed-batch/continuous
g operation mode
L -
o 2
£ 2 L ‘
2| & £ Montalbo-Lomboy et al. (2010b) investigated also the influ-
; £ f ence of the continuous-flow ultrasonic system over the sac-
§ f E charification sugars yield and the particle size of the com
% % E slurry. Enzyme hydrolysis was performed in an ultrasonic re-
2l 2| & actor fitted with a donut-shaped horn using the same enzyme
Q - . .
£ amount and process parameters described earlier. In addition,
o = - . - - - ~
= § 3 in this system, the corn slurry was localized in the center of the
-| 3 S S donut-shaped horn where the cavitation was more intense,
2| g g § increasing the liquetaction of the biomass. The results showed
Elal=s = an icrease up to 2-3 times of'the sugars yield in the sonicated
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samples m comparison with the control and the yield of re-
ducing sugars obtained was 30.2 g L.

Production of ethanol from SSF/CBP in batch operation
mode

Botz 2012
Pihlajaniemi et al. 2014

Riedlberger and Weuster-
Jergensen et al. 2007b
Olofsson et al. 2010a

Ludwig et al. 2014

Reference

Brethauer et al. (2014) performed a simultancous saccharifi-
cation and fermentation (SSF) of acid-pretreated com stover
in batch system. Five filter paper activity units per gram of
glucan of Spezyme CP cellulase (Genencor) and
7.5 CBU g ' of glucan of Novozyme 188 B-glucosidase
(Novozyme) were employed for the sacchanfication step,
while the strain Saccharomyces cerevisiae DSA was used
for the fermentation at 38 °C. The corn slurry, at low solids
concentration, was pumped from the reservoir, equipped with
a magnetic stir plate, to the 3-L fermentor together with air
bubbles to avoid the accumulation of solid in the tube. They
observed an ethanol yield of 70 % and an ethanol productiv-
ity of 0.18 g L' h™%.

Jin et al. (2013) evaluated the conversion of ammonia

of 54 and 30 % higher than that reached in the

batch system (0.8 g L' h™") were observed in
the sequential hydrolysis and solids-recycling

systems, respectively

53 % in sequential hydrolysis, and 63 %
b4y ¢ ethanol kg'1 of biomass

in solids-recycling processes. Productivity

ethanol concentration

kg ' biomass
“~111 mg glucose g‘l dry matter

Glucose® or ethanol” concentration/yield/

productivity
*Glucose yield of 59 % in batch process,

“Glucose yield of 76 % and 110 g glucose

fiber expansion (AFEX)-pretreated corn stover into ethanol
by using two different systems: the SHF and the SSCF. An
enzymatic mix containing Accellerase 1500, Accellerase XY,
and Multfect pectinase (Genencor) at loadings of 24, 6, and
6 mg g ' of glucan, respectively, was used for the hydrolysis
of corn stover. A genetically modified strain of S. cerevisiae
424A fermenting xylose was employed for the ethanol fer-
mentation. Firstly, they noted that, although more sugars
were released in the SHF and the same ethanol vield was
reached in both systems (80 and 47 % of glucose and xylose
conversion into ethanol, respectively), the volumetric pro-
ductivity was 025 ¢ L™'h™! for the batch SSCF compared
1o the 0.20 ¢ L'h™! of the SHF.

Zhang et al. (2010) designed a reactor with a new agitation
system namely double helical impeller (Fig. 3¢), in substitution
of the common Rushton impeller (Fig. 3d), to perform the
simultaneous saccharification and fermentation (SSF) of com

and solids-recycling processes

following by 84 SSF
Fed-batch SSCF and the enzyme feeding SSCF 035 g g ' of ethanol yield and 38 g L' of the

Configuration process
Enzymatic hydrolysis
10mL Enzymatic hydrolysis
Batch process, Sequential hydrolysis
8 h of liquefaction and pre-saccharification

Tank
volume
25L

stover using high solids loading. Accellerase 1000 from
Genencor International (Rochester, NY) at different dosages,
and the thermo- and inhibitor-tolerant baker’s yeast mutant
S. cerevisiae DQ1 were used for the saccharification and
fermentation steps, respectively. The experiments were con-
ducted in the 5-L bioreactor, performing a prehydrolysis step
for 12 hat 50 °C followed by the SSF step at 37 °C to allow the
S. cerevisiae DQ1 growth. They demonstrated how the new
agitation system improved the ethanol yield: 51.0 g L™ of
ethanol were obtamned at the end of SSF by using the double

Segmented helical stirrer
System of rotating paddle 5.0 L

Agitation

helical impeller, respect to the 43.9 g L™ reached in the reactor
equipped with the Rushton impeller. The best yield was obtain-
ed using the double helical impeller due to the better mixing,

Main characteristics of some examples of reactors for conversion of wheat straw

and this system also reduced the overall process energy de-
mand. Moreover, they reported that at 30 % of solids loading,
I the ethanol concentration reached 40.0, 59.3, and 64.6 ¢ L !

into 5 independent sections

48 parallel stirred tank bioreactors S-shaped impellers
Horizontally placed drum divided Three paddlers

Reactor system
Stirred tank reactor

Table 3

ﬂ Springer
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Fig.3 Agitation systems used in
the enzymatic hydrolysis and
fermentation of lignocellulosic
biomasses. a) Anchor impeller. b)
Blade impeller with three blades
at an angle of 45 °. ¢) Double
helical ribbon impeller. d)

D)
<

Rushton impeller. ) Single

helical ribbon impeller. f)
Segmented helical stirrer. g) S-
shaped impellers. h) Rotating
paddle. i) Three paddlers. 1) peg
mixer

€)
<E .
i)

)

at enzyme dosages of 7.0, 15.0, and 30.0 FPU ¢ ' of dry matter,
respectively. Recently, He et al. (2014) performed the dry acid
pretreatment of corn stover at high solids concentration by using
a reactor equipped with a single helical ribbon impeller
(Fig. 3¢), demonstrating as the steady helically agitation leads
to increase sugars and ethanol yields production. The corn sto-
ver was treated with 2.5 % H,SO, for 3 mm at 185 °C in
agitation, followed by inoculation of the strain Amorphotheca
resinae ZN 1 (Chinese General Microorganisms Collection Cen-
ter, Beyjing, China; registration number: CGMCC 7452) to re-
move specific inhibitor compounds. Afterwards, the
biodetoxified comn stover was hydrolyzed with the enzyme
Youtell #6 at a loading of 135 FPU g ' of substrate, and
fermented by the strain S. cerevisiae DQ1(Chinese General Mi-
croorganisms Collection Center, Beijing, China; registration
number: CGMCC 2528). The SSF consisted of a 12 h of
prehydrolysis at 50 °C and pH 4.8, followed by a reduction of
temperature at 37 °C to promote the growth of the yeast and its
sugars termentation mto ethanol. The results showed that the
helical agitation during the pretreatment allows the increment of
the sugars released during the hydrolysis, giving 81.9 g L™ of
glucose compared to the low value of 55.8 g L ™! obtained with-
out mixing. As regards the ethanol production, 56.2 g L ™! were
obtained afier 48 h of fermentation instead of 44.4 g L ™! reached
when no agitation was employed during the pretreatment.

Production of ethanol from SSF/CBP in fed-batch/continuous
aperation mode

Very few works about the simultaneous saccharification and
fermentation (SSF) of corn stover in a continuous stirred tank

@ Springer

reactor (CSTR) are available (Wooley et al. 1999; Jin et al.
2013), due to the limits related to the experimental troubles,
although this system increases the volumetric productivity,
mostly when more tank reactors are used (Brethauer and
Wyman 2010). Brethauer et al. (2014) performed also a con-
tinuous simultaneous saccharification and fermentation
(cSSF) of acid-pretreated corn stover using a 3-stage CSTR
system. Hydrolysis and fermentation were performed in a 3-L
fermentor as described earlier. They observed that at the same
ethanol yield 0f 70 %. an ethanol productivity of 0.24 g L "h ™!
was observed in the 3-stage continuous system. Moreover, in
8 h of residence time, the single ¢SSF vessel reached the
maximum ethanol productivity of 0.4 ¢ L™'h™", a value that
dropped when the total resident time was kept constant and the
number of vessels was increased. In other experiment, when
the total residence time was 24 h, the productivity increased
from 0.25 10 0.28 g L™ 'h™! when changed from one to three
vessels, respectively.

Jin et al. (2013) evaluated the conversion of AFEX
pretreated com stover into ethanol also by continuous SSCF
using a CSTR equipped with five bioreactors connected in
series. The first reactor was used for the enzymatic hydrolysis
at 50 °C, pH 4.8, and 800 rpm; then, the 24-h prehydrolysate
was pumped in the next reactor for the SSCF at 30 °C, pH
5.5, and 220 rpm. This system reached the highest volumetric
productivity of 0.46 g L 'h™', value 2.3 and 1.8 higher than
that observed in the batch SHF and SSCF, respectively. The
use of high solids content of lignocellulose biomasses could
decrease the loss of sugars, waste of water and steam genera-
tion, and also to lead an increment in the rate of bioconversion
into ethanol (Kristensen et al. 2009). In spite of this, the
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high solids loading is related to operative issues as the high
viscosity and the little free water, that limit the pretreatment
method which can be performed (Modenbach and Nokes
2012).

Bioreactors for wheat straw conversion
Production of sugars from SHF

Several studies regarding the design of the bioreactor systems
to be employed in the saccharification of the wheat straw at
high solids loading and, that ensuring an effective mixing and
a high bioconversion yield, were so far reported (Jorgensen
et al. 2007a; Szijartod et al. 2011a, b). Ludwig et al. (2014)
designed a new vertical stirred tank reactor supplied with a
segmented helical stirrer (Fig. 3f) to hydrolyze the wheat
straw, after alkaline-pretreatment, at high solids loading. Be-
fore testing the new system, they carned out a central com-
posite response surface analysis to optimize the hydrolysis
conditions, minimizing the enzyme dosage and maximizing
the fiber concentration. The optimization was carried out in
250-mL Erlenmeyer flasks at 50 °C by using the Cellulase
Cellic® CTec2 (Novozymes A/S) as hydrolytic enzyme. After
48 h, a glucose yield of 70 % was reached at the optimal solid
concentration of 20 % (w/w) and an enzyme dosage in the
range of 20-30 FPU ¢ ' dry matter. When the hydrolysis
was performed in the new stirred reactor, at the same opti-
mized conditions and at a speed of 80 rpm, the glucose yield
was increased from 70 to 76 %, corresponding to a hydroly-
sate with 110 g glucose kg ! biomass. The swelling of the
fibers generated by the high hemicellulose content of the
wheat straw did not allow exceeding the 20 % (w/w) of dry
matter. Riedlberger and Weuster-Botz (2012) reported an ac-
curate high-throughput system suitable for acid or alkaline-
pretreated wheat straw, in order to reduce the costs for the
optimization of the enzymatic hydrolysis step related to the
large use of the enzymes required. The new system, consisting
of 48 parallel stirred-tank bioreactors at volume of 10 mL, was
equipped with the novel S-shaped impellers (Riedlberger and
Weuster-Botz 2010) (Fig. 3g). The homogenization of fibers
at high solids loading was achieved by two permanent mag-
nets (IBS Magnet, Berlin, Germany) that drove the rotation of
the impeller around a fixed axis. Three different solid con-
tents, 4, 8, and 10 % (w/w) of pretreated dried wheat straw
were saccharified with 15 mg protein g ' dry matter and
1.9 mg protein g ' dry matter of Celluclast® and Novozym®
188 (Novozymes A/S), respectively. After 9-h of hydrolysis,
the glucose released (~111 mg g~ dry matter) using the high-
throughput system was comparable to the 1-L scale. This test
demonstrated the efficient and easy scale-up of the novel sys-
tem that can be used for the optimization of pretreatment con-
ditions. Other ways to reduce the costs of the saccharification
process can be recycling the enzymes or the solid residues,

exploiting the ability of adsorption onto lignin and cellulose
fractions (Rodrigues et al. 2012; Lee et al. 1994). Pihlajaniemi
et al. (2014) investigated the solids-recycling for the hydroly-
sis of the autohydrolysed wheat straw; moreover, they com-
pared the hydrolysis yield and the volumetric sugars produc-
tivity obtained through the solids-recycling for the sequential
and the batch reactions, at similar loading of enzymes, sub-
strate, and total liquid. A commercial enzyme mix consisting
of cellulase (Econase CE, AB Enzymes), B-glucosidase
(Novozyme 188), and xylanase (GC 140, Genencor) was used
for the hydrolysis. The reaction used at solids loading of 16 %
(w/w) was carried out in a 5-L reactor composed by a horizon-
tal cylinder and a system of rotating paddle (Fig. 3h), at
speed rotation of 2 mpm. The hydrolysis yield was almost
comparable among the three systems used, whereas differ-
ences were observed in the volumetric productivity. Hydroly-
sis yields of 56 and 59 % were reached in the batch process at
48 and 72 h, respectively. Similar values of 53 % after 48 h
and 63 % after 72 h of reaction were obtained for both sequen-
tial hydrolysis and solids-recycling processes. Regarding the
productivity, 1.4 and 0.8 ¢ L™ h™! were obtained in 48 and
72 h of batch hydrolysis, respectively, using enzyme dose of
9 FPU g '. Values of 54 and 30 % higher were observed when
the hydrolysis was performed in sequential hydrolysis or
solids-recycling systems, at 48 and 72 h, respectively. Al-
though the hydrolysis yields were comparable and the produc-
tivity values were shightly lower at 72 h than at 48 h of the
processes, both the solids-recycling and sequential hydrolysis
system could be applied for an efficient enzymatic hydrolysis
of the pretreated wheat straw.

Production of ethanol from SSF/CBP in batch operation mode

The use of lignocellulosic biomasses at solids loading above
15 % (w/w) of dry matter is required in order to obtain an
ethanol concentration more than 4 % (w/w) and thus, making
economically feasible the bioconversion process (Fan et al.
2003; Wingren et al. 2003). The high solids loading needs a
mixing system to reduce the problematic related to the
liquefaction and saccharification steps, like the initial
viscosity and the high concentration of the inhibitory
compounds. Jorgensen et al. (2007b) designed a reactor sys-
tem useful for an efficient mixing during the liquetaction and
saccharification of the pretreated wheat straw at low speed
rates. A reactor consisted ot a horizontally placed drum divid-
ed into five independently sections equipped by three
paddlers (Fig. 3i) that were assembled around a horizontal
rotating shaft. They investigated the effects over the liquefac-
tion and glucose releasing varying the mixing speed and the
mitial dry matter content, carrying a liquefaction and sacchar-
ification steps for 96-h treatment; moreover, they evaluated the
yield of ethanol afier 8-h liquefaction and presaccharification
followed by 84 h SSF. The enzyme cocktail consisting of

@ Springer
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Celluclast 1,5 FG L and Novozym 188 (Novozymes, Denmark)
was used for the saccharification The mixing speed range tested
was between 3.3 and 11.5 rpm, while the dry matter content
went from 20 to 40 %. They observed that, after 24 h of
treatment, the wheat straw structure was completely liquefied
at low speed of 3.3 rpm. They also reported that the
mixing speed did not influence the cellulose conversion in the
tested range; differently, the hemicellulose conversion was
mnfluenced in a negative way, since it decreased 18 % when
the mixing speed increased from 3.3 to 11.5 rpm. Regarding
the effect of the dry matter, they obtained a maximum of
86 g glucose kg ! of biomass afier 96 h of treatment at solid
loading of 40 % (w/w). As reported in other works (Ingesson
etal. 2001; Lu et al. 2002; Tengborg et al. 2001), although the
maximum glucose released was reached at the highest
mnitial dry matter, a decrement of the bioconversion yield based
on the total initial cellulose content, was observed when the dry
matter was mncreased. When they evaluated the effect of differ-
ent initial dry matter (from 2 to 40 % (w/w) over the 84 SSF
process, after 8 h of liquefaction and pre-saccharification at
50 °C, the highest ethanol concentration of 48 g kg ' of bio-
mass was obtained at 35 % (w/w) dry matter after 144 h. Ac-
cording to other experiments (Mohagheghi et al. 1992;
Devantier et al. 2005), a drop of the fermentation performance
at value of dry matter higher than 35 % (w/w) was observed,
due to the stress conditions (i.e., high osmotic pressure, ethanol,
and inhibitor concentration) determining the loss of viability of
the yeast.

Production of ethanol from SSF/CBP in fed-batch operation
mode

In order to obtain a high yield of ethanol from the bioconver-
sion of the lignocellulosic biomasses, it 1s necessary to convert
all the available sugars, hexoses and pentoses, that are both
present in the macromolecular structure. Olofsson et al.
(2010a) reported how the SSCF process of the acid-
pretreated wheat straw, combining the fed-batch and the en-
zyme feeding, improves the glucose and xylose co-
fermentation of the recombinant xylose-fermenting strain
S. cerevisiae TMB3400 (Wahlbom et al. 2003). Through the
process, the glucose was released at a very low rate, improving
the xylose uptake by the yeast (Olofsson et al. 2008, 2010b).
A 2.5-L bioreactors (Biostat A. B. Braun Biotech Internation-
al, Melsungen, Germany: Biostat A plus; Sartorius,
Melsungen) was used for the process in anaerobic conditions
(Palmquist et al. 1996). The saccharification of wheat straw
was performed by using the enzyme mix consisting of the
Xylanase XL (SAF-ISIS, Souston, France) and Novozyme
188 (Novozymes, Denmark). In all the SSCF experiments,
the feed of the substrate was performed after 6, 12, I8, and
24 h, starting from the solids loading of 8 % until reaching the
value of 11 %. Regarding the enzymes feed, four different

@ Springer

profiles, namely A, B, C, and D, were tested; in all cases, a
low mitial amount of enzyme was added to improve the lig-
uefaction of the substrate. In the profiles A and B, the enzymes
were added until 24 and 48 h, respectively; instead, in the
profiles C and D, the enzymes were added for the first time
during the last addition of the substrate and carried out until
48 h. The profile D difters from C since at 24 h an additional
feed of yeast was made, in order to evaluate if a high yield of
ethanol could be achieved. As reference experiment, a SSCF
in which the feeding of substrates was carried out as described
earlier, while the total amount of the enzymes was added at the
beginning of the process, was performed. In comparison with
the reference experiment, while the other profiles did not gave
improvements, profile B gave the best results, allowing an
increment from 40 to 50 % of the xylose conversion, from
03110035 g ¢ ! of ethanol yield and from 33 t0 38 g L™!
of the final ethanol concentration.

Bioreactors for other biomasses conversion

Production of sugars and ethanol from SHF in batch
operation mode

Gupta et al. (2012) exploited the saccharification and ethanol
production of pretreated mesquite wood in batch experiment.
Enzymatic hydrolysis of sodium chlorite-pretreated lignocel-
lulosic biomass was performed in a 3.0-L stirred tank reactor
(STR) equipped with Rushton impeller (Fig. 3d) for shaking
(150 rpm), heating jacket and heat exchangers for temperature
control (50 °C), using 22 FPU g Lof dry substrate (gds) of
cellulase (Sigma-Aldrich) and 68 U B-glucosidase/gds (Sig-
ma-Aldrich). Fermentation was performed at 30 °C, a constant
speed of 200 rpm, and an aeration of 0.4 vvm, inoculating a
S. cerevisiae strain to the hydrolyzed slurry after the addition
of nutrients (3 g L™! yeast extract, 0.25 ¢ L' ammonium
phosphate dibasic) with an mitial pH 6.0. Enzymatic hydroly-
sis, performed using four different substrate loading values (5,
10, 15, 20 % w/v) showed that a significant increment in
sugars concentration was observed at increasing biomass con-
centration up to 15 % (from 41.10 to 90.07 g L") declining
thereafier at the highest substrate level (80.78 g L™ with
40.39 % cellulose conversion). After 11 h of fermentation, a
concentration of 34.78+1.10 g L™ (corresponding to a yield
of 0.45 g g ' and a productivity of 3.16 g L' h™') was reached.

Innovative bioreactors were also developed to use wastes
rich in lignocellulosics and residues from industrial and
agricultural processes for bioethanol production. Caspeta
et al. (2014) developed a system of six units of 30-mL mini-
bioreactor (nominal volume) with a peg-mixer (Fig. 31) and a
jacked-glass vessel with olives used for water circulating and
temperature control during enzymatic hydrolysis, at 50 °C,
and sugar fermentations at 37 °C, to improve the SHF process
of agave bagasse. Hydrolysis has been conducted using 15 FPU
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of Celluclast 1.5 L (NS50013, Novozymes) and 30 CBU of
Novozyme 188 (NS50010, Novozymes) per gram of solids,
at speed of 150 rpm by a compact overhead stirrer. Using high
solids loading (20 %, w/w), this system enhanced saccharifica-
tion giving 120 g L™" of glucose, corresponding to 80 % of
cellulose conversion after 24 h and a maximum glucose yield
of 135 g L', comresponding to 90 % cellulose conversion after
64 h. Ethanol production reached values of 64 L ™" after 9 h of
culture with S. cerevisiae strain SuperStart.

Direct conversion of fruit and citrus peel wastes (CPW) into
bioethanol, without pretreatment, was mvestigated by Choi
et al. (2015). Hydrolysis of CPW was performed using 12-16
and 10-25 mg protein g ' fiuit waste of two enzymes produced
in-house from Aspergillus citrisporus (Korean Culture Center
of Microorganisms KCCM6507) and Trichoderma
longibrachiatum (Korean Collection for Type Cultures KCTC
6507), n citrate phosphate bufter (pH 4.8) at 45 °C for48 h ata
speed of 180 rpm. Fermentation was conducted m continuous
mode at 30 °C in 80-mL immobilized cell reactor (ICR) where
S. cerevisiae cells was immobilized in alginate drops. A D-
limonene removal column (LRC), containing raw cotton and
activated carbon, was also joined to the fermentation reactor for
desorption of potentially inhibitor substances from the hydro-
lyzate. About 90 % of CPW enzymatic conversion into fer-
mentable sugars was reported after 48 h. The CPW hydrolyzed
was fed into the reactor from the feed stock by peristaltic pump
at a flow of 0.08 mL min'. Fermentation in the LCR-ICR
system resulted in high ethanol concentrations reaching values
from 144 to0 29.5 ¢ L™! (ethanol yields 90.2-93.1 %) that were
12-fold higher than ethanol values recovered in the ICR fer-
mentation performed without LCR.

Okur and Saragoglu (2006) reported that the aeration rate
largely effected the ethanol formation from hydrolyzed crop
residues m a bioreactor in uncontrolled pH conditions. Acid
hydrolysis of sunflower seed hull, performed using a relative-
ly low temperature (90 °C) and low H,SO, concentration
(0.7 M), allowed recovering approximately 90 % of sugars
from hemicellulose. Detoxified acid hydrolyzed, contamning
3540 g L' of total reducing sugars, was used for ethanol
production with the yeast Pichia stipitis. Fermentation was
performed in a batch culture bioreactor system consisting of
a 0.6-L glass flask with a Teflon and silicone-lined top cap, a
Teflon and glass impeller on the top cover, and a paddle blade
magnetic impeller (Fig. 3¢) on the bottom of flask. The fer-
mentation process was carried out at 30 °C with agitation of
100 rpm and the air was sparged by a flowmeter from the
bottom of the vessel at different aeration rates (0, 2.88, 5.76,
7.99 vv ! min™). Authors reported that oxygen supply stim-
ulated yeast growth and ethanol formation although depend-
ing on aeration rate. In fact, the highest sugar consumption
(78 %), ethanol concentration (9.66 g L 1) and ethanol yield
(0.41 g g ") was reported at the lowest tested flow rate
(2.88 v 'min ).

Production of sugars and ethanol from SHF in fed-batch
operation mode

SHF fed-batch experiments were performed by Gupta et al.
(2012) using pretreated Mesquite wood in comparison with
the batch system described earlier. Enzymatic hydrolysis was
carried out in a 3.0-L STR as described above with an initial
solids concentration of 5 % and adding 11 FPU/gds of cellu-
lose, 34 U B-glucosidase/gds, and 5 % of solids after 24, 56,
and 80 h. The use of a fed-batch system resulted in a further
increase of sugars production (127 g L™ with 63.56 % cellu-
lose conversion) of 56 % respect to the batch system with a
WIS content of 20 %. The highest sugars content resulted also
in the highest ethanol concentration in fed-batch process. In
fact, ethanol production of 52.83 ¢ L' (ethanol yield and
productivity of 0.45 g ¢ ' and 0f 440 g L' h™", respectively)
was observed.

Production of ethanol from SSF/CBP in batch operation mode

Switchgrass (Panicum virgatum L.) is adopted as a model
energy crop by the US Department of Energy due to its high
biomass yield, grown in different climate conditions and suit-
ability for marginal land use (Kim et al. 2015); therefore dif-
ferent studies have focused on bioethanol production from this
crop. Isci et al. (2009) performed SSF process of ammonia-
soaked switchgrass using a 50-L (working volume) pilot-scale
bioreactor. Pretreated switchgrass biomass soaked in ammo-
nium hydroxide (containing 48 % cellulose, 23 % hemicellu-
lose, and 22 % Klason Lignin) has been directly used for SSF
experiments in a 50-L steam-jacketed fermenter equipped
with three Rushton-type impellers (Biostat U-50, Sartorius)
(Fig. 3d). SSF was conducted at 35 °C and 130 rpm for 72 h
after aseptical addition of yeast inoculum and 77 FPU g!
cellulose of cellulase enzyme (Spezyme CP, Genencor Int.).
Atthe end of the process, authors observed an ethanol yield of
73 %.

Rotary drum reactor represents another interesting strategy
to improve the homogenization of pretreated lignocellulosic
biomass in SSF. Lin and Lee (2011) used this technology to
optimize the SSF process of alkaline-pretreated cogon grass.
Pretreated biomass was loaded at a quantity of 1 kg (10 %
WIS concentration, w/w) in a 5-L rotary drum reactor and SSF
process has been run using 0.258 mL g ' WIS of enzyme
Accellerase 1500 and Ethanol Red dry S. cerevisiae yeast
(1 g L™" dry yeast) at 37 °C and initial pH of 5.0. The reactor
was rotated at 5 rpm for 1 min at 0, 24, 48, and 72 h. An
ethanol concentration of 19.1 g L ™! has been obtained corre-
sponding to 76.2 % of the theoretical ethanol yield.

These results were confirmed scaling up SSF process in a
100-L rotary drum reactor using alkaline-pretreated sugarcane
bagasse (Lin et al. 2013). The reactor was arranged by a
double-cone rotary reactor providing a double-wall structure
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for controlling temperature by circulating either cold or hot water
between the double walls. Moreover, it was equipped with wave-
shaped baffles along the inner wall surface of the vessel and with
CO4 outlet port. In this reactor, 10 kg of alkaline-pretreated sug-
arcane bagasse (WIS concentration of 10 %, w/w) has been proc-
essed by SSF at 42 °C for 72 h by using a commercial cellulase
Accellerase 1000 (0.2 mL g ' WIS) and Kluyveromyces
marxianus var. marxianus (0.5 g L 1). The reactor was rotated
at 5 rpm for 1 min only at the beginning of the process and every
24 h. After 72 h, 246 gL ' of ethanol concentration (79.0 %
ethanol yield) were obtained.

A particular reactor system has been set up by Ishola et al.
(2013) using simultaneous saccharification, filtration and fer-
mentation (SSFF) process. This system included three inte-
grated units: hydrolysis and fermentation vessels among
which fermentation broth was circulated by filtration system.
In particular, pretreated spruce chips (SO, -catalized steam ex-
plosion) with 10 % suspended solids (SS) was mixed with
35 FPU g ' SS of the commercial enzyme Cellic® CTec3
(Novozymes) in a 2.5-L reactor (Infors AG107504, Minifors,
Switzerland) and pre-hydrolyzed for 24 h at 50 °C, pH 5.0,
and agitation of 500 rpm. During SSFF process, hydrolyzed
slurry was continuously pumped at flow of 0.8 L min " in the
fermentation vessel (1.5-L bioreactor, Biostat®B plus
8843414 Sartorius, Germany) by a cross-flow membrane
and simultaneously, the flow of the liquid of fermentation
vessel was inverted to the hydrolysis reactor. Moreover, with
the aim to equilibrate the uptake in the fermentation reactor,
another penistaltic pump pushed the permeate out of the filter
module by increasing flow rate from 1.1 to 2.9 mL min ' To
ensure yeast culture sedimenting, the fermentation bioreactor
was equipped with a settler. The SSFT process was conducted
for 96 h and 31.1+1.2 g L™" ethanol (theoretical yield of
85.0 %) were reached.

Svetlitchnyi et al. (2013) used consolidated bioprocessing
(CBP) approach for producing ethanol from poplar wood
through thermophilic bacteria without the need for additional
cellulolytic enzymes. In particular, washed and unwashed sol-
id fraction of poplar wood obtained afier dilute sulfurous acid
steam explosion were loaded in 2-L stirred vessel fermentor
(Biostat B-DCU, B. Braun/Sartorius AG) equipped with dou-
ble jackets for temperature control, two Rushton type stirrer
blades (Fig. 3d), pH control loops and high-precision blow-off
valves for pressure controlling in a range of 1.3-1.5 bar. CBP
process was conducted at a constant pH ot 6.75 and tempera-
ture of 72 °C, moculating the cellulolytic/xylanolytic strain
Caldicellulosiruptor sp. DIB 004C (GenBank accession num-
ber JX988415) and the fermenting thermophilic
ethanologenic/xylanolytic strain Thermoanaerobacter DIB
097X (GenBank accession number JX988424) in monocul-
tures and in dual co-cultures. Authors reported that the CBP
approach with operating temperatures above 70 °C and devel-
oping co-cultures of these bacterial strains led to an efficiently
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conversion of C6- and CS5-sugars from pretreated lignocellu-
losic material into ethanol (up to 34.8 mM) and other products
(33.6 mM) such as lactate and acetate.

Production of ethanol from SSF in fed-batch operation mode

Isci et al. (2009) scaled up SSF process of ammonia-soaked
switchgrass using a 350-L steam-jacketed fermenter equipped
with three-blade axial flow mpeller (Model PTT, Walker
Stainless Equipment Co.). The process was carried out at
200 rpm for 120 h in semiaseptic and fed-batch conditions,
adding pretreated ammonia-soaked switchgrass biomass at
three times (0, 5, and 24 h) to allow the thinning of substrate
by cellulase (77 FPU g ! cellulose). Controlling bacterial con-
tamination during the process and improving stirring condi-
tions of pretreated lignocellulosic biomass, it is possible to
enhance bioethanol production ensuring the success of SSF
scale-up. In fact, authors reported that in the best case in 350-L
fermenter the ethanol yield was 74 %, similar to that obtained
mn 50-L fermenter (ethanol yield 73 %).

Han et al. (2014) developed SSF reactor to generate high-
concentration bioethanol from Miscanthus biomass. They
used a continuous twin-screw extruder for pretreating ligno-
cellulosic biomass. The pretreatment reactor was fed with
Miscanthus biomass at a rate of 18 ¢ min ! and pretreatment
solution at 90 mL min . During this process, performed using
a deficient amount of NaOH at 95 °C with a rotation of
80 rpm, solid and liquid components were separated using
an o1l press to reuse the solution obtained after pretreatment.
This approach allowed reducing the costs of pretreatment pro-
cess minimizing wastewater and reducing the amount of ex-
pensive alkali catalysts used. The resulting pretreated biomass
was continuously fed at a rate of 80—150 g h™" into the bottom
of'a 5-L tank reactor for SSF until to achieve a final concen-
tration of approximately 25 % (w/v), containing a glucose
concentration of 40 g L™'. SSF process has been conducted
at 32 °C with agitation (90 rpm) for 96 h using an enzymatic
loading of 30 FPU g ' cellulose (Cellic® CTec2,
Novozymes), 15 % Cellic® HTec2 (Novozymes) and 7 %
(viv) S. cerevisiae CHY 1011. The optimized pretreatment
process coupled to a fed-batch approach increased the effi-
ciency of hydrolytic enzymes obtaining ethanol at high con-
centration (up to 74.5 ¢ L™ with a yicld and productivity of
89.5%and 1.4 ¢ L' h™") using high solid loadings lead to a
reduction of distillation energy costs.

Similar approach was also assayed by Kim et al. (2013)
that used a continuous twin screw-driven reactor (CTSR) pre-
treatment associated to a fed-batch SSF for bioethanol produc-
tion from poplar sawdust. The reactor was composed of 30
segments for continuous biomass rotation, pulvenzation, and
pressure. In this case, diluted H,SOy4 (4 %) was used as cata-
lyst in the pretreatment process conducted at 180 °C with a
screw rotation speed of 60 rpm and biomass feeding rate of
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1 g min ', Fed-batch SSF experiments were conducted using
30 FPU of Celluclast 1.5 L (Novozymes) and 70 pNPG
Novozyme 188 (Novozymes) per gram of cellulose in a bio-
reactor composed of four units of 1 L in which 6.0 wt %
pretreated biomass was added at three stages, maintaining a
constant solids concentration. This approach showed a great
potential since high ethanol concentration (39.9 g L") was
achieved.

Conclusions

This review gives an overview of the last advances i the bio-
reactor configurations used for the conversion of dedicated en-
ergy crops and residual materials, describing how parameters
like high solids loading, particles size, enzymes recycling,
speed/power input, volume, and substrates reactivity, can im-
prove the sugars release and the ethanol concentration. In the
last decade, due to the complexity of the lignocellulose macro-
molecular structure, new bioreactor configurations have been
designed and/or applied in order to make feasible the use of
high substrate loading during the bioconversion process. Bio-
reactors equipped with new agitation systems like a special
segmented helical stirrer (Ludwig et al. 2014), the S-shaped
mpellers (Riedlberger and Weuster-Botz 2012) and the double
helical ribbon impeller (Du et al. 2014) were constructed to
achieve an efficient fiber homogenization, reducing the re-
quired energy in conditions of high substrate loading. These
agitation configurations enhance the homogeneous mixing of
the biomass counteracting the elevate initial viscosity, due to the
high biomass dosage, and allowing to profit several advantages
related to this condition. As a matter of fact, a high substrate
loading can lead to several economic and operative advantages
such as the reduction of reactor size, the decrease n the sugars
loss and wastes generation and easier downstream processing,
due to higher product concentration. However, further develop-
ments in the bioreactor configuration combined to new efficient
agitation systems and optimal operative conditions are needed
to apply the process in pilot or industrial scale and to achieve a
high bioconversion yield.
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Abstract

The actualization of a circular economy through the use of lignocellulosic wastes as
renewable resources can lead to reduce the dependence from fossil-based
resources and contribute to a sustainable waste management. The integrated
biorefineries, exploiting the overall lignocellulosic waste components to generate
fuels, chemicals and energy, are the pillar of the circular economy. The biological
treatment is receiving great attention for the biorefinery development since it is
considered an eco-friendly alternative to the physico-chemical strategies to increase
the biobased products recovery from wastes and improve saccarification and
fermentation yields. This paper reviews the last advances in the biological treatments
aimed at upgrading lignocellulosic wastes, implementing the biorefinery concept and
advocating circular economy.

Keywords:

Microbial delignification; Fungal detoxification; Lignocellulolytic enzymes; Estherases;
Hydrolases.

Highlights

e Circular economy is based on renewable resources and sustainable waste
management.

e Biological delignification by microbial and enzymatic treatment are described.
e Enzymatic treatment of food, paper, cotton and oil wastes upgrading are reported.

e Further application of fungi in detoxification and enzymes production are
reviewed.

1. Introduction

Minimizing the dependence on fossil-based resources and reducing the generation of
solid and liquid wastes represent the main challenges for the modern society. The
worldwide wastes production was estimated, in the 2010, to be between 7 and 10
billion tonnes, half of which are produced by the most industrialized and developed
countries (UNEP, 2015). In spite of this, the globalisation is causing an increment of
waste per capita also in non developed countries, moving people from rural to urban
areas and increasing the rate of hazardous and industrial wastes (UNEP, 2015).

Most of the worldwide wastes are intended for landfill, or, in the worst cases, for
uncontrolled disposal, causing environmental damages and financial loss. It was,
indeed, calculated that the costs for the inaction in waste management are 5-10
times more than the actualization of a proper management, due to side effects like
tourism crisis and high cost for clean-up the environments (Wilson and Velis, 2015).
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Therefore, there is an urgent need for the development of a sustainable waste
management aimed at reducing wastes and improving the human and environment
health. A beneficial waste management is founded on the realization of a circular
economy, in which an integration between the use of renewable resources and the
wastes prevention is viable (Allesch and Brunner, 2014).

After the first oil crisis, the first (or rural) and the second (or urban) generation
biorefineries have undergone a considerable development, contributing to the
increase of the renewable resources usage (Jacquet et al. 2015). In 2013, the
renewable energy/resource supplied a 19.1 % of the global energy request, and
furthermore, this contribution is continued to expand in 2014 (REN21, 2015).
Lignocellulosic biomasses - including pulp and paper, agriculture, food, forestry and
municipal solid wastes - are considered as the major promising renewable resources,
since they are largely available around the world and allow to avoid the conflict food
versus fuel related to the use of edible crops (Gavrilescu, 2014).

A full recycling and re-use of agro-industrial lignocellulosic wastes take place in the
second generation biorefinery platform, where bio-based products (food, feed,
chemicals) and bioenergy (biofuels, power and heat) are generated through
integrated and sustainable processes (Liguori et al. 2013; FitzPatrick et al. 2010;
Amore et al. 2014). Circular economy, based on the biorefinery platform and the
approach 3Rs - reduce, reuse, recycling of waste, aims at accomplishing a closed-
loop system to maximize the recovery of raw materials derived from the waste at
end-of-life. The wastes should be considered "renewable resources" that can be
used again and again to generate valuable and marketable products, replacing the
exhaustible fossil-based resources (Velis, 2015).

This review summarizes the last advances in the biological processes for
lignocellulosic wastes upgrading, focusing the attention on the closed loop approach
promoted by the circular economy and realized through the biorefinery platform. A
schematic overview of the biological treatments and the corresponding upgraded
products described in this review is shown in Figure 1. In detail, an overview of
delignification and valorization of different lignocellulosic wastes through fungal,
bacterial and enzymatic treatments is given, with focus on the advantages and
disadvantages related to each method, as listed in Table 1, and on the large
spectrum of upgraded products generated by the processes, as reported in Table 2.

2. Advanced biological treatment of lignocellulosic wastes

2.1 Fungal treatment

The last advances in the treatment of agro-industrial wastes through fungal solid
state fermentation (SSF) are hereby reported, with focus on the sustainability of the
process and the achievable added-value bioproducts. The SSF represents an
environmentally and economically friendly alternative to the fisico-chemical ones,
since it does not require chemical agents and involves low temperatures and
pressures (Chandel et al. 2015; Moreno e al. 2015) (Table 1).

Several studies have been focused on the SSF as a pretreatment step in the
biorefinery platform, for delignifying and/or upgrading lignocellulosic biomasses
(Khuong et al 2014; Zhao J. et al. 2014; Zhao et al. 2012; Zhao et al. 2013) as well
as for detoxifying the lignocellulosic hydrolysates from the products, generated by the
hemicellulose and lignin degradation, that reduce the fermentation efficiency (Pereira
et al. 2012). Moreover, the fungal SSF has been also largely exploited to produce
(hemi)cellulolytic and lignin-degrading enzymes using cheap raw materials as
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substrates in order to reduce enzyme production costs (Mutschlechner et al. 2015;
Mahajen et al. 2014; Chatzifragkou et al. 2014).

Regarding the exploitation of the SSF for the removal of toxic compounds with the
aim to improve the fermentation efficiency, Pereira et al. (2012) demonstrated the
potential of the fungus Paecilomyces variotii for the detoxification of the hardwood
spent sulphite liquor (HSSL) from different microbial inhibitors like acetic acid, furfural
and polyphenols. The biological treatment, followed by the Pichia stipitis fermentation
allowed to reach an ethanol concentration of 2.4 g L** with a yield of 0.24 g ethanol g
L sugars.

Table 1. Advantages and disadvantages of different biological waste treatment.

Biological waste Advantages Disadvantages
treatment
e Low cost
Fungal treatment e Eco-friendly

e Long time (about 3-5
months)

e Feedstock loss

e Low conversion efficiency

e No-byproducts tolerant
strains

e Low temperature and
pressure

¢ No water and chemical
agents requirement

e No growth inhibitor formation

e Low waste generation

e Low energy demand

Bacterial treatment

e Eco-friendly
EnzymatiC treatment ° Low temperature and

pressure
Wide temperature and pH
ranges

No nutrient supplementation
No sugars consumption

High enzyme costs
Moderate enzymatic
performances

Enzymes recycling
Enzymes immobilization

e Short time (hours) e Enzymes activity
¢ High conversion efficiency improvement.

e Low waste generation

e Low energy demand

In the last decade, many efforts have being focused on the SSF operative
parameters optimization in order to maximize the delignification rate and the yield of
different added-value bioproducts (Melikoglua et al. 2013; Gujarathia et al. 2015).
Concerning the application of SSF as biological delignification process, Khuong et al.
(2014) demonstrated that the initial moisture content and the addition of inorganic
chemical factors affected delignification rate of the sugarcane bagasse and the
following ethanol production carried out by the fungal strain Phlebia sp. MG-60. In
detail, they showed as the addition of Fe?*, Mn?* and Cu?* at the beginning of the
integrated fermentation process and an initial moisture content of 75 % promoted a
selective lignin degradation, allowing to reach the 44 % of the effective ethanol yield.

Moreover, fungal treatment was also investigated as pretreatment for the production
of biogas — such as methane and hydrogen — as reported in Table 2 (Zhao J. et al.
2014; Zhao et al. 2012; Zhao et al. 2013). Zhao J. et al. (2014) verified the feasibility
of methane production through the fungal pretreatment of unsterilized yard


http://www.tandfonline.com/author/Gujarathi%2C+A+M

Appendix VI

trimmings, thus also avoiding the sterilization that is not economically sustainable in
the frame of the biorefinery industries (Salvachua et al. 2011). In detail, they
performed a pretreatment by using Ceriporiopsis subvermispora pre-colonized yard
trimmings, followed by solid state anaerobic digestion with an effluent collected from
a mesophilic liquid anaerobic digester. After 30 days of fungal treatment, 14.8-20.2 %
of lignin degradation was reached, and a methane vyield of 34.9-44.6 L kg* volatile
solids was obtained in the subsequent anaerobic digestion, leading to save 501-789
kJkg! of dry substrate. The feasibility of fungal treatment was also tested for
cornstalk delignification in combination with the hydrolysis, through Trichoderma
viride enzymes and the anaerobic fermentation by Thermoanaerobacterium
thermosaccharolyticum W16 in order to produce hydrogen via separate
saccharification and fermentation (SHF) (Zhao et al. 2012) and simultaneous
saccharification and fermentation (SSF) (Zhao et al. 2013). The results revealed the
feasibility of the biological delignification showing the highest production of 89.3 mL
of hydrogen gcornstalk for the SSF in comparison to the 80.3 mL of hydrogen g
cornstalk obtained through the SHF.

As mentioned above, the solid state fermentation has been also exploited as a
process for the production of (hemi)cellulolytic enzymes in combination with following
fermentation processes for the production of other upgraded products, such as
methane, ethanol and chemicals. Mutschlechner et al. (2015) demonstrated as the
optimal combination of inoculation density (2 x 108 spores 25 g substrate), initial
moisture content (70 %) and incubation time (10 days) during the delignification of
municipal solid waste promoted a high cellulase activity production by Trichoderma
viride. This led to an increase of the polysaccharides hydrolysis and nutrients
availability, together with a positive effect on the subsequent anaerobic digestion and
methane production performed by diluted fermenter sludges. Kiran et al. (2015)
exploited the solid state fermentation on waste cake to produce a fungal mash, rich in
hydrolytic enzymes, which was used to pretreat food wastes (Table 2). After 24 hours
of hydrolysis, the anaerobic digestion of enzymatically pretreated food wastes was
carried out, giving a biomethane yield and production rate of ~ 2.3 and 3.5 times
higher than that without biological treatment, respectively. They demonstrated as the
use of fungal mash in the pretreatment step, directly from solid state fermentation
and without any purification, could make more economically competitive the
production of biomethane from food waste. Chatzifragkou et al. (2014) tried to
develop the biorefinery platform utilizing the by-products from the biodiesel industry,
named rapeseed meal (RSM), to produce the 1,3-propanediol (PDO). The fungal
strain Aspergillus oryzae was inoculated on the RSM at 30 °C in order to promote the
(hemi)cellulolityc enzymes production; after 48 hours of fermentation, distilled water
was directly added to the solid residues to perform the saccharification and obtain the
RSM hydrolysate. The batch cultivation of Clostridium butyricum VPI 1718 by using
the RSM hydrolysates as fermentation broth gave a 65.5 g L'of PDO with a
productivity of 1.15 g L*h2.

The lignocellulosic wastes treatment through fungal strains for the production of
ethanol has been largely exploited (Bhargav et al. 2008; Singhania et al. 2009). In
the last decade, bioethanol production has increased rapidly because many countries
have issued several “Fuel Ethanol Programs”, aimed at mandating the use of ethanol
blends through tax incentives or exemption. In 2014, global bioethanol production
churned out a record of 14.3 billion gallons, eclipsing the previous record of 13.9
billion gallons set in 2011 (Srivastava et al. 2015). Mahajen et al. (2014) investigated
the solid state fermentation both to produce enzymes and delignify the rice straw for
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the ethanol production. Different thermophilic fungal strains were cultivated on rice
straw for 7 days at 45 °C and then, the culture extracts were directly used for the
subsequent saccharification of the Myrothecium roridum treated cornstraw. During
the saccharification step, the maximum release of reducing sugars (11.26 mg mL)
was obtained using the enzymatic cocktail, consisting of cellobiohydrolase,
endoglucanase, xylanase, a-arabinofuranosidase, [-xylosidaseand and -
glucosidase, produced by the strain named CM-3T. The resultant hydrolysates were
fermented by Saccharomyces cerevisiae, reaching the maximum amount of 15.0 g L
L of ethanol.An effective strategy to increase the environmental and economic
sustainability of the bioconversion process for ethanol production is represented by
the consolidated bioprocessing (CBP), that combines cellulase production, enzymatic
hydrolysis and fermentation using an unique microorganism properly engineered to
perform all these steps in a single reactor (Zheng et al. 2014). The production of
ethanol from lignocellulosic crops by using a fungal strain as unique microorganism
was investigated by Okamoto et al. (2011) and Kamei et al. (2012), as reported in
Table 2. Okamoto et al. (2011) performed a direct conversion of wheat bran and rice
straw into ethanol by using the fungal strain Trametes hirsuta. In 6 days, 78.8 % and
57.4 % of the theoretical ethanol yield were achieved on wheat bran and rice straw,
respectively. In addition, the white-rot fungus Phlebia sp. MG-60 was used as single
microorganism for the conversion of oak wood into ethanol (Kamei et al. 2012).
Without supplementation of chemicals or enzymes, 40.7% of lignin degradation was
reached after 56 days of aerobic incubation, while after 20 days of semi-aerobic
saccharification and fermentation, 43.9 % of the maximum theoretical value of
ethanol was obtained.

2.2 Bacterial treatment

A single bacterium or a bacterial consortium have been widely investigated for their
ability to convert factory wastes in biogas, such as methane and biohydrogen, as
widely discussed in the review published by Demirel et al. (2010). Kim and Kim
(2013) investigated the production of H2 and CH4 from food waste through a novel
developed three-stage fermentation process (Table 2). The lactate fermentation
effluents (LFE), obtained from the first step of food waste fermentation into lactate,
were used as substrate for the growth of Rhodobacter sphaeroides KD131 and
converted in Hz by photo-fermentation. Moreover, the remaining residue of LFE were
converted in CHathrough an anaerobic digestion carried out by an anaerobic digester
derived from a wastewater treatment plant. The process allowed to convert the 41 %
and 37 % of the energy food waste into H2 and CHa4, respectively. Besides biogas
production, recently, the attention was focused on the microbial digestion as
pretreatment step for a sustainable conversion of biomass into a spectrum of more
competitive bio-based chemicals (Liang et al. 2014; Tang et al. 2015) and biofuels
(Zhao C. et al. 2014; Du et al. 2015). In comparison to the fungi, the bacterial strains
show lower level of (hemi)cellulolytic activity production, that reduce the loss of
cellulose, giving significant advantages during the delignification step (Huang et al.
2013; Brown et al. 2014). Solid state fermentation, carried out by the strain Bacillus
subtilis NX-2, was performed to covert the agro-industrial waste dry shiitake
mushroom residues (DSMR) into poly(y-glutamic acid) (y-PGA) (Tang et al. 2015)
(Table 2). The monosodium glutamate production residues (MGPR) were added to
the DSMR as a substitute of glutamate, while the industrial waste glycerol was used
in order to increase the carbon source concentration. Under the optimal DSMR-to-
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MGPR ratio of 12:8, 115.6 g kg y-PGA was obtained, yield that reached the value of
107.7 g kg'* when the scale-up up to 50 Kg in open air was performed.

Table 2. Added-value products achievable from the upgrading of different wastes.

Wastes Added-value products References
Fungal treatment

Hardwood spent sulphite Ethanol Pereira et al. 2012
liquor
Sugarcane bagasse Ethanol Khuong et al. 2014
Yard trimmings Methane Zhao J. et al. 2014

Zhao et al. 2012
Cornstalk Hydrogen Zhao et al. 2013

- . Meth
Municipal solid waste . ethane Mutschlechner et al. 2015
(hemi)cellulolytic anzymes
Ethanol

Rice straw

(hemi)cellulolytic anzymes

Mahajen et al. 2014

Rapeseed meal

1,3-propanediol
(hemi)cellulolytic anzymes

Chatzifragkou et al. 2014

erat bran Ethanol Okamoto et al. 2011
Rice straw
Oak wood Ethanol Kamei et al. 2012
Bacterial treatment
Food waste Methane Kim and Kim 2013
Hydrogen
Agro-industrial poly(y-glutamic acid) Tang et al. 2015
Lactic acid
Potato peel waste Acetic acid Liang et al. 2014
Ethanol
Miscanthus floridulus Ethanol Zhao C. et al. 2014
Sweet sorghum stalks Ethanol Du et al. 2015
Enzymatic treatment
Waste cake Methane Kiran et al. 2015
Corn stower Methane Schroyen et al. 2014
Wheat straw, hemp, flax,
corn stover, miscanthus and Methane Schroyen et al. 2015
willow
Eucalyptus globulus Ethanol Gutiérrez et al. 2012
Pennisetum purpureum
Waste cooking oils Biodiesel Talukder et al. 2009
Oil deodorizer distillate Biodiesel Su et al. 2014
Residual banana Glucose, Naranjo et al. 2014
Polyhydroxybutyrate
Ethanol
Food wastes Hydrogen Han et al. 2015

Paper wastes

Different deinked papers

Lee et al. 2013

Paper wastes

Deinked old newsprint

Virk et al. 2013

Cotton wastes

Scoured cotton fibers

Karapinar and Sariisik, 2004

Cotton wastes

Scoured cotton fibers

Agrawal et al. 2008
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Cultures composed of undefined different microrganisms allow to avoid several
operative restrictions - such as pH control, sterilization, temperature and nutrients -
due to their quick and efficient response to complex conditions, great self-evolution
abilities and adaption (Agler et al. 2011). Liang et al. (2014) developed a simple
bioconversion of potato peel waste (PPW) into lactic acid, acetic acid and ethanol by
using undefined mixed cultures inoculated from wastewater treatment plant sludge
(Table 2). Through batch fermentations withouth pH control, 0.22 g g, 0.06 g g},
and 0.05 g g* of lactic acid, acetic acid and ethanol were obtained.

Mixed microbial culture can be composed of genetically engineered strains or natural
consortia. Althogh the engineered strains show high ethanol production and by-
products tolerance (Argyros et al. 2011), they exhibit a confined substrate range and
more expensive operative conditions in comparison to the natural consortia.
Nevertheless, furter investigation are needed to improve the poor ethanol production
showed by most of natural consortia (Zuroff et al. 2012). The anaerobic ethanol-
producing microbial consortium, named SV79, was isolated from Great Basin hot
springs (Nevada, USA) by Zhao C. et al. (2014) and enriched through medium
containing the lignocellulosic crop Miscanthus floridulus as carbon source. Genera
like Acetivibrio, Clostridium, Cellulosilyticum, Ruminococcus and Sporomusa,
belonging to the consortium, were the main responsible for the biomass conversion
into ethanol, giving a production of 2.63 mM ethanol g* of Miscanthus floridulus
(Table 2). Du et al. (2015) investigated the ethanol production from sweet sorghum
stalks of 16 different natural bacterial consortia isolated from several habitats in
China (Table 2). Besides to select the HP consortium as the best ethanol producer
(2.06 g L? ethanol), they demonstrated the increment of ethanol production by
several microbial consortia when the strain Pseudoxanthomonas taiwanensis was
added during the fermentation. This strain produced large amount of B-glucosidase
enzymes, increasing the cellobiose degradation and reducing the metabolite
repression of exoglucanase, thus allowing a better consortium performances. Based
on that, they optimized the amount of Pseudoxanthomonas taiwanensis in the HP
consortium, generating a new consortium named HPP, reaching a maximum ethanol
production of 2.5 g L.

2.3 Enzymatic treatment

Enzymatic treatments have been adopted for a wide range of biotechnological
processes aimed at converting the waste materials into upgraded products. The
enzymes represent a green route for the reduction of wastes generation and the
energy demand, mandatory for the development of economical and eco-friendly
biorefineries.

Several researches have been focused on the enzymes application for lignocellulosic
wastes delignification (Kiran et al. 2015; Schroyen et al. 2015; Schroyen et al. 2014;
Gutiérrez et al. 2012) as well as for the conversion of oil (Talukder et al. 2009; Su et
al. 2014;), food (Naranjo et al. 2014; Han et al. 2015), paper (Lee et al. 2013; Virk et
al. 2013) and cotton (Karapinar end Sariisik, 2004; Agrawal et al 2008) wastes into
marketable products to be employed in many industrial application, as described
below.
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Figure 1. Schematic overview of the biological treatments and the corresponding products described
in this review.

2.3.1 Enzymatic delignification

The ligninolytic enzymes can be used for biomass delignification in alternative to
fungal and bacterial strains. The application of laccase, lignin peroxidase (LiP),
manganese peroxidase (MnP) and versatile peroxidase (VP) (Heinfling et al. 1998;
Martinez et al. 2009), not only increases the cellulose accesibility to (hemi)cellulolytic
anzymes, but it also allows to recover valuable phenolic compounds derived from
lignin degradation (Zakzeski et al. 2009); this combined effect can be exploited to
develop an economically and eco-friendly biorefinery system (Roth and Spiess,
2015).

Higher delignification rate and quicker process are two of the main advantages of the
use of enzymes in comparison to the microorganisms (Vivekanand et al. 2008).
Moreover, the enzymatic delignification can be carried out in wide temperature and
pH ranges, the nutrient supplementation is not required and there is no sugars
consumption (lbarra et al. 2006). However, the high cost of the enzymes is the main
bottleneck to develop a biorefinery platform in which the bioconversion of
lignocellulosic feedstock into added-value bioproducts could be carried out. Many
efforts have being focused on the identification of novel lignin-degrading enzymes
through advanced metagenomic approaches (Scully et al. 2013), in combination with
technologies and tools aimed at enhancing the enzyme performances (Ruiz-Duefias
et al. 2008, Cherry et al. 1999) and reducing the enzymes production costs (Jun et al.
2011). Besides available commercially enzymes, culture supernatant rich in
ligninolytic enzymes or mix containing purified enzymes were employed for the
biological delignification of lignocellulosic wastes. A cocktail composed of purified
laccase derived from Trametes versicolor and versatile peroxidase from Bjerkandera
adusta was tested for the delignification of wheat straw, hemp, flax, corn stover,
miscanthus and willow followed by methane production (Schroyen et al. 2015) (Table
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2). A strict relation (R?> = 0.89) between lignin content and biomethane potential
(BMP) was demonstrated. They observed a high release of total phenolic compounds
(TPC), index of lignin matrix degradation, during the enzymatic treatment of
miscanthus and willow, richer in lignin than the other biomasses tested. As a
consequence, lower biomethane production (68.8-141.7 NL kg') was obtained from
miscanthus and willow in comparison to the values (241 - 288 NL kg?) shown by the
other substrates, charachterized by low lignin content. Schroyen et al. (2014)
delignified the corn stower with different enzymes, like laccase, manganese
peroxidase and versatile peroxidase for different incubation times (0, 6 and 24 h)
(Table 2). They observed a biomethane production increament of 25 % after corn
stower delignification by using laccase for 24 h, while the peroxidase gave an
increment of 17 % after 6 h. Moreover, the treatment was characterized by a low
concentration of inhibitors for the subsequent anaerobic digestion.

In most cases, lignin-containing substrates were not oxidized because either they are
not able to enter in the activate site of the enzymes or they present a too high redox
potential. Based on that, "laccase mediators" were used in combination with laccase
to promote the oxidation of non-specific substrates (Hu et al. 2009). Gutiérrez et al.
(2012) verified the feasibility of ethanol production from Eucalyptus globulus and
Pennisetum purpureum treated by laccase from Trametes villosa in combination with
the laccase mediator 1-hydroxybenzotriazole (HBT) (Table 2). The delignification
carried out by using 25 U g* and 2.5% HBT increased the glucose release up to 61
% and 12 % in 72 h and the ethanol production of 4 and 2 g L'* in 17 h for Eucalyptus
and Pennisetum, respectively, in comparison to the no treated ones.

2.3.2 Other wastes upgrading via enzymatic conversion.

Oil wastes

Oil wastes are potential feedstock, usable in substitution of the expensive virgin
vegetable oils, for the production of biodiesel (BD) through lipase application (Huang
et al. 2009). Talukder et al. (2009) developed a conversion of waste cooking oils
(WCO) into biodiesel applying a process suitable for a wide range of feedstock
showing high free fatty acid (FFA) content, such as waste greases and animal fats
(Table 2). In the first step, a lipase from Candida rugosa was used to hydrolyze WCO
into fatty acid, which was subsequently converted in BD through chemical
esterification. A high BD yield, corresponding of 99 %, was reached even if the lipase
slightly lost the activity after 5 cycles, determining a decreament of BD vyield up to 92
%.

Su et al. (2014) adopted a hydrophobic macroporous resin NKA to immobilize the
lipase produced by Rhizopus oryzae and improve the enzymes performance during
the rapeseed oil deodorizer distillate (RODD) conversion into BD (Table 2). The
thermostability and pH-resistance of the immobilized lipase were higher than that of
the free ones, giving a BD yield of 98.23 %, value comparable to the yield of 97.46 %
obtained by using the commercial enzyme Novozym 435. The system could be
efficiently integrated as a part of a RODD biorefinery, since, besides to an efficient
BD vyield, it reduced by 5 % the loss of vitamin E and sterols, achievable from the
FFAs-extracted RODD.

Food wastes
A bioferinery system for the conversion of banana residues (peel and pulp) into
glucose, polyhydroxybutyrate (PHB) and ethanol via enzymatic steps was
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investigated by Naranjo et al. (2014) (Table 2). The liquefaction of residual banana
catalyzed by a-amylase, followed by a saccharification through glucoamylase,
allowed the release of glucose, which was subsequently converted into PHB by the
strain Burkholderia sacchari IPT101 and into bioethanol by Pichia stipitis. The results
demonstrated the economic feasibility of the process that reduces the PHB, glucose
and ethanol production costs to 26 %, 22 % and 53 %, respectively and the global
need of energy up to 30.6 %. Moreover, the ethanol yield recovery from residual
banana was comparable with that obtained by using corn starch and cane molasses
as substrates.

An enzymatic process for the conversion of food wastes from cantinee university into
biohydrogen was reported by Han et al. (2015), combining solid state fermentation
(SSF) with the dark fermentation (Table 2). SSF of Aspergillus awamori and
Aspergillus oryzae on food waste was exploited to obtain a cocktail of glucoamylase
and protease, which were used for the subsequent hydrolysis of fermented food
wastes. The obtained hydrolysate, with a final glucose and free amino nitrogen
concentration of 36.9 g L* and 361.3 mg L, respectively, was then converted into
biohydrogen through dark fermentation by anaerobic sludge collected from a local
municipal wastewater treatment plant, reaching 39.14 mL of H2g* of food waste.

Paper wastes

The recycling of paper wastes gives a source of raw fiber that could be reused in
many industrial applications within the pulp and paper industrial fields. Among the
several processes needed for the paper recycling, the deinking, used to remove ink
particles from the paper surface, causes a strong negative impact on the
environment due to the large use of chemical agents and the production of damaging
emissions (Prasad et al. 1992). The application of enzymes, such as laccases,
xylanases, cellulases, esterases, pectinases and amylases is receiving large
attention since it involves an improvement of recycled paper properties - like strength
and brightness - in combination with a reduction of the environmental impact (Lee et
al. 2013; Virk et al. 2013). Lee et al. (2013) evaluated the effects of the enzymatic
deinking on different waste papers obtained from the University Sains Malaysia
campus. The cellulase A "Amano" 3 and hemicellulase “Amano” 90 (Amano
Pharmaceuticals Co. Ltd., Nagoya, Japan) from Aspergillus niger were used for the
ink removal. Based on the chemical composition of the papers used and the printing
techniques employed for the inking, a variable deinking efficiency was observed,
giving deinked papers with different mechanical properties. The highest and the
lowest deinking efficiency of 86.6 % and 12.9 % were observed for the laser-printed
paper and newspaper, respectively. A drainage rate of all kinds of the deinked
papers was effectively increased, while unconformable effects were reported for the
tensile, burst and tear index. Indeed, the tensile index of magazine paper was
improved, while its reduction was observed for the bubble jet-printed paper,
photocopy paper and newspaper. A tear index reduction of 21.1 % was observed for
the bubble jet-printed whereas a slight increment of 3.1 % was reported for the
deinked laser-printed paper. Virk et al. (2013) investigated the feasibility of a
methodology that combines enzymatic and physical deinking for the old newsprint.
They tested the effectiveness of xylanase from Bacillus halodurans FNP 135 and
laccase from Rheinheimera species, alone and in combination with sonication and
microwaving, optimizing the operative conditions such as enzyme dose, pH and
treatment time through a surface responce metodology. Combining xylanase and
laccase enzymatic activities, the reduction of effective residual ink concentration of
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65.8 % was observed, an increment of 37.3 % and 5.8 % in comparison to the use of
xylanase or laccase individually. An improvement in optical and strength properties -
burst and tear factor, brightness and viscosity - was also observed, coupled with a
reduction of 50 % of chemical consumption. The enzymatic treatment combined to a
microwave and sonication showed the highest reduction of effective residual ink of
73.9 %, giving a high-quality deinked old newsprint.

Cotton waste

In the textile industry, the scouring treatment was largely employed in order to
improve the wettability and the dyeing of the cotton fibers, removing the hydrophobic
external cuticula. Usually, hot temperature and chemical agents were exploited for
this treatment, requiring large amount of energy and water (Hartzell-Lawson et al.
1998). The application of enzymes for the cotton scouring has received large
attention in order to reduce the negative environmental impact of the process
(Karapinar and Sariisik, 2004; Agrawal et al. 2008). The wettability and absorbency
of cotton fibers after the application of different combinations of pectinase, protease
and cellulase were evaluated by Karapinar and Sariisik (2004), taking also the effects
on the bleaching and dyeing processes into account. In 60 minutes, a combination of
cellulase, protease and pectinase, allowed reaching a wettability comparable with
that obtained by applying the mainstream alkaline treatment. Agrawal et al. (2008)
developed an efficient scouring strategy at low temperature through a sequential
combination of cutinase from Fusarium solani pisi and pectinase Bioprep 3000L
(Novozymes). The cutinase, acting at 30 °C for 15 min, showed the same wax
removal yield obtained with a solvent extraction. Moreover, its enzymatic activity has
contrasted the negative increment of hydrophilicity generated by surfactants, like
Triton X-100, and increased the pectin removal by improving the pectinase
performances as occurs after a n-hexane treatment.

3. Conclusion and future perspectives

Future prospects for the optimization of lignocellulosic wastes bioconversion must
involve a more systematic improvement of microorganisms and enzymes
performances, with particular attention to the economic feasibility as well as the
environmental impact.

Despite its numerous advantages, solid state fermentation is limited by some
drawbacks, mainly related to the identification of optimal culture conditions such as
substrateconcentration and sterilization, pH and temperature, in addition to the high
variability of the process performances (i.e., fungal growth rate and percentage of
humidity) and the difficulty for the industrial scale-up. In order to solve the limits in the
operating conditions, many efforts are focused on i) discovering new lignocellulolytic
microorganisms and/or employing of co-culture systems that are more productive
under the stressful conditions, (Agler et al. 2011) and, ii) identifiyng the more suitable
paramenters combination through a statistical optimization (Karp et al. 2015).
Moreover, improvements on the bioreactors configuration have being carried out to
solve engineering problems and make possible the solid-state fermentation in
industrial scale (Ali and Zulkali, 2011).

As far as the anzymatic treatment is concerned, the main drawback is related to the
high costs of the enzymes and the large amounts required for the industrial
applications.

Microorganisms, such as fungi and microbial strains, are exploited as a source of a
wide range of enzymatic activities, with the aim to reduce their production costs
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through economic processes, such as the solid state fermentation (Bhargav et al.
2008). Nevertheless, naturally produced enzymes show often low performances, like
restricted range of pH and temperature, low substrate specificity and
biodegradability, all critical features that limit their use and increase the amounts
required for accomplish a certain industrial process. Many researches are aimed at
producing customized enzyme systems with improved hydrolysis efficiencies. A
combination of genomic, transcriptomic and proteomic analysis allows to i) enhance
enzymes from natural sources through rational design and directed evolution
strategies (Lane and Seelig, 2014), ii) discovering of new enzymes with improved
properties by metagenomic approach (Montella et al. 2015); iii) design of artificial
enzymes with suitable properties (Liu et al. 2013); and, iv) developing of genetically
modified microorganisms more suitable for the production of lignocellulolytic
enzymes by optimized expression systems (Lambertz et al. 2014). Recently, the
interest is moving towards the expression of in vitro-optimized enzymes in a cell
factory; indeed, the use of one microorganism engineered with genes from various
sources allows to reduce the impact from an economic point of view (Kondo et al.
2013). However, the real application of genetically modified organisms in the wastes
valorization has to face some difficulties related to ethical issues, such as a negative
general consumer perception about both the integrity of the manipulated organisms
and the effects and the risks caused on the environment and human health after their
release. People have a not positive idea of what is considered unnatural, giving more
attention to the possible risks than the benefits. This public attitude could be moved
towards the acceptance of the engineered organisms through appropriate information
and legislation (McHughen and Smythm, 2008; Bawa and Anilakumar, 2013).
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Fuselloviruses SSV1 and SSV2 are model systems to investigate virus—host relationships in stably
infected cells thanks to their temperate nature. Although they are very similar in morphology, genome
organization and gene synteny, their replication is induced by different stimuli, i.e.: by UV-light exposure
(for SSV1) and by the growth progression of the host (for S5V2). In this study, we have analysed global
gene expression in SSV1- and SSV2-lysogens of Sulfolobus solfataricus P2 in the absence of any stimuli.
Additionally, the interplay among S5V1, SSV2 and the host has been investigated in a double-infected
strain to explore both virus—host and virus—virus interactions. Whereas SSV1 did not induce major
changes of the host gene expression, SSV2 elicited a strong host response, which includes the tran-
scriptional activation of CRISPR loci and cas genes. As a consequence, a significant decrease of the SSv2
copy number has been observed, which in turn led to provirus-capture into the host chromosome. Re-
sults of this study have revealed novel aspects of the host—viral interaction in the frame of the CRISPR-

response.

© 2015 Elsevier B.V. and Societé Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights

reserved.

1. Introduction

The majority of organisms is susceptible to viral infection and
accordingly it has been predicted that viruses inhabit several
niches worldwide [12]. This makes viruses, especially those
infecting prokaryotes (i.e. Archaea and Bacteria), the most pre-
dominant biological entity on Earth [3]. Soon after the discovery of
the archaeal domain, many viruses and virus-like particles have
been isolated from extremely hot, low pH or hypersaline niches
[4,5]. Intriguingly, these viruses exhibit unique morphologies
compared to those of bacteriophages, and fall into ten new virus
families in the current classification [4,6,7]. For instance, spindle-
shaped viruses are exceptional on their own since this
morphotype is a hallmark of viruses infecting archaeal

* Corresponding authors.
E-mail addresses: qunxin@bio.ku.dk (Q. She), contursi@unina.it (P. Contursi).
1 These authors contributed equally to this work.
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microorganisms [8] and it has never been described for bacterio-
phages or eukaryal viruses.

Spindle-shaped viruses infecting organisms of the genus Sul-
folobus (SSVs) belong to the family Fuselloviridae, which comprises
so far ten members (SSV1, SSV2, S5V3, SSV4, SSV5, SSV6, SSV7,
SSV8, SSV9 and ASV1) [59]. Sulfolobus spindle-shaped virus 1
(SSV1) is a model virus for investigating virus—host relationship,
since it is the only UV-inducible archaeal virus isolated to date
[9—11]. Analysis of SSV1 transcription has laid the basis for un-
derstanding how archaeal gene expression is regulated [12,13].
Moreover, its genome has served as a backbone for the construc-
tion of vectors for genetic manipulation and gene expression in
Sulfolobus [9]. SSV1 is a temperate virus that, upon infection, es-
tablishes a stable coexistence with the host by keeping its copy
number low and constant throughout the growth of infected cells.
It is worth noting that, unlike lambda-lysogens, in which only
proviruses exist, SSV1-lysogens carry both a provirus (an inte-
grated viral genome in the host chromosome) and a few episomal
copies of the viral DNA [14,15]. Consequently, viral progeny is

0300-9084/© 2015 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.
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constitutively produced at low level even in the absence of the
inducing stimulus (i.e. UV-light exposure). Therefore, the lysogenic
state of SSV1 is better defined as a carrier state [11,16]. The tran-
scriptional map of SSV1 highlighted the chronological expression
of viral genes as consequence of the UV exposure [10]| and helped
speculating about the function of their products. However, so far,
the general lack of sequence similarity with other proteins in
public databases has hindered functional studies of these viral
genes. In fact, only a limited number of proteins encoded by SSV1
or other fuselloviruses have been functionally and/or structurally
characterized [11,17—24].

On the other hand, although SSV2 resembles SSV1 in the shape
of the viral particle as well as in genome organization and gene
synteny, its replication is not induced by an external stimulus as for
SSV1. Rather, the SSV2 copy number is kept constant and low
(around 1-3 copies per cell) until the native host Sulfolobus islan-
dicus REY15/4 enters into the stationary growth phase, when a
steep increase of the copy number occurs (25—50 copies per cell)
[25]. This effect has not been observed for the permissive host
Sulfolobus solfataricus, in which S5V2 shows a copy number com-
parable to that of the induced state of the natural host. This led to
the hypothesis that a transcription factor encoded by the natural
host S. islandicus was involved in the regulation of the viral repli-
cation induction and this factor is presumably absent in the foreign
host S. solfataricus |25].

Recently, a transcriptome analysis has been carried out to define
the gene expression pattern of SSV2 in the early stages of infection
of S. solfataricus cells (up to 9 h post infection) [26]. This allowed
detecting seven non-overlapping transcripts that were termed after
the SSV1 counterparts. Although, genome transcription occurred
(as for S5V1) in a temporal fashion, early genes were not adjacently
located and displayed a distributive pattern of expression [26].
Since the study by Ren et al., is limited to a short post-infection time
window, genes responsible for the maintenance of the SSV2 carrier
state have not been identified.

Only a few global gene expression analyses of hosts infected
with archaeal viruses have been reported [10,26—29]. Worth-
mentioning are those performed on the lytic Sulfolobus islandicus
rod-shaped virus 2 (SIRV2), which exhibits a temporal pattern of
gene expression [28]| as well as on the Sulfolobus turreted icosa-
hedral virus (STIV), which does not show any temporal regulation
[27]. Viral-host interactions in Crenarchaea have been successfully
investigated at gene expression level both for lytic and temperate
viruses, using as host S. solfataricus P2. Since it has been shown that
several S. solfataricus strains isolated in Italy are susceptible to
infection by all fuselloviruses [30], this host is a suitable cren-
archaeal model to study fusellovirus—host relationships. Moreover,
the strain P2 harbours the CRISPR-Cas antiviral defense system,
which is one of the main players of the virus—host arms race. In
brief, to achieve viral immunity, DNA sequences of invading genetic
elements (i.e. protospacers) are integrated in the array of a CRISPR
locus in a process known as adaptation. Transcription of these loci
produces crRNAs that form ribonucleoprotein complexes with Cas
proteins. Foreign nucleic acids are detected and degraded by these
complexes in the interference stage [31].

The genome of S. solfataricus P2 harbours six CRISPR loci (from
A to F) and cas gene cassettes encoding for up to seven different
interference complexes, i.e. of subtypes I-A (Cascade complex), lll-
B (CMR complex) and II-A [31]. Whereas ribonucleoprotein
complexes of subtypes 1A and IlI-A exert DNA recognition and
degradation, those belonging to the subtype IlI-B cleave RNA in a
sequence-specific manner. These features make S. solfataricus P2
an exceptional model to investigate the modulation of the CRISPR-
Cas system activity in response to the infection by different vi-
ruses. Herein we report a whole-transcriptome analysis that

highlights gene expression remodelling in S. solfataricus upon the
establishment of SSV1 and SSV2 into the host cells. Previous
studies have been carried out to investigate on variation of gene
expression in the immediate aftermath of SSV2 infection (upto 9 h
later) [26] or upon UV-stimulus in SSV1 lysogens [10]. We show
that once S5V1 and SSV2 established a carrier state, the host
response elicited by the two viruses is very different. Noteworthy,
the up-regulation of CRISPR-Cas system occurs only in cells
infected with SSV2.

2. Materials and methods
2.1. Strains, media and growth conditions

SSV1-, SSV2- and SSV1/SSV2-infected strains of S. solfataricus
P2 were generated, as described elsewhere [11,25], using as host
the uracil auxotrophic mutant InF1 [32]. Cultures were grown
aerobically in TYSU, i.e. a glycine-buffered Brock's basal salt solu-
tion supplemented with 0.1% tryptone, 0.05% yeast extract, 0.2%
sucrose and 0.002% uracil (w/v); the pH was adjusted to 3.2 with
H2504 [32]. Incubation was conducted in 250-ml Erlenmeyer flasks
at 75 °C, with a shaking rate of 150 rpm in an [nnova 3100 Water
bath shaker (New Brunswick Scientific Corp).

Aliquots from frozen cultures of the uninfected InF1 and the
infected strains (SSV1-InF1, SSV2-InF1 and SSV1/SSV2-InF1) were
revitalized by inoculating in TYSU medium. Cell growth was
spectrophotometrically monitored at 600 nm (ODggp) throughout
the cultivation by means of a Variant Cary® 50 Bio UV/Visible
Spectrophotometer (McKinley Scientific). Once reached 0.4
ODggo, cultures were diluted to 0.05 ODgpo, incubated back to
75 °C and samples collected at 0.4 ODggo (early exponential
phase) and 1.2 ODggg (late exponential phase). Cellular pellets
were obtained by centrifugation at 3000 x g for 10 min using the
Centrifuge 5810R (Eppendorf) and treated for total DNA and RNA
preparations.

To isolate single clones from the SSV2-InF1 strain, serial di-
lutions of this culture were plated on TYSU-Gelrite and incubated at
75 °C. Isolated colonies appeared on the plate surface after 7—10
days (about 100 colonies per plate). Several colonies were inocu-
lated in liquid medium (about 10 per plate), let to grow until 0.4
ODggo and culture supernatant tested by plaque assay for viral titre
determination, using the uninfected InF1 strain as lawn and the
supernatant of the SSV2-InF1 culture as a control. Single clones
showing a lower viral titre were streaked on plates three times in
the attempt to isolate SSV2-cured cells.

2.2. RNA extraction, cDNA synthesis and labelling

Total RNA samples were prepared using the TRIzol reagent
(Sigma Aldrich®) and carried-over DNA was digested using Turbo™
DNase (Ambion®), according to the manufacturer's instructions.
The enzyme was thermal inactivated at 70 °C for 10 min after the
addition of 5 mM EDTA (Ethylene Diamine Tetraacetic Acid). DNA-
free RNA samples were purified by phenolic extraction and ethanol
precipitation. RNA pellets were dissolved in nuclease-free water
and both concentration and integrity were checked through: i)
electrophoresis on denaturing, formaldehyde-containing 2.0%
agarose gel and ii) determination of the 260nm/280 nm adsorption
ratio using a Nanodrop 1000 Spectrophotometer (Thermo Scienti-
fic). Only samples showing ratios between 2.1 and 1.9 were used for
cDNA synthesis.

cDNA labelled with 5-(3-aminoallyl}dUTP (aa-dUTP) was
generated using the Amersham CyScribe Post Labeling Kit (GE
Healthcare) according to the manufacturer's directions, with few
modifications as follows: 4 pul of random hexamers primers, 1 pl
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random nonamers primers, 10—15 pg total RNA and nuclease-free
water were mixed in a final volume of 11 pl. The mixture was de-
natured at 70 °C for 5 min and chilled at room temperature for
10 min. Four microlitres of 5 x CyScribe buffer, 1 pl dNTP mix, 1 pl
aa-dUTP, 2 ul DTT 0.1 M and 1 pl CyScribe reverse transcriptase,
were added to the reaction mixture and incubated at 42 °C for
90 min. Afterwards, the RNA template was degraded by adding 2 pl
of 2.5 M NaOH and incubating at 37 °C for 15 min. The allyl-dUTP
cDNA sample was purified using the lllustra Cyscribe GFX Purifi-
cation kit (GE Healthcare) after neutralizing the reaction mixture
with the addition of 10 pl of 2 M HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid). The concentration of the purified
cDNA was spectrophotometrically determined.

The CyDye labelling of the amino allyl-modified cDNA was
achieved using the Amersham CyScribe Post Labeling Kit (GE
Healthcare) and purification of the labelled cDNA was carried out
using the MinElute® PCR purification kit (Qiagen), following the
manufacturer's instructions. Reference (ref) and experimental (exp)
cDNA samples were labelled with cyanine-3 (Cy-3) and cyanine-5
(Cy-5), respectively. The ratio between the CyDye-labelled and
the total cDNAs was used to monitor the labelling efficiency. Only
reference and experimental cDNA samples showing similar label-
ling efficiency were co-hybridized on the same slide. For each
hybridization reference and experimental samples are indicated in
the text (Section 3, Results and discussion).

2.3. Microarray hybridization and data analysis

Customized microarray slides harbouring about 7000 spots
were designed by the Sulfolobus genome chips consortium and
manufactured by Ocimum Biosolutions (Hyderabad). A single
array includes probes, spotted in duplicate, for 3042 S. solfataricus
P2 genes, for several crenarchaeal viruses, three plasmids as well
as for human and Arabidopsis thaliana sequences as negative
controls [26—28]. The microarray slide was first dipped into a
coupling jar containing 25 ml of prewarmed prehybridization
solution (1% BSA; 5 x SSC; 0.1% SDS) and then incubated at 42 °C
for 40 min under shaking (Thermo-Electron Corporation). The
prehybridized slide was washed three times with distilled water
and once with 100% isopropanol. Finally, the slide was dried by
centrifugation and a LifterSlip coverslip was applied onto the
array-area.

The hybridization solution, i.e. 60% deionized formamide,
7 % SSC(1.0 M NaCl, 0.1 M sodium citrate), 2% SDS, 0.2 pg/ul herring
sperm DNA and 0.2 pg/ul tRNA was incubated at 95 °C for 2 min
and chilled on ice for 1 min, before adding equal amounts of
reference and experimental cDNAs {50 pmol CyDye for each).
Subsequently, the hybridization mixture was carefully injected
between the array surface and the coverslip. The slide was sealed in
a hybridization chamber and incubated at 42 °C for 18 h. Washing
of the hybridized slide was performed with: i) a prewarmed so-
lution A (2 x SSC; 0.1% SDS), at 42 °C for 5 min under gentle
shaking; ii) a prewarmed solution B (0.1 x SSC; 0.1% SDS) for
20 min at 42 °C and iii) a solution C (0.1 x SSC) for five times at
room temperature. Finally, the slide was dried by centrifugation
and immediately scanned using the Array Worg (Applied Preci-
sion). Data analysis was conducted by ImaGene® v. 9.0 (Bio-
Discovery) using default settings, and included the following steps:
data import, background adjustment, normalization, summariza-
tion and quality assessment.

Up to four independent experiments were carried out for each
reference/experimental cDNA couple. Moreover, since each probe is
present in duplicate on a slide, the fold-change variation for each
gene is the average among the collected data points. In particular, the
software Imagene® gives a log; ratio value for each analysed spot:

[log, (FCy-5 exp)] — [logy (Fey-3 ref)] = logy (Fey5 exp/Fey3 ref)

where “F” indicates the normalized fluorescence intensity of the
Cy-3 and Cy-5 detected in a given spot. The variation of the gene
expression fold (VGEF) is calculated through the following
equation:

VGEF — 2log 2(Fcy-5 exp/Fey-3 ref)

Only genes with a VGEF of >2 as well as a p value of <0.05 were
regarded as differentially expressed.

2.4. PCR analysis of CRISPR loci leader-proximal regions and of the
SSV2 integration site

A fundamental step in the CRISPR-Cas system is the adaptation,
which consists of the Cas proteins-mediate incorporation of new
spacers that occurs immediately downstream the leader sequence
of a given CRISPR locus. With the purpose of detecting new spacers
integration at the leader-proximal regions of all CRISPR loci (A—F)
in the S. solfataricus genome, six primer couples were used
(Table S1). In particular, these oligonucleotides were designed to
amplify the first 5—8 repeat-spacer units located immediately
downstream the leader sequence [33]. Thus, integration of new
spacers will produce longer PCR products than the control sample
{uninfected InF1).

Total DNA samples were prepared using the DNeasy tissue kit
(Qiagen), following the manufacturer's instructions and their con-
centration was spectrophotometrically measured using a Nanodrop
2000 Spectrophotometer (Thermo-Scientific). PCR master mixes
were prepared as follows: 1 x Taq Buffer, 2.5 mM MgCly, 0.2 mM
dNTP mix, 0.6 uM primer-fw, 0.6 uM primer-rv and 0.05 U/pl of Taq
DNA Polymerase (Thermo Scientific). The thermal cycling protocol
was as follows: an initial denaturation step of 5 min at 95 °C, fol-
lowed by 35 cycles of 1 min at 95 °C, 1 min at 50 °C, and 1 min at
72 °C. Afinal step at 72 °C has been carried out for 10 min at the end
of the 35th cycle. A negative control (no template) was also
included in the analysis. PCR products were analysed in a 1%
agarose gel.

In parallel, to check the occupancy of the SSV2-integration site
in the S. solfataricus genome, a PCR analysis was carried out using
the primers SSV2attApO1, SSV2attApO2 and SSV2attApO3 [25],
whose sequences are listed in Table S1. The reactions were set up
(as described above) except the annealing temperature was of
55 °C.

2.5. Semi-quantitative PCR analysis of the SSV2 DNA content

Cell pellets of the initial population InF1-S5V2 and of the iso-
lated clones showing a lower SSV2 titre (clone 1,1Q and 1Qy) were
treated for total DNA extraction using the DNeasy tissue kit (Qia-
gen). To follow the variation of the S§V2 DNA content among the
different clones, a semi-quantitative PCR analysis was performed.
Two primer couples were designed using Primer3 software (avail-
able at the website: http://bioinfo.ut.ee/primer3-0.4.0/), in order to
amplify: (i) a 108-bp region of the host single-copy gene orc1 and
(i) a 238-bp region of the SSV2 single-copy gene vp3 (Table 51). A
master mix was prepared and PCRs were carried out as described
elsewhere [34/], using the following cycling protocol: an initial
denaturation step of 5 min at 95 °C, followed by 30 cycles of 40 s at
95°C, 405 at62°C, and 1 min at 72 °C. For each reaction, tubes were
taken from the thermocycler at the 20™, 25" and 30™ cycle of
amplification. PCR products were analysed by agarose gel
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electrophoresis in 1 x TAE buffer pH 8.0 (40 mM Tris, 20 mM acetic
acid and 1 mM EDTA).

3. Results and discussion
3.1. Viral gene expression in the infected strains

Previous studies were carried out in the immediate aftermath of
the viral infection [26], on lytic viruses [27—29] or upon induction
of the viral replication [ 10], and very little is known about the viral/
host gene expression in the carrier state. Two fuselloviruses, SSV1
and SSV2, were chosen as model in this study since they are not
Iytic and are therefore suitable for transcriptomic analysis in stably
infected populations. Furthermore, the double-infected SSV1/SSV2-
InF1 strain is a ternary system, which is suitable for analysing the
mutual effect of the two viruses on each other as well as on the host
gene expression.

To evaluate the effect of the viral infection on the host gene
expression, S. solfataricus P2 (InF1) was infected to generate virus
harbouring strains, i.e. SSV1-InF1, SSV2-InF1 and SSV1/SSV2-InF1.
SSV1 and SSV2 show similar genome organization and gene syn-
teny and, accordingly, SSV2 promoters were named after their SSV1
counterparts [9,26]. The only significant difference is the absence,
in the SSV2 genome, of the SSV1 region involved in regulating the
switch from the lysogenic to the UV-induced state. Microarray ex-
periments were performed for all strains at two different growth
phases, i.e. at 0.4 ODggonm (early-exponential) and 1.2 ODgyonm
(late-exponential), in order to define which viral genes were
expressed. With this aim, microarray slides were co-hybridized
with the total cDNA samples from:

1) uninfected InF1 (ref) vs either SSV1-, SSV2-, or SSV1/SSV2-InF1
(exp) collected at 0.4 ODggonm

2) uninfected InF1(ref) vs either SSV1-, SSV2-, or SSV1/55V2-InF1
(exp) collected at 1.2 ODggonm

cDNAs were prepared from the uninfected and infected strains
and used as reference and experimental samples, respectively.

(A) (B)

SSV1 genes expressed at both growth phases analysed were those
encoding: i) the structural proteins VP1, VP2 and VP3, ii) the
integrase D335, iii) the transcription repressor F55 and iv) A291
and C124 (Fig. 1), for which virion docking/release and structural
functions have been proposed, respectively [10,26]. Interestingly,
most of viral genes expressed by the SSV2-InF1 strain were ho-
mologous to those expressed from SSV1, i.e.: VP1, VP3, A305
(SSV1-A291) and C121 (SSV1-C124) (Fig. 1). In addition, DnaA-
like protein B233 and D79 were found expressed. A transcrip-
tional activity was also detected by a probe matching the 3’
non-coding region of b233 gene, thus indicating that the mRNA
of this gene carries a long untranslated tail like the homolog on
the pSSVx genome [9,35] (Fig. 1). In the double-infected strain
(SSV1/55V2-InF1), viral genes expressed were those encoding: i)
VP1 and VP3 from both SSV1 and SSV2, ii) the homologous
proteins A291/A305 and C124/C121, iii) F55 from SSV1 and iv)
B233 and D79 from SSV2 (Fig. 1). Interestingly, gene expression
patterns of SSV1 and SSV2 are nearly identical, despite the
fact that replication induction for these two viruses is triggered
by different stimuli, i.e. the UV-light exposure and the host
physiological/metabolic  state, respectively. Therefore, this
analysis defined a minimal set of genes required in the carrier
state for the replication and packaging of both fuselloviruses
(Fig. 1).

In order to evaluate variation of the expression levels of viral
genes during the host growth, the following co-hybridizations were
carried out:

1) SSV1-InF1 (ref) collected at 0.4 ODggonm vs SSV1-InF1 (exp)
collected at 1.2 ODggonm

2) SSV2-InF1 (ref) collected at 0.4 ODgponm Vs SSV2-InF1 (exp)
collected at 1.2 ODggonm

3) SSV1/SSV2-InF1 (ref) collected at 0.4 ODgggpm VS SSV1/SSV2-
InF1 (exp) collected at 1.2 ODggonm

cDNAs from infected strains collected at 0.4 ODgggnm and 1.2

ODgponm were used as reference and experimental samples,
respectively. This analysis revealed a constitutive expression of all

Viral genes expressed

SSV1-InF1 | SSV2-InF1 §§V1/S5V2-InF1 Function
S5Vi-vpl S5§V2-vpl | S5Vi-vpl | SS5V2-vpl Structural
S5Vi-vp2 SH.N.D. N.E. aH.N.D. Structural
SSV2 S5Vi-vp3 SSV2-vp3 | S5VI-vp3 | S5V2-vp3 Structural
14"96bp d335 "H.N.E. eN.E. N.E. Integrase
f55 H.N.D. f55 aHN.D. | Transcription repressor
Putative viral
a291 a305 a291 a305
docking/release
cl24 c121 c124 cl21 Putative structural
bH.N.E. b233 BH.MN.E. b233 DnaA-like protein
5H.N.E. d79 bH.N.E. d79 Unknown

ssvi
15465bp

#Homologue not detected, P Homologue not expressed, ¢ No expression

Fig. 1. Schematic representation of the SSV1 and SSV2 genomes. (A) Red-filled arrows are viral genes expressed in the carrier state for both SSV1 (outer) and the SSV2 (inner)
genomes. Clockwise- and anticlockwise-oriented arrow heads represent ORFs encoded by the plus and minus strand, respectively. (B) List of viral genes expressed in all strains

analysed.
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Table 1
Number of up- and down-regulated genes and their functional distribution.

Functional group” Gene expression

Up-regulated genes

Down-regulated genes

InF1 SSV1-InF1 SSV2-InF1 SSV1/SSV2-InF1 InF1 SSV1-InF1 SSV2-InF1 SSV1/55V2-InF1
Amino acids biosynthesis 2 1 2 1 2 0 2 0
Cellular envelope and membrane 1 0 1 0 0 0 1 0
Cellular process 2 1 4 2 2 1 8 2
Central intermediary metabolism 0 2 0 2 0 0 2 0
Cofactor biosynthesis 0 0 0 0 0 0 2 1
Energy metabolism 10 1 19 0 1 0 12 3
Hypothetical pruteinh 16 3 10 1 6 4 16 3
IS elements 1 2 6 0 1 0 0 0
Lipid metabolism 2 0 3 1 0 0 0 0
Nucleotide metabolism 1 0 0 0 0 0 7 1
Protease and protein modification 0 0 0 0 1 0 2 0
Replication and repair 1 0 1 0 0 0 3 2
RNA 2 1 1 1 0 1 0 0
Transcription and regulation 3 1 1 2 5 2 7 2
Translation 0 0 0 0 7 4 14 0
Transport 17 4 7 1 1 1 5 2
Uncategorized/helicases 1 1 3 0 1 0 2 2
Cas genes 0 0 8 0 0 0 0 0
SSV2 genes® 0 0 0 0 0 0 1 1
STIV infection differentially regulated 1 0 1 0 0 0 1 0
(Ortman et al., 2008)
Total 60 17 77 11 27 13 85 19

2 Putative functions are derived from the website of the Sulfolobus solfataricus P2 complete sequencing project (http://www-archbac.u-psud.fr/projects/sulfolobus/).

> Hypothetical proteins with no putative function.
¢ The SSV2 down-regulated gene is a305.

the above-listed SSV1 and SSV2 genes, except for the SSV2 ORF
a305, which was down-regulated (Table 1).

3.2, Gene expression analysis in the uninfected InF1 strain

To evaluate the effect of viral infection on host gene expression,
we first identified up- and down-regulated genes during the
growth of the uninfected InF1 strain. With this aim, microarray
slides were co-hybridized with total cDNA samples as follows:

InF1 collected at 0.4 ODgponm (ref) vs InFl1 collected at 1.2
ODgoonm (exp)

A total of 60 up-regulated and 27 down-regulated genes were
detected (Table 1). Among the up-regulated ones, expression of 38
genes increased by 2.0—4.9 folds, 13 showed a 5.0-9.9 fold-change
and only for 5 genes expression was up-regulated between 10.0 and
33.0 folds. On the other hand, all down-regulated genes showed a
fold of repression comprised in the range 2.0—4.9, except for
5502574 whose transcription was down-regulated by 5.9 folds.

A remarkable number of the up-regulated S. solfataricus genes
encode proteins belonging to three functional categories, i.e.
hypothetical protein, transport and energy metabolism (Table 1).
Transcriptional activation of genes involved in the transport of
small metabolites is not surprising and it is likely due to the
shortage of nutrients that occurs in a late stage of the growth.
Moreover, it is interesting that a homolog of the gene encoding
the bacitracin resistance protein (ss01860) is up-regulated, hint-
ing to defence mechanisms acting against xenobiotic peptides
produced by other member cells to face overpopulation. On the
other hand, down-regulated genes mostly cluster into the cate-
gories of transcription and regulation as well as translation
(Table 1). In particular, down-regulation of many genes encoding
for ribosomal proteins is consistent with the reduction of protein
synthesis and, in turn, with the decrease of cell growth rate. A

complete list of the differentially regulated genes, grouped in
functional categories, is reported in the Table S2.

3.3. SSV1 infection has a slight effect on the host gene expression

In order to detect remodelling of the host gene expression in the
SSV1-InF1 lysogenic strain, a microarray analysis was carried out by
co-hybridizing cDNA samples as follows:

SSV1-InF1 collected at 0.4 ODggonm (ref) vs SSV1-InF1 collected
at 1.2 ODgppnm (€XP)

To reveal host genes whose expression is altered as a conse-
quence of the SSV1 infection, we excluded from the analysis those
that were up- and down-regulated in the uninfected InF1 strain as a
consequence of the physiological changes occurring in the passage
from the early to the late exponential growth phase. Among 30
differentially expressed host genes, 17 were up- and 13 down-
regulated throughout the growth of the SSVI-InFl strain
(Table 1). Changes in the expression level tended to be higher for
up-regulated genes. The majority of the down-regulated ones
decreased by 2—2.5-folds, whereas 5 genes were up-regulated with
anincrease from 2.8 to 4.3-fold (Table S3). Although these genes are
scattered over several functional categories, a similar trend to that
of the uninfected strain was observed. Indeed, genes encoding
proteins involved in the transport and translation are up- and
down-regulated, respectively.

These data show that the infection by S5V1 has only a limited
effect on the host gene expression, suggesting a harmonic coexis-
tence with the host in the carrier state. Accordingly, SSV1 is a
temperate virus that self-regulates its gene expression in the carrier
state through the pleiotropic effect of the transcription regulator
F55 [11,16], which represses the expression of the UV-inducible as
well as of the early genes.
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3.4. Remodelling of the host gene expression induced by SSV2
infection includes the CRISPR-Cas system activation

To investigate the variation of host gene expression during the
growth of the stably infected SSV2-InF1 strain, a microarray anal-
ysis was carried out by co-hybridizing cDNA samples as follows:

able in this way to circumvent host defences [28]. Expression
remodelling of genes involved in informational processing (i.e.
transcription and translation) has been also observed after infec-
tion with STIV [27] and SIRV2 [28]. Accordingly, like the latter, SSV2
might take the control over the host informational machinery to
replicate its own genome.

SSV2-InF1 collected at 0.4 ODgggpm (ref) vs SSV2-InF1 collected at 1.2 ODgggpm (€Xp)

As already described for the SSV1-InF1 strain, all variations of
gene expression reported herein for the SSV2-InF1 strain have to be
considered merely due to the SSV2 infection. A total of 162 host
genes were differentially expressed throughout the growth of the
SSV2-InF1 strain, with 77 and 85 genes that were found to be up-
and down-regulated, respectively (Table 1). By comparing the total
number of differentially regulated host genes in SSV1-InF1 (30
genes) to that of SSV2-InF1 (162 genes), it is evident that the
remodelling occurring as consequence of the SSV2 infection is
remarkable (Table 1). Expression variation is in general higher for
up-regulated genes (between 2.0 and 7.9 folds) than for those
down-regulated (between 2.0 and 6.0 folds). Moreover, expression
of the majority of the latter decreased by 3.0-folds or less, whereas
34 up-regulated genes were differentially regulated of 4.0-folds or
greater (Table 54). Intriguingly, although SSV2 is a not-lytic virus, its
effect on the host gene expression is comparable to the lytic STIV
and SIRV2 [2728]. Indeed, 5% of the S. solfataricus genes were
directly affected by the SSV2 infection, among which, those
encoding for proteins belonging to the functional categories of
energy metabolism as well as transcription and regulation tended
to be up-regulated (Table 1). Furthermore, transcriptional induction
of IS elements (Tab. 54) has already been reported after SIRV2
infection [29], as consequence of UV-light exposure [ 10] and heat
shock [36], thus highlighting their involvement in the S. solfataricus
stress response. On the other hand, down-regulated genes are
mostly associated with categories of translation (Table 1 and
Table $4). Moreover, repression of stress response genes encoding
for the proteasome subunit (ss00278) and Bcp3 (ss00225) resembles
the response of S. solfataricus to the infection by SIRV2, which is
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One of the most interesting outcomes from this analysis was
the expression variation observed for a group of genes involved
in CRISPR-Cas antiviral system, ie.: i) the type IA interference
cassette located downstream the locus C, which includes sso 1439
(cas3"), sso1441 (cas5), sso1442 (cas7) and sso01443 (csa5); ii)
ss01424 (small subunit of CASCADE, CRISPR-associated Complex
for Antiviral Defence) and sso1425 (csm3) belonging to the type
IIA interference cassette localized downstream the former one;
iii) 5501389 (csx1 putative transcription factor) localized up-
stream the locus A and iv) ss01997 (cas7 type IA) lying in the
proximity of the locus F (Fig. 2, Table 2). In parallel, with the
exception of the locus E, all CRISPR loci were found to be up-
regulated during the growth of the SSV2-InF1 strain, with the
highest expression induction observed for loci A, C and D
(Table 2). Noteworthy, proteins encoded by the aforementioned
up-regulated type IA interference cassette constitute the
CASCADE effector complex of S. solfataricus, which is involved in
the interference step of the defence system [31]. Interestingly,
loci A, B, D and F of S. solfataricus P2 strain contain spacers
matching fuselloviral genomes with the highest density observed
at the leader-proximal region of the locus F [37]. Although this
latter is a non-extending locus, due to the lack of a leader
sequence, it can still be useful in challenging viral infection since
it generates crRNAs. Accordingly, the aCASCADE (archaeal
CASCADE) co-purified with crRNAs from all CRISPR loci [38] and
probably exert its activity with all the crRNAs of S. solfataricus,
including those from locus F [39]. Moreover, the expression of
this locus was confirmed in the strain SSV2-InF1 by RT-PCR (data
not shown).

. cas gene .up-regulated cas gene
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Fig. 2. CRISPR-Cas loci of S. solfataricus P2. The six CRISPR-Cas loci of the S. solfataricus P2 genome are schematized, where red-filled arrows are cas genes up-regulated in the SSV2-

InF1 strain. Gene cassettes are black-framed and labelled.
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3.5. The presence of S5V1 quenches the effect of SSV2 infection on
the host gene expression

In order to evaluate variation of the host genes transcription
caused by the co-presence of SSV1 and SSV2, hybridizations were
carried out using cDNA samples as follows:

regulated during the growth of the double-infected strain
(Table 1). Therefore, the presence of SSV1 in the same host cells of
S5V2 quenched the gene expression variation from 162 (being
differentially regulated in the single-infected SSV2-InF1 strain) to
only 30 genes. Surprisingly, genes and clusters of the CRISPR-Cas
system were not induced in double-infected cells. Instead, the

SSV1/S5V2-InF1 collected at 0.4 ODgggpm (ref) vs SSV1/55V2-InF1 collected at 1.2 ODgopm (€Xp)

As done before, data from the uninfected strain were used to
filter those of the double-infected one, so that gene expression
variation reported here is merely due to the presence of both vi-
ruses. As concerns viral genes, no significant variation was
observed with the exception of the SSV2 gene a305 that showed a
down-regulation trend, similarly to that observed for the single-
infected strain SSV2-InF1 (Table 55). On the other hand, among
30 differentially regulated host genes, 11 were up- and 19 down-

Table 2
CRISPR loci and cas genes of Sulfolobus solfataricus P2 whose expression is affected
by SSV2 infection.

Gene [D Function

Cas gene product
5501389 csx1 (CRISPR-Cas system-associated protein)
5501424 osa5 (CRISPR-Cas system-associated protein)
5501425 csm3 (CRISPR-associated RAMP)
5501439 cas” (nuclease subunits of Cas3)
sso1441 cas5 (CASCADE complex core)

(
ss01442 cas7 (CRISPR-associated protein, Csa2)

5501443 csa5 (CRISPR-associated protein)
5501997 CRISPR-associated auto-regulator, DevR family homolog
CRISPR locus Probe position®

SSOLCTR-A 1708—-1767

SSOLCTR-A 33733432

SSOLCTR-B STV

SSOLCIR-B 278-343

SSOLCTR-B 1493—-1557

SSOLCTR-C pNOB8

SSOLCTR-C 10-71

SSOLCIR-C 1916—1980

SSOLCTR-D ATV

SSOLCIR-D 105-174

SSOLCTR-D 483-551

SSOLCIR-D 5568—5630

SSOLCTR-F 3689-3753

SSOLCTR-F 4350—4419

2 Spacer position in each locus. STIV, pNOB8 and ATV are probes matching spacers
against these genetic elements.

Clolrle 1

expression pattern of the viral genes is overall identical to that
displayed by the single-infected SSV1- and SSV2-InF1 strains. The
two fuselloviruses show syntenic genomes, with the only signifi-
cant difference in the region responsible for the UV-inducibility of
SSV1, which is lacking in the SSV2 genome [9]. Therefore, it is
tempting to speculate that the SSV1 F55 transcription factor,
encoded by this region, interferes with the remodelling of the host
gene expression induced by SSV2.

3.6. Isolation of single clones from the CRISPR-Cas responsive SSV2-
InF1 strain

To study if the activation of the CRISPR-Cas system enabled the
cells to get rid of SSV2, we performed a screening of the SSV2-InF1
strain to isolate cured cells. Therefore, clones showing a decreased
viral titre, compared to the SSV2-InF1 initial population, were
further characterized at DNA level to evaluate SSV2 content
through semi-quantitative PCR. Results are shown for clones 1,1Q
and 10Q; that are representative of the first, second and third
round of selection, respectively. The PCR products were analysed
for each sample on agarose gel at the 20 25™M and 30t cycle of
amplification and the initial population SSV2-InF1 was used as
reference (Fig. 3). Although the intensity of the orcl signal is
nearly identical when the same amplification cycle is considered,
the signal relative to the viral gene vp3 progressively decreases
until it becomes hardly visible for the clone 1Qq (Fig. 3). Therefore,
the low viral titre observed for this latter clone (two orders of
magnitude less than the SSV2-InF1 initial population), is mirrored
by a comparable drop of the intracellular S5V2 DNA content
(Fig. 3).

In parallel, a PCR analysis of the SSV2 integration site was carried
out for the same clones using the primers SSV2attApO1, SSV2at-
tApO2 and SSV2attApO3 [25]. The primer couple pO1—p0O2 allows
the amplification of an approximately 968 bp fragment if the
integration site is empty (no provirus). On the other hand, the
couple ApO1—ApQO3 leads to the amplification of a 722 bp product
only when the integration site is occupied by SSV2 (Fig. 4). Whereas

Clolne 1Q Clolne 1Q,

SSVZ:InF1
M
1000 bp> ==
500 bp-> =
300bp=> L
100 bp—>

o -
. .S .S oemen <ol

2025t 301 20125 30t 2025 30 2025 30t

<vp3

Fig. 3. SSV2 DNA detection by semi-quantitative PCR. Black-straight arrows point out to molecular size markers as well as to host (orc1) and viral (vp3) PCR products. Total DNA
samples were prepared from the initial population (SSV2-InF1) as well as from the isolated clones (1, 1Q and 1Q, ). The decreased intensity of the vp3 signals indicates that the SSV2

copy number dropped throughout the isolation procedure.
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Fig. 4. PCR analysis of the SSV2 integration site occupancy. Black-straight arrows point out to molecular size markers. To check the occupancy of the SSV2 integration site, PCR
products were amplified using the pO1/p02 (968 bp, free integration site) and p01/p03 (722 bp, integrated provirus) primer couples from the SSV2-InF1 as well as from the isolated
clones (1,1Q and 1Q). As shownin the right panel, all infected clones carry the provirus. However, provirus-free cells still persist in the cultures (left panel) although their amount
decreases throughout the isolation procedure. Eventually, no empty integration sites were detected in the 1Q; clone.
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Fig. 5. Leader-proximal region amplification of the S. solfataricus P2 CRISPR array. PCRs were performed to amplify leader-proximal regions of all six CRISPR loci (A—F) from the
virus-free strain (InF1), SSV2-infected initial population (SSV2-InF1) and the 1Q, clone. The wild-type PCR product (W) has been amplified for all loci, thus indicating the lack of
spacer acquisition (no adaptation). Intriguingly, shorter PCR products were amplified from the locus F of the clone 10Q;. Sequencing of these fragments confirmed loss of repeat/
spacer units from this locus (see Fig. 6). M and N stay for marker and negative control, respectively.
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amplification of the product pO1—p02 for the infected strain SSV2-
InF1 as well as for the clone 1 and 1Q indicates that a fraction of the
cell population does not carry the provirus, the absence of such
amplicon in the 1Qq clone suggests that virtually all cells carry the
integrated SSV2 in the attachment site. The amplification of the
product pO1—pO3 further confirms the presence of the provirus
(Fig. 4). Since the excision of the provirus strictly depends on the
presence of active integrase/excision enzymes, encoded by the
episomal copies [40], degradation of the latter by the host CRISPR-
Cas system leads to the entrapment of the provirus (Fig. 4), as
already hypothesized elsewhere [41].

3.7. SSV2 infection causes deletions at the leader-proximal region of
the locus F

A fundamental step of the CRISPR-Cas system is the adaptation,
which consists in the Cas proteins-mediate incorporation of new
spacers from foreign DNAs. This occurs immediately downstream
the leader sequence of a given CRISPR locus upon viral infection. In
order to detect the integration of new spacers, leader-proximal
regions of all S. solfataricus loci were amplified (Fig. 5). In partic-
ular, primer couples were chosen as described elsewhere [33], so
that integration of new spacers would have produced longer PCR
products when compared with a control sample (uninfected InF1).

Our PCR analysis detected no differences in the length of the
amplified products (loci A—E) among the initial population SSV2-
InF1 and the isolated clones (Fig. 5), thus confirming that no
adaptation occurred upon infection with SSV2 at these loci.
Nevertheless, smaller PCR products (between 230 and 450 bp)
were found when the leader-proximal region of the CRISPR locus F
was amplified from the 1Q; DNA (Fig. 5). In order to shed light on
the identity of these amplicons, PCR products were run on an
agarose gel and single bands were cut off, purified and sequenced.
Surprisingly, this analysis showed that progressive deletions

occurred at the leader-proximal region of the locus F and up to six
repeat-spacer units were found to be lacking (Fig. 6).

In this regard, it is noteworthy that Stern and co-workers have
hypothesized that the incorporation of self-targeting spacers might
lead to autoimmunity and select for the loss of CRISPR functions
[42]. Moreover, it has been demonstrated that when S. solfataricus
is transformed with a plasmid that carries a gene essential for the
host and which is also a target of the CRISPR system, surviving
transformants show mutations that eliminate the plasmid-
targeting spacer [32]. What would happen if the invading DNA,
such as a virus, could not be destroyed because it managed to
integrate into the host genome, thus becoming ‘self’? In the hy-
pothesis that the host is challenging the SSV2 infection (as shown
by microarray data), it is likely that the CRISPR-Cas system targets
also the integrated viral genome (i.e., the provirus). This event casts
a huge fitness cost on cells harbouring self-targeting spacers [43].
As a consequence, the selective pressure drives the inactivation of
the CRISPR-Cas system to ensure the survival of SSV2-lysogens. Our
results indicate that this is achieved through deletion of spacer
units responsible for the recognition of the SSV2 genome (Figs. 5
and 6).

4. Conclusions

Analysis of both viral and host transcriptomes upon SSV1 and
SSV2 infection in S. solfataricus has revealed new insights into
archaeal host—virus interactions. Previous studies were carried out
to detect variation of viral and host gene expression in the early
phases of the SSV2 infection [26], upon UV-irradiation for SSV1[10]
or on lytic viruses [27—29]. Therefore, the dissection of the viral
transcription patterns during the carrier state has never been per-
formed. Herein, by exploiting stably infected cells in the absence of
any stimuli, we demonstrate not only that the host response to-
wards the two viruses is extremely different, but that it is also

$501996

$501996 1997 1998 2004

Fig. 6. Schematic illustration of repeat/spacer units loss from the locus F. The array is reported as grey rectangles (repeats) interspersed by colourful rectangles (spacers). A short
intergenic region separates the array from the opposite-oriented cas genes cassette (IA3, see also Fig. 2). The four different loci F with deletions are schematised to show the loss of

2—6 repeat/spacer units in the clone 1Q;.
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influenced by the co-presence of both fuselloviruses (Table 1). In
particular, whereas S. solfataricus establishes a harmonious coex-
istence with SSV1, the reaction against the infection by SSV2 is
remarkable and includes the transcriptional activation of CRISPR
loci and cas genes (Table 2). This result is consistent with the
isolation of single clones showing a low SSV2 copy number (Fig. 3).
Our study highlights an interesting aspect of the host—virus
interaction in the frame of the CRISPR response, i.e. host cells
containing an integrated provirus (Fig. 4) are forced to develop a
survival strategy in order to avoid self-attack by the CRISPR-Cas
system. In fact, since the provirus is identical in sequence to the
episomal copies, it can be targeted by the CRISPR-Cas system as
well, thus casting a fitness cost on cells that are actively challenging
the SSV2 infection. Our data show, for the first time, that
S. solfataricus cells developed a specific strategy to safeguard host
genome integrity, i.e. throughout deletion of self-targeting spacers
(Figs. 5 and 6). How deletion of specific spacers at CRISPR loci oc-
curs is matter of further investigation and it is expected to reveal
completely novel molecular components and/or mechanisms of the
CRISPR-Cas system.

Another relevant aspect highlighted by this study is the absence
of the CRISPR-Cas response in the double-infected SSV1/SSV2-InF1
strain (Table 1 and Table S5). The two viral genomes are overall
identical with the only significant difference being the absence in
the SSV2 genome of a region responsible for the UV-induction in
SSV1 (Fig. 1). Therefore, it is tempting to speculate that transcrip-
tion factors and/or other molecular components encoded by this
SSV1 region are responsible for silencing the CRISPR-Cas response
in the double-infected strain. A combination of biochemical and
genetic approaches is needed to move toward a better under-
standing of the mutual influence of the two fuselloviruses in this
virus—host system.
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Table S1. Primers used for PCR analyses.

Name Sequence (5’-3") Length (nt)
Lpr-LcsA-fw  AGCTTCTGACCCGCTCCTGA 20
Lpr-LcsA-rv  GCACATCATCAAACAATGGTAAGCC 25
Lpr-LcsB-fw  AGGGGTTTGTGGGATGGGTTGTG 23
Lpr-LcsB-rv  ACAACTACCACCACTACCACGG 22
Lpr-LcsC-fw  TCGCTTATCTCTCTCATGCGCCATT 25
Lpr-LcsC-rv  TGTCCCGTTTTTGTAAGTGGGGG 21
Lpr-LcsD-fw  AGTTCCACCCCCGAAGCTCCT 21
Lpr-LcsD-rv.  AGCCGGGACAAGTTTCACAAATTGA 25
Lpr-LcsE-fw  ATAGGGAAAGAGTTCCCCCG 20
Lpr-LcsE-rv  TGACTCTAGTGCAATCTTCGA 21
Lpr-LcskF-fw  CGGCGTTATAATGGGTATCGGAATCGG 27
Lpr-LcsF-rv  GCTCACTATCTCACCCCTATCAATACCC 28
SSV2attAp0l GTGTTCTACCTTTTCCACAGTC 22
SSV2attAp02 TGGGTACGTCATTTATTGATCTT 23
SSV2attAp03 GCTTTTATGCAGTTATTGCTTT 22
orcl-fw TATAAATTGTTATAGACATAGAACGCTGTA 30
orcl-rv TTAAATACTTCTTGTGCCGATAGTCC 26
vp3-fw GTTATTGGTGTAGTTCTGTT 20
vp3-rv GGGTACAACAATTAAGACTA 20
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Table S2. Uninfected S. solfataricus InF1 strain: a complete list of the up-regulated and down-
regulated genes throughout the growth.

Average S.D.
Gene ID log2 Ratio log2 Ratio VGEF Function
NT02SS2357 2.89 0.71 7.43  Intergenic region
SS00127 1.07 0.17 2.09  2-isopropylmalate synthase
SS00389 2.24 0.28 473  Glycosylated S-layer protein
SS00488 2.06 1.23 4.18  Phosphate ABC transporter
SS00489 5.06 0.40 33.46  Phosphate binding periplasmic protein
SS00490 3.87 0.40 14.64 Phosphate transport system permease
SS00491 2.51 1.13 5.71  Phosphate transport system permease
SS00545 2.47 1.20 5.54  Hypothetical protein
SS00786 2.54 0.83 5.80  Amino acid specific permease
SS00929 1.56 0.32 2.94  Ribonucleotide reductase (nrd)
SS01005 1.41 0.59 2.65  Hypothetical protein
SS010788 2.03 0.12 4.09  Bacterial response and virulence
SS01092 2.18 1.10 4.54  Hypothetical protein
SS011071 1.08 0.12 2.12  Pyruvate synthase delta chain
SS01129 1.74 0.41 3.35 Heterodisulfite reductase, subunit B
SS01171 1.10 0.14 2.14  Maltose ABC transporter
SS01183 2.76 1.39 6.76  Inorganic phosphate transporter
SS011855 1.21 0.34 2.32  STIV-infection differentially regulated
SS01227 2.03 0.90 4.07  Toluene-4-monooxygenase system protein A
SS01237 1.14 0.11 2.21  First ORF in transposon 1SC1491
SS01287 1.70 0.64 3.25  Hypothetical protein
SS01288 2.82 0.79 7.08  Hypothetical protein
SS01320 1.18 0.18 2.27  Hypothetical protein
SS01526 1.58 0.86 3.00 Pyruvate dehydrogenase, alfa subunit
SS01665 1.34 0.54 2.54  Cytosine permease
SS01835 2.40 1.29 5.26  DNA polymerase beta domain
SS01858 1.74 0.65 3.34  Hypothetical protein
SS01860 1.47 0.50 2.77  Bacitracin resistance protein
SS01865 1.32 0.48 2.49  Universal stress protein family
SS01894 2.73 0.69 6.64  Hypothetical protein
SS01910 1.87 0.30 3.66  Hypothetical protein
SS01931 2.07 1.11 4.20  Hypothetical protein
SS02029 3.00 0.92 7.99  Hypothetical protein
SS02044 1.71 0.41 3.27  NAD specific glutamate dehydrogenase
SS02126 1.69 0.60 3.23  L-lactate permease
SS02476 1.26 0.01 2.40  Metabolite permease, putative
SS02505 3.49 0.92 11.24  Sugar transport protein
SS02523 2.35 0.74 5.09  Long-chain-fatty-acid--CoA ligase
SS02629 2.03 0.44 4.08  Oxidoreductase (flavoprotein)
SS02630 1.17 0.38 2.25  SirA family protein
SS02632 1.44 0.38 2.71  Hypothetical protein
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SS02636
SS02756
SS02797
SS02815
SS02863
S502864
SS02966
SS02967
SS02969
SS02970

SS02971
SS02973

SS03043
SS03053
SS03058
SS03120
SS03180
SSO7127
SS00091

SS00164
SS00200

SS00219
SS00278
SS00366
SS00536
SS00742
SS00746
SS00752
SS00962
SS01067
SS01100
SS01101
SS01107
SS01586
SS01593
SS02574
SS02595
SS02613
SS03155
SS05343
SS05410
SS06454
SSO7114
SS09724

2.27
1.38
1.18
1.26
1.82
1.29
1.36
3.04
1.53
2.23

1.90
2.61

3.35
4.67
2.08
3.28
2.42
1.79
-2.22

-1.58
-1.29

-1.55
-1.25
-1.49
-1.86
-1.18
-1.17
-1.24
-1.71
-1.34
-1.20
-1.39
-1.28
-1.65
-2.13
-2.56
-1.07
-1.68
-1.99
-1.02
-1.06
-1.05
-1.06
-1.00

0.67
0.17
0.34
0.27
1.01
0.09
0.59
0.32
0.37
0.76

0.57
0.25

0.43
2.27
1.66
0.46
0.03
0.71
0.69

0.29
0.46

0.63
0.38
0.49
0.46
0.26
0.14
0.28
0.39
0.44
0.33
0.54
0.39
0.36
1.10
0.84
0.22
0.04
1.04
0.09
0.05
0.12
0.11
0.11

4.83
2.60
2.27
2.39
3.53
2.45
2.57
8.20
2.89
4.69

3.72
6.11

10.19
25.53
4.24
9.71
5.33
3.46
-4.67

-2.99
-2.44

-2.93
-2.38
-2.81
-3.64
-2.26
-2.26
-2.37
-3.27
-2.54
-2.30
-2.62
-2.43
-3.13
-4.38
-5.91
-2.10
-3.21
-3.98
-2.02
-2.08
-2.08
-2.08
-2.00

Carbon monoxide dehydrogenase
Pyruvate synthase beta chain
Conserved hypothetical protein
2-oxoacid--ferredoxin oxidoreductase
Acetyl-CoA synthetase

Conserved hypothetical protein
Conserved hypothetical protein
Hypothetical protein

Quinol oxidase-2, subunit |

Quinol oxidase-2, cytochrome b

Quinol oxidase-2, rieske iron-sulfur protein-2
Quinol oxidase-2, subunit I/1ll, cytochrome
aa3

ABC transporter, binding protein
Maltose ABC transporter

Maltose ABC transporter,

Metabolite transport protein, putative
Phosphate transporter related protein
non-coding RNA homolog

LSU ribosomal protein L7AE (rpl7AE)

LSU ribosomal protein S8E (rps8E)
ArsR family transcriptional regulators
homolog

SSU ribosomal protein S12AB (rpS12AB)
Proteasome subunit

Glutamine synthetase
S-adenosylmethionine decarboxylase
LSU ribosomal protein L15E

SSU ribosomal protein S3AE (rps3AE)
LSU ribosomal protein L21E (rpl21E)
DNA binding protein SSO10b (Alba 1)
Second ORF in transposon ISC1359
Hypothetical protein

Transcriptional regulator

Hypothetical protein

Conserved hypothetical protein

Benzoate transporter

Ferredoxin (zfx-1)

Conserved hypothetical protein
Peroxiredoxin, bacterioferritincomigratory
Tryptophan repressor binding protein (wrbA)
Conserved hypothetical protein

Small nuclear riboprotein protein (SnRNP-1)
snRNP-2 small nucleare riboprotein

SSU ribosomal protein S27E
Hypothetical protein
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Table S3. S. solfataricus SSV1-InF1 infected strain: a complete list of the up-regulated and down-

regulated genes throughout the growth.

Average S.D.

Gene ID log2 Ratio log2 Ratio VGEF Function

small-RNA 1.22 0.31 2.33  small cytoplasmic RNA

sR116

SS00269 1.39 0.54 2.61  GTP-binding protein (hflX)
Small nuclear ribonucleoprotein

SS00276 1.40 0.42 2.64  (snRNP)

SS0O0794 1.33 0.10 2.51 Transposase ISC1476

SS0O0999 1.45 0.63 2.73  ABC Transporter

SS010452 2.07 0.67 4.20  Hypothetical protein

SS01052 1.38 0.39 2.60 Oligosaccharyltransferase STT3

SS01069 1.85 0.77 3.62  Amino acid transporter

SS01126 1.34 0.20 2.54  ChainA, Putative Oxidoreductase

SS01284 1.56 0.36 2.94  Oligo/dipeptide transport, permease
protein

SS0O1717 1.47 0.66 2.76  Second ORF in transposon 1SC1048

SS01752 1.02 0.02 2.02  Hypothetical protein

SS02660 1.39 0.55 2.61  Rieske iron-sulfur protein-1 (soxL-1)

SS02661 1.50 0.29 2.83  P-aminobenzoate N-oxygenase

SS03085 1.15 0.36 2.22  Hypothetical sulphur transporter

SS03123 0.93 0.05 1.91 Hypothetical protein

SS03211 1.02 0.03 2.03  4-aminobutyrate aminotransferase

small-RNA -1.27 0.53 -2.42  small cytoplasmic RNA

SR102 : : : ytoplasmi

SS00221 -1.30 0.15 -2.47  LSU ribosomal protein L30E (rpl30E)

SS00637 -1.74 0.65 -3.34  Hypothetical protein

SS00961 -1.16 0.23 -2.24  Hypothetical protein

SS012181 -0.96 0.08 -1.94  Hypothetical protein

SS02138 -1.53 0.33 -2.89  PadR family transcripitonal regulator

SS02180 -1.35 0.49 -2.55  Hypothetical protein

SS02253 -1.12 0.03 -2.18 Rubrerythrin (oxidative stress
tolerance)

SS02381 -0.92 0.05 -1.90 Translation initiation factor 2, beta
subunit

SS02827 -1.09 0.21 -2.13  Predicted transcriptional regulator

SS05478 -1.05 0.21 -2.07  LSU ribosomal protein L24E (rpl24E)

SS05663 -1.18 0.25 -2.26  Protein transport protein sec61

SS05668 -0.98 0.13 -1.97  LSU ribosomal protein LX
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Table S4. S. solfataricus SSV2-InF1 infected strain: a complete list of the up-regulated and down-

regulated genes throughout the growth.

Average S.D. VGEF Function

Gene ID log2 Ratio log2 Ratio

small-RNA_sR103 1.03 0.10 2.05 RNA

SS00044 1.29 0.12 2.45 Heme bearing subunit | of the
terminal oxidase (doxB)

SS00045 1.32 0.07 2.50 Terminal oxidase, subunit (doxC)

SS00227 1.40 0.17 2.63 DNA-directed RNA polymerase,
subunit B” (rpoB1)

SS00269 1.29 0.20 2.45 GTP-binding protein (hflX)

SS00276 1.46 0.24 2.75 Small nuclear ribonucleoprotein
(snRNP) homolog

SS00931 1.42 0.12 2.67 Predicted transcriptional regulator

SS00944 1.04 0.07 2.05 Hypothetical protein

SS0O0980 1.30 0.05 2.47 Transposase ISC1217

SS0O0999 1.58 0.22 2.99 ABC transporter

SS01000 1.09 0.21 2.13 Maltose transport inner membrane
protein

SS01004 1.42 0.21 2.67 FAD linked oxidase homologue

SS010449 1.03 0.07 2.04 Predicted transcriptional regulator

SS010452 1.24 0.09 2.36 Hypothetical protein

SS011076 1.44 0.12 2.71 Glycosyltransferase, putative

SS01125 1.05 0.21 2.08 DsrE/DsrF-like family homologue

SS01141 1.43 0.36 2.69 Copper binding protein

SS01152 1.05 0.09 2.07 Peptidase U62 modulator of DNA
gyrase homolog

SS011550 1.27 0.19 2.42 STIV infection differentially
regulated gene

SS011575 1.41 0.19 2.65 Hypothetical protein

SS01162 1.52 0.13 2.86 Multidrug resistance protein

SS01268 1.05 0.21 2.07 Glutamine-fructose-6-phosphate
transaminase (isomerizing gimS-2)

SS01281 1.15 0.27 2.21 Last part of transposase in
ISC1250

SS01282 1.93 0.31 3.81 Oligo/dipeptide transport, ATP
binding protein . (dppD-2)

SS01284 2.36 0.28 5.14 Oligo/dipeptide transport, permease
protein (dppB-2)

SS01312 1.75 0.23 3.36 Ring oxydation complex/
phenylacetic acid degradation
related protein

SS01334 1.63 0.29 3.10 Malate synthase, putative
(aceB/mas)

SS01389 1.61 0.34 3.05 csx1(CRISPR/cas system-
associated protein)

SS01439 0.80 0.06 1.74 cas” (Nuclease subunits of Cas3)
csa5(CRISPR/cas system-

SS01424 1.45 0.24 2.74 associated protein so-called)
‘small’ subunit

SS01425 1.21 0.22 2.32 csm3 (CRISPR-associated RAMP)

SS01443 2,56 0.15 591  ©%85 (CRISPR/cas system-
associated protein)

SS01691 1.16 0.12 2.23 Hypothetical protein
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SS01717

SS01812

SS01814
SS01842

SS01870

SS01911
SS01997

SS02048
SS02059

SS02067

SS02131

SS02291
SS02617

SS02656

SS02657

SS02660

SS02661

SS02681
SS02690

SS02757

SS02758

SS02761
SS02827

SS02831
SS02846

SS02881
SS02882
SS02986
SS02991

SS03045
SS03054

SS01443

SS01691
SS01717

SS01812
SS01814

1.42

1.85

1.16
1.35

1.85

0.99
2.13

1.97
1.25

1.25

1.30

3.00
1.04

0.99

1.41

1.23

1.22

1.00
2.11

2.60

1.22

1.07
111

1.06
1.21

1.09
1.41
112
2.00

1.23
1.76

2.56

1.16
1.42

1.85
1.16

0.08

0.27

0.07
0.49

0.11

0.06
0.47

0.19
0.38

0.48

0.34

0.00
0.11

0.04

0.10

0.09

0.08

0.07
0.15

0.31

0.16

0.15
0.07

0.03
0.09

0.23
0.26
0.02
0.18

0.20
0.40

0.15

0.12
0.08

0.27
0.07

2.68

3.60

2.23
2.55

3.60

1.98
4.37

3.93
2.38

2.38

2.46

7.98
2.06

1.99

2.66

2.34

2.33

2.01
4.30

6.06

2.33

2.09
2.15

2.08
2.32

2.14
2.65
2.18
4.01

2.34
3.38

591

2.23
2.68

3.60
2.23

Second ORF in transposon
ISC1048

SirA family protein homologue

Transposase ISC1234
Glyceraldehyde-3-phosphate
dehydrogenase, NADP dependent
(9apN-2)

Rusticyanin homologue

Hemerythrin
CRISPR-associated autoregulator,
DevR family homolog

Hypothetical protein

Acetyl-CoA synthetase (acetate-
CoA ligase acsA-6)

Indolepyruvate ferredoxin
oxidoreductase alpha subunit (iorA)
Transcriptional regulator homolog
(Lrp/AsnC family)

Protein kinase, putative

Dipeptide ABC transporter
permease protein dppC-3

Quinol oxidase (SoxABC),
cytochrome B subunit (soxC)
Quinol oxidase (SoxABC),
cytochrome aa3 subunit (soxB)
Rieske iron-sulfur protein-1 (soxL-
1)

Hypothetical protein

Hypothetical protein

Sulfolobus mercury resistance
protein, Merl (Sulfolobusislandicus)
Pyruvic-ferredoxin oxidoreductase
alpha chain (porA-2)
Pyruvic-ferredoxin oxidoreductase
gamma chain (porG-2)

Acyl-CoA dehydrogenase (acd-5)
Predicted transcriptional regulator

AAA family ATPase
Extracellular ligand-binding
receptor homolog

Fe-S oxidoreductase homologue
Transposase ISC1234
Predicted transcriptional regulator

Hypothetical protein

ABC transporter, ATP binding
protein

Terminal oxidase, small
hydrophobic subunit (doxE)
csab (CRISPR/cas system-
associated protein)

Hypothetical protein
Second ORF in transposon
ISC1048

SirA family protein homologue
Transposase ISC1234
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SS01842

SS01870
SS01911

SS01997

SS02048
SS02059

SS02067

SS02131

SS02291
SS02617

SS02656

SS02657

SS02660

SS02661

SS02681
SS02690

SS02757

SS02758

SS02761
SS02827

SS02831
SS02846

SS02881
SS02882
SS02986

SS02991
SS03045

SS03123
SS03130

SS03131

SS03174

SS03178
SS03188

SS05027
SS05098

SS07239

1.35

1.85
0.99

2.13

1.97
1.25

1.25

1.30

3.00
1.04

0.99

1.41

1.23

1.22

1.00
2.11

2.60

1.22

1.07
111

1.06
1.21

1.09
1.41
112

2.00
1.23

1.38
1.15

1.19

1.15

1.32
1.64

1.08
1.42

1.13

0.49

0.11
0.06

0.47

0.19
0.38

0.48

0.34

0.00
0.11

0.04

0.10

0.09

0.08

0.07
0.15

0.31

0.16

0.15
0.07

0.03
0.09

0.23
0.26
0.02

0.18
0.20

0.17
0.12

0.12

0.13

0.04
0.11

0.12
0.15

0.14

2.55

3.60
1.98

4.37

3.93
2.38

2.38

2.46

7.98
2.06

1.99

2.66

2.34

2.33

2.01
4.30

6.06

2.33

2.09
2.15

2.08
2.32

2.14
2.65
2.18

4.01
2.34

2.60
2.21

2.28

2.23

2.50
3.12

2.11
2.67

2.18

Glyceraldehyde-3-
phosphatedehydrogenase, NADP
dependent (gapN-2)

Rusticyanin homologue

Hemerythrin
CRISPR-associated autoregulator,
DevR family homolog

Hypothetical protein

Acetyl-CoA synthetase (acetate-
CoA ligase acsA-6)

Indolepyruvate ferredoxin
oxidoreductase alpha subunit (iorA)
Transcriptional regulator homolog
(Lrp/AsnC family)

Protein kinase, putative

Dipeptide ABC transporter
permease protein dppC-3

Quinol oxidase (SoxABC),
cytochrome B subunit (soxC)
Quinol oxidase (SoxABC),
cytochrome aa3 subunit (soxB)
Rieske iron-sulfur protein-1 (soxL-
1)

Hypothetical protein

Hypothetical protein

Sulfolobus mercury resistance
protein, Merl (Sulfolobusislandicus)
Pyruvic-ferredoxin oxidoreductase
alpha chain (porA-2)
Pyruvic-ferredoxin oxidoreductase
gamma chain (porG-2)

Acyl-CoA dehydrogenase (acd-5)
Predicted transcriptional regulator
AAA family ATPase

Extracellular ligand-binding
receptor homolog

Fe-S oxidoreductase homologue
Transposase ISC1234

Predicted transcriptional regulator

Hypothetical protein
ABC transporter, ATP binding
protein

Hypothetical protein

Iron-sulfur protein, conserved
putative

Heterodisulfide reductase related
protein

Histidine kinase
(Sulfolobussolfataricus)

Hypothetical protein
Hypothetical protein

Hypothetical protein
Terminal oxidase, small
hydrophobic subunit (doxE)

Conserved hypothetical protein
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SS09088
SS09180
SS09500

SSOLCTR1a_6470_

1708-1767

SSOLCTR1a_6470_

3373-3432

SSOLCTR1a_6470_

6329-6394

SSOLCTR1b_5964

278-343

SSOLCTR1b_5964

1493-1557

SSOLCTR1b_5964
SSOLCTR1c_1993_

10-71

SSOLCTR1c_1993
SSOLCTR1c_1993_

1916-1980

SSOLCTR1d_6005_

483-551

SSOLCTR1d_6005
SSOLCTR1d_6005_

105-174

SSOLCTR1d_6005_

5568-5630
SSOLCTR1e 402

SSOLCTR1f 5776_3

689-3753

SSOLCTRI1f 5776_4

021-4090

SSOLCTRI1f 5776_4

350-4419
SS00067

SS00098
SS00099
SS00173

SS00192
SS00199

SS00202

SS00217

SS00230

SS00235
SS00240

SS00256
SS00292

SS00320
SS00352

1.64
1.01

1.37
1.07

0.03

0.68

0.77

0.63

0.52
1.41

1.15
0.94

1.40

0.93
0.85

1.27

0.03

0.68
0.00

0.62

-1.65

-1.19
-1.70
-1.24

-1.64
-2.21

-1.31

-1.19

-1.49

-1.05
-1.26

-1.11
-1.32

-1.13
-1.14

0.19
0.02

0.14
0.00

0.03

0.02

0.05

0.01

0.04
0.08

0.18
0.01

0.08

0.17
0.16

0.02

0.05

0.09
0.04

0.19

0.15

0.16
0.06
0.01

0.04
0.07

0.23

0.26

0.18

0.02
0.22

0.02
0.10

0.20
0.05

3.11
2.02

2.58
2.11

1.02

1.60

1.70

1.55

1.44
2.66

2.22
191

2.65

191
1.80

2.42

1.02

1.60
1.00

1.54

-3.13

-2.28
-3.24
-2.36

-3.12
-4.64

-2.48

-2.28

-2.81

-2.08
-2.39

-2.16
-2.50

-2.19
-2.20

Intergenic region
7 KD DNA-binding protein

Conserved hypothetical protein
CRISPR Locus A

CRISPR Locus A
CRISPR Locus A
CRISPR Locus B

CRISPR Locus B

CRISPR Locus B
CRISPR Locus C

CRISPR Locus C
CRISPR Locus C

CRISPR Locus D

CRISPR Locus D
CRISPR Locus D

CRISPR Locus D

CRISPR Locus E

CRISPR Locus F
CRISPR Locus F

CRISPR Locus F

SSU ribosomal protein S2AB
(rps2AB)

Methionine aminopeptidase 2
Conserved hypothetical protein
Aspartyl-tRNAsynthetase (aspS)

Glutaredoxin related protein
S-adenosylmethioninesynthetase
(maT)

D-arabino 3-hexulose 6-phosphate
formaldehyde lyase (hpS-2)

SSU ribosomal protein S7TAB
(rpS7AB)

Nucleoside diphosphate kinase
(NDP kinase) (ndk)

Radical SAM protein homolog
Adenylosuccinatelyase
(adenylosuccinase)(ASL) (purB)

Conserved hypothetical protein
exosome complex RNA-binding
protein Csl4 homolog

Hypothetical protein
Apoptosis-related Tfarl9 related
protein
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SS00353

SS00356

SS00358

SS00363
SS00397

SS00408
SS00415

SS00420
SS00435

SS00436

SS00439
SS00460

SS00481

SS00501
SS00503

SS00553
SS00554

SS00555
SS00608
SS00098
SS00099
SS00173

SS00192
SS00199

SS00202

SS00217

SS00230

SS00235
SS00240

SS00256
SS00292

SS00320
SS00352

SS00353

SS00356

SS00358
SS00363

-1.39

-1.67

-1.11

-1.06
-1.60

-1.48
-1.54

-1.16
-1.71

-1.30

-1.08
-1.62

-1.16

-1.10
-1.23

-1.14
-1.30

-1.31
-1.42
-1.19
-1.70
-1.24

-1.64
-2.21

-1.31

-1.19

-1.49

-1.05
-1.26

-1.11
-1.32

-1.13
-1.14

-1.39

-1.67

-1.11
-1.06

0.14

0.00

0.27

0.16
0.15

0.09
0.18

0.04
0.03

0.28

0.20
0.03

0.26

0.06
0.04

0.17
0.37

0.10
0.37
0.16
0.06
0.01

0.04
0.07

0.23

0.26

0.18

0.02
0.22

0.02
0.10

0.20
0.05

0.14

0.00

0.27
0.16

-2.63

-3.17

-2.16

-2.09
-3.04

-2.79
-2.91

-2.24
-3.28

-2.46

-2.11
-3.08

-2.23

-2.15
-2.35

-2.20
-2.46

-2.48
-2.67
-2.28
-3.24
-2.36

-3.12
-4.64

-2.48

-2.28

-2.81

-2.08
-2.39

-2.16
-2.50

-2.19
-2.20

-2.63

-3.17

-2.16
-2.09

SSU ribosomal protein S19E
(rps19E)
Phosphate regulatory protein,
putative

Conserved hypothetical protein

Prolidase
Proliferating cell nuclear antigen
putative homolog

SSU ribosomal protein S13E
DNA-directed RNA polymerase,
subunit E (rpoE1)

Reverse gyrase (topR-1)
SSU ribosomal protein S24E
(rps24E)

Thiazole biosynthetic enzyme

tRNA intron endonuclease, putative
MRP protein homolog, conserved
ATPase (mrp)

HAD-superfamily hydrolase
homolog

Conserved hypothetical protein
Conserved hypothetical protein

Conserved hypothetical protein
Ribosomal protein L11
methyltransferase, putative

Conserved hypothetical protein
Conserved hypothetical protein
Methionine aminopeptidase 2
Conserved hypothetical protein
Aspartyl-tRNAsynthetase (aspS)

Glutaredoxin related protein
S-adenosylmethioninesynthetase
(maT)

D-arabino 3-hexulose 6-phosphate
formaldehyde lyase (hpS-2)

SSU ribosomal protein S7TAB
(rpS7AB)

Nucleoside diphosphate kinase
(NDP kinase) (ndk)

Radical SAM protein homolog
Adenylosuccinatelyase
(adenylosuccinase)(ASL) (purB)

Conserved hypothetical protein
exosome complex RNA-binding
protein Csl4 homolog

Hypothetical protein
Apoptosis-related Tfar19 related
protein

SSU ribosomal protein S19E
(rps19E)

Phosphate regulatory protein,
putative

Conserved hypothetical protein
Prolidase
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SS00397

SS00408
SS00415

SS00420

SS00435
SS00436

SS00439
SS00460

SS00481

SS00501
SS00503

SS00553
SS00554

SS00555

SS00608
SS00626

SS00708

SSO0757
SSO0771

SS00881

SS00886

SS00911
SS00946

SS00951

SS00981

SS010285
SS012199

SS01889
SS01890

SS02089

SS02146

S502182

SS02190
SS02222

SS02231
SS02255

-1.60

-1.48
-1.54

-1.16

-1.71
-1.30

-1.08
-1.62

-1.16

-1.10
-1.23

-1.14
-1.30

-1.31

-1.42
-1.96

-1.07

-1.16
-1.22

-1.47

-1.20

-1.19
-1.89

-1.37

-1.21

-1.35
-1.08

-1.66
-1.15

-1.07

-1.28

-1.13

-1.19
-1.08

-1.59
-1.15

0.15

0.09
0.18

0.04

0.03
0.28

0.20
0.03

0.26

0.06
0.04

0.17
0.37

0.10

0.37
0.30

0.15

0.06
0.21

0.01

0.12

0.01
0.09

0.19

0.07

0.15
0.06

0.24
0.10

0.14

0.03

0.14

0.10
0.23

0.33
0.05

-3.04

-2.79
-2.91

-2.24

-3.28
-2.46

-2.11
-3.08

-2.23

-2.15
-2.35

-2.20
-2.46

-2.48

-2.67
-3.88

-2.09

-2.23
-2.34

-2.78

-2.30

-2.28
-3.70

-2.58

-2.31

-2.55
-2.11

-3.16
-2.23

-2.09

-2.42

-2.19

-2.29
-2.11

-3.00
-2.22

Proliferating cell nuclear antigen
putative homolog

SSU ribosomal protein S13E
DNA-directed RNA polymerase,
subunit E (rpoE1)

Reverse gyrase (topR-1)
SSU ribosomal protein S24E
(rps24E)

Thiazole biosynthetic enzyme

tRNA intron endonuclease, putative
MRP protein homolog, conserved
ATPase (mrp)

HAD-superfamily hydrolase
homolog

Conserved hypothetical protein
Conserved hypothetical protein

Conserved hypothetical protein
Ribosomal protein L11
methyltransferase, putative

Conserved hypothetical protein

Conserved hypothetical protein
Phosphoribosylaminoimidazole-
succinocarboxamide synthase
(SAICAR synthetase) (purC)
LSU ribosomal protein L14AB
(rpl14AB)

Spermidine synthase

Cell division control 6/orcl protein
homolog (cdc6-2)

VPS24 Conserved protein
implicated in secretion homolog

myo-inositol-1-phosphate synthase
Cell division protein

Transcription initiation factor 11B
(TFIIB) homolog (TFB-2)

TATA box binding protein,
hypothetical (tflID)

Pyruvate kinase (pyK)
Coenzyme PQQ synthesis protein
Nucleotide pyrophosphohydrolase

ATP-dependent RNA helicase
major facilitator superfamily MFS_1
homolog

TenA family transcriptional
regulator homolog

major facilitator superfamily MFS_1
homolog

Isocitrate dehydrogenase
Hypothetical protein
Thioredoxin reductase (trxB-1)

Hypothetical protein
Peroxiredoxin,
bacterioferritincomigratory protein
homolog (bcp-3)
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SS02279
SS02292

SS02390
SS02407

SS02423

SS02431
SS02433

SS02583

SS02585
SS02635
SS02653

SS02706
SS02778

SS03003
SS03189

SS03200
SS03219

SS03224
SS03226
SS05345

SS05478

SS05544

SS0O5668
SS0O5798

SS06264
SS06453

SS06830

SSV2_A305

-1.69
-2.11

-1.57

-1.36

-1.01

-1.23

-1.09

-1.22

-1.18
-1.12
-1.48

-1.03
-1.08

-1.14
-2.58

-1.11
-1.04

-1.32

-1.06

-0.97

-1.54

-1.20

-0.96
-1.16

-1.57
-1.20

-1.23

-1.54

0.06
0.31

0.12

0.02

0.05

0.20

0.16

0.04

0.26
0.03
0.08

0.11
0.06

0.06
0.02

0.07
0.18

0.07

0.17

0.06

0.18

0.01

0.07
0.09

0.26
0.04

0.18

0.04

-3.23
-4.31

-2.98

-2.56

-2.02

-2.35

-2.12

-2.33

-2.27
-2.17
-2.79

-2.04
-2.11

-2.21
-6.00

-2.15
-2.06

-2.50

-2.09

-1.96

-2.91

-2.30

-1.94
-2.24

-2.98
-2.29

-2.35

-2.91

Hypothetical protein

Amino acid transporter related
protein

Inorganic pyrophosphatase,
putative (ppa)

2-isopropylmalate synthase,
putative (leuA-3)

Type |
phosphodiesterase/nucleotide
pyrophosphatase homolog
Carbon monoxide dehydrogenase
subunit G homolog

Carbon monoxide dehydrogenase,
small chain (cutC-1)

Sulfolipid biosynthesis protein
(sqdB)

L-lactate dehydrogenase
Hypothetical protein

Conserved hypothetical protein
5-methylthioadenosine
phosphorylase (mtaP)

UspA domain protein homolog

Glucose 1-dehydrogenase (dhg-1)
Amino acid transporter related
protein

Conserved hypothetical protein
Sugar phosphate
nucleotydyltransferase

Amino acid transporter related
protein

Fructose-bisphosphate aldolase
homolog

Traslation elongation factor EF-1
beta subunit

LSU ribosomal protein L24E
(rpl24E)

Carboxylate-amine ligase

LSU ribosomal protein LX
DNA-directed RNA polymerase,
subunit E (rpoE2)

Conserved hypothetical protein
LSU ribosomal protein L37E
(rpI37E)

STIV infection differentially
regulated gene

SSV2 ORF
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Table S5. S. solfataricus SSV1/SSV2-InF1 infected strain: a complete list of the up-regulated and

down-regulated genes throughout the growth.

Similarly regulated in the SSV1-InF1 infected strain
Similarly regulated in the SSV2-InF1 infected strain
Similarly regulated in both single-infected strains

Average S.D.
Gene ID log2 Ratio log2 Ratio VGEF Function
non-coding-
RNA_Sso0-181 1.07 0.06 2.11  non-coding RNA
SS00276 1.67 0.06 3.18  Like-Sm ribonucleoprotein core
homologue
SS00445 1.14 0.15 2.20  Agmatinase
(agmatineureohydrolase) (speB-1)
SS00535 1.04 0.06 2.06  Acyl carrier protein synthase
SS00544 1.02 0.05 2.03  ExsB family protein homologue
SS01052 1.16 0.08 2.23  Oligosaccharyltransferase STT3
subunit (B5)
SS01284 1.07 0.07 2.10  Oligo/dipeptide transport, permease
protein (dppB-2)
SS01312 1.46 0.27 2.74  Ring oxidation complex/ phenylacetic
acid degradation related protein
SS01859 1.11 0.04 2.16  Heat shock protein (htpX-1)
SS02048 1.28 0.12 2.44  Hypothetical protein
SS03051 1.41 0.10 2.66  Alpha-glucosidase (malA)
SS00099 -1.22 0.15 -2.34  Glutaredoxin related protein, metal-
dependent hydrolase
SS00192 -1.15 0.11 -2.22  Glutaredoxin related protein
SS0O0336 -1.37 0.33 -2.58 Phosphate regulatory protein, putative
SS00397 -1.09 0.10 -2.13  Proliferating cell nuclear antigen
putative homologue
SS00420 -1.07 0.04 -2.10  Reverse gyrase (topR-1)
SS00437 -1.16 0.17 -2.23  3-octaprenyl-4-hydroxybenzoate
decarboxylase
SS00460 -1.14 0.16 -2.20  MRP protein homologue, conserved
ATPase (mrp)
SS00503 -1.11 0.15 -2.16  Hypothetical protein
SS00626 -1.34 0.25 -2.53  Phosphoribosylaminoimidazole-
succinocarboxamide synthase
SS00881 -1.19 0.08 -2.28  Hypothetical protein
SS00951 -1.26 0.11 -2.40  TATA box binding protein, hypothetical
(tflID)
SS01877 -1.25 0.06 -2.37  Small metal-binding protein
SS01889 -1.03 0.35 -2.05 ATP-dependent RNA helicase
SS02292 -1.89 0.30 -3.71  Amino acid transporter, putative
SS02390 -1.01 0.03 -2.02  Inorganic pyrophosphatase, putative
(ppa)
SS03189 -1.97 0.21 -3.93  Amino acid transporter, putative
SS05544 -1.23 0.21 -2.35  Carboxylate-ammine ligase
SS05847 -1.01 0.26 -2.01  Hypothetical protein
SSV2_A305 -1.20 0.26 -2.29 SSV2 ORF
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