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HIGHLIGHTS GRAPHICAL ABSTRACT

i Various CBP strategies have been
discussed. (S
i High-throughput techniques to explore
novel microorganisms and powerful enzymes
for CBP have been explained.

i Recent advances and challenges faced in
CBP for efficient bioalcohols production

from biomasshave been comprehensively

reviewed.
ARTICLE INFO ABSTRACT
g:g‘ievzggg;:toberzou Recently, lignocellulosic biomass as the most ab_undant renewable resource has been Widgly gzonsidemdofmlsnio
) . ) production. However, the complex structure of lignocelluloses requires a-gtagtiprocess which is costly and time
Received in revised fort2 February2015 consuming. Although, several bioprocessing approaches have been developed for pretreatment, saccharification an
Accepted20 February2015 fermentation, bialcohols production from lignocelluloses ssill limited because ofhe economic infeasibility of these
Available onlinel March2015 technologies. This cost constraint could be overcdmpedesigring and constructig robust cellulolytic and bioalcohols
) producing microbes andy usingthem in a consolidated bioprocessi{@BP) system. This paper comprehensively reviews
gﬁ))gl"gﬁsis potentials, recent advances and challenges faced in CBP systems for efficient bioalcohols (ethanol and butanol) productio
) from lignocellulosic and starghbiomass. The BP strategies include using native single strains with cellulytic and alcohol
g:zstﬂ::z: production activities, microbial eoultures containing both cellulytic and ethanologenic microorganisms, and genetic

Consolidatedioprocessing
Lignocellulosic biomass
Starchy biomass

engineering of cellulytic microorganisms to laéohotprodicing or alcohol producing microorganisms to be cellulytic
Moreover highthroughput techniques, such as metagenomics, metatranscriptomics, next generation sequencing and synthet
biology developed to explore novel microorganisms and powerful enzymehiglitiactivity, hermostability and pH stability

are also discussecCurrently, the CBP technology is its infant stage, and ideal microorgansmndor conditions at
industrial scalare yet to be introduce®o, it isessentiato bringinto attentiorall barriersfacedandtake advantage @fll the
experiences gaindd achievea high-yield and lowcostCBP process.

© 2015 BRTeam. All rights reserved.

* Corresponding authemt: Tel.#98 2632703536 E-mail addressgsalehi@abrii.ac.i{G. Salehi Jouzani); Tel46 3343 $908 E-mail addressmohammad.taherzadeh@hb(btJ. Taherzadeh

Please cite this article aSalehi Jouzani Gh., Taherzadeh M.J. Advances in consolidated bioprocessing systems for bioethanol and butanol produzitomas$sna
comprehensive review. Biofuel Research Journal 5 (2038)195.




153
Salehi Jouzanand Taherzadelt Biofuel Research Journal 5 (201852195

Outlines

1. Introduction: Bioalcohols from lignocellulosic biomass, challenges and ProliEmIS. .-« .« . e 154
2. New strategies to overcome the probl@isonversion of lignocelluloses to bioalcohQls.............ccooiiiiiiiiii e 155
2.1. New pretreatment technologies.
2.2. Integrating enzymatic saccharification and fermentation ProCESSES. -« ..« ur it 15¢€
2.2.1. Simultaneous saccharification and ferMeENtatioN)(SSE ... v ve e 15
2.2.2. Nonisothermal simultaneous sacdifiaation and fermentation (NSSF)-
2.2.3. Simultaneous saccharification, filtration and fermentation (SSFF) -« et 157
2.2.4. Simultaneous saccharification aneF@ENENTAION (SSCIR)«+« -t xtstrtrrrttrtrtuttitit et 157
2.3. ConsolidatedioprocessindCBP) ‘
2.3.1. Advantages 0 1 = P
2.3.2. Strategies tesign ideal MICTOOTGANISIMS fOr CBP: - -ttt 15
2.3.3. CBP in biobutanol production
2.3.3.1. The native strategy: single wild type strains for butanol ProduiCtion. ... ..o
2.3.3.2.The native strategy: eculture systems for bBUtanol ProdUCTIOR . .ovveveiiiii
2.3.3.2.1Clostridium thermocellon andClostridium saccharoperbutylacetonicum. .
2.3.3.2.2Clostridium acetobutylicurand Clostridium CellUlOIYICUMIL....ccveiiiiii s

b T e ] (114 =T = T g Lo [ (o 1S] 4o 118 0 o P PP PP PP PP
2.3.3.2.4Clostridium beijerinckiiandClostridium cellulovorans

R R I T W0 01010 (= 8 00T W L= Lo Toy=2 10 | =S oo | PSS
2.3.3.2.6 Clostridium beijerinckiiand CloStridium tyrODULYTICURR. ....v vervtitirtistitit ettt 160
2.3.3.3.The recombinant strategy for BUtanol PrOQUCHOR: -« v veveei i 16
2.3.3.3.1Genetic and metabolic engineering of butanol production pathways.
2.3.3.3.2Genetic engineering for CBP butanol puation inClostridia.- .
ARG ¥ @1 =] =T oY 1o T 1 =T To I o] o T L1 o3 1) PO Y
2.34.1. The native strategy: wild type single microorganisms with CBP capabilities..
2.3.4.1.1Bacteria....c..ccceeivereniiiiininens

2.3.4.1.1.2CI0Stridium PRYIOFEIMENTANS. ......ei ittt e et e e st e e et e e et et e e s s e e e e s e e e e e be e e e e me e e e e aateeeeenrneeeeanneeeenanneee e 1
2.3.4.1.0.3ThErMOANAEIODACTEIILUM SP......iiiuiiitiietieetee et tee ettt e ateeaateeateeaabeeaseeeasseeaaeeaaseaaabeeasbeeasseeabeeeabeeaaseeeabeeemseeesb e e ehbe e b eeenbeeenbeesmbeeasbaeanseanteasnnes 1

2R T 35 2 | o o PP
2.3.4.1.2.1Mucaor circinelloides...
2.3.4.1.2.2Fusarium OXySPOIUM......cceruerieieianianianianas ..
2.3.4.1.2.3Fusarium verticillioidesandAcremonium zeae.. ..164
2.3.4.1.2.4Aspergillus oryzag..........ccoevveveviininininnnns

2 ot 5] = <o o 0 )Y o= T oY o 0 1
2.3.4.1.3Whit@ IOt DABIIOIMYCELES ++++t-ereerertererttntates ettt E e E e E £ E e E e E e E A4 E R E oA E oAb e bR et b et ]
2.3.4.1.3.1Trametes versicolar...
2.3.4.1.3.2FIammMUING VEIULIPES. ... e veeieeitie ittt s h e e a et e b e e b e e b e e Rt e e ae e b e e Rt e e b e e b e R e e e b e e e ae et et ae e bt be e ens ]
B2 B G TR = =Y o - = o OO RPTORRRRRS
2.3.4.1.3.4Peniophora cinereandTrametes suaveolens...
B B Y- 1] (PSPPI
2.3.4.1.4. 1KIUYVEIOMYCES MAIKIANLIS. ... .eeutieitiiaiteette st e ettt e sttt e s teeabe e e b e e ses e e stb e e sae e e be e e abe e e b e e she e e ea b e e s ae e e b e e e be e e beesas e e eab e e s hae e ke e e sbe s e beesabeesabeesaeeebeas 1
2.3.4.1.4.2Clavispora
2.3.4.1.4.3Cryophilic yeastMrakia DIOIOPIS ........cocuiiiiiiii e
2.34.2. Synthetic microbial consortium for consolidated production of bioethanol
2.34.3. The recombinant technology: mutant and geaéieengineered microorganisms for CBRlignocellulosic biomass...
2.3.43.1. Engineerig cellulase producers to be ethanologenic
2.3.4.3.1. 1CIOStrdIUM therMOCEIUNL.......oiiiiiiii e e e e s e e e e b e e e e s s hb e e e s e hb e e e s s b e e e e s ba e e e s sab b e e s st b e e s sabb e e e s banas 1

A 0 35 4 4 T 1 o TU Ty g o= 1o o 1

2.3.4.3.1.3Thermoanambacterium saccharolyticum.. AT
2.3.4.3.1.4Thermoanaerobacteriu@otearoense. .. .17
2.3.4.3.1.5ThermoanaerobaCter MIBAINIT -« -« o vt iy
2.3.4.3.1.6Caldicellulosiruptorbescii.............. 1
2.3.4.3.1.7Ge0baCillus thermMOgGIUCOSIHASIUS - ++-+vtturterrteitii ettt h e e b e e e b e e b e e s b s s et e e e b e e st e e s b e e saee e be e nnes 1
2.3.4.3.1.8Klebsiella oxytoca..........c.coeevveenee.
2.3.4.3.1.9Trichoderma reesei....... L
2.3.4.3.1.10Fusarium XY SO UM+ttt 1
2.3.43.2. Engineering ethanologetn DE CEIUIOIVHIC. .......uiiiiiiiii i 17

2.3.4.3.2. 1 SACCNAIOMYCES COIBVISIAE: «-- -t urtetrtttttettt e E e E Lo Lot 1

- Expression of single or many hydrolase genes.i0erevisiag. . ... ... 173

- Application of new promoters to increase heterologous expression of cellulase genes.in.yeast 174

- High copy NUMDET Of CEIUIASE GENES .. .eiviiiiitiiii i b e b bbb b e b e e b e e b e e be e be b e s ae e be e beens 1

- Yeast surface display (noncphaxed cellulase systems, cellulosomes and miniCellulOSOMES) -« «w  rvrerriiiiiiiiiiii 174

- Expression of other genes in yeast (cellodextrin transporters, endoinulinase and inherent)inVertase ........ccooovveriien 175

- Engineering for pentose fermentation®ycerevisiae
e B LU AV =Y (o) 1Yo T4 = o= LT
G B e B 1 - g ==Y o 11 = oo 1Y 4o T D
2.3.4.3.2.4ZyMOMONAS MODIIIS ... oottt bbb ]

Please cite this article aSalehi Jouzani Gh., Taherzadeh M.J. Advances in consolidated bioprocessing systems for bioethanol dnprduuetion from biomass: af
comprehensive review. Biofuel Research Journal 5 (20151952




204
Salehi Jouzanand Taherzadelt Biofuel Research Journal 5 (201852195

D 3.4, 3. 2 S SCIEIICIIG GOl -+vvvvvvvrrrrrnnnnnnnnnassanseesaeeaeaeeseeateeteeseessessessssssasssasaaaaassaasaaaaaasessassesssssssssssssssssssssssnsnnsnnssnsseesesseseeesessseesessessssssssssssssnsnnnnnnnn %
2.3.4.3.2.6Pichia stipitis (Scheffersomyces stipitis) 177
2 B0 B = Vo LU g =T Y11 1

2.35. CBP in starchy biomass (QMYIGKYEASIS) ..« «tererrrertiaiiitieit st E e s bR e b e R e R
2.36. Metagenomics and synthetiolgy in CBP...........cocoeiiiiii, .

Acknowledgements.
[ (1= g[S T T TP TP TP TP PP TR PPPTOPRTUPPRUPPRUPOPITS
Abbreviations
ABE Acetone, butanol and ethanol Lac Laccase
ACE Allele-coupled exchange technology Ldh Lactate dehydrogenase
ACS Acetyl-CoA synthetase NADH Nicotinamide adenine dinucleotide
ADH Alcohol dehydrogenase NSSF Non-isothermal simultaneous saccharification and fermentation
AFEX Ammonia fiber expansiopretreatment OocCcC Old corrugated containers
AF EX-ES Corn stover pretreated via ammonia fiber expansion OPEFB  Oil palm empty fruit bunch
ATF Agave tequilandructans PASC Phosphoric acid swollen cellulose
ALD Acetaldehyde dehydrogenase Pdc Pyruvate decarboxylase
ATMT A. tumefacienamediated trasformation PEG Polyethylene glycol
BGL b-glucosidase Pl Pyruvate formate lyase
BMR (bmr) Brown midrib Pta Phosphotransacetylase
CBH Cellobiohydrolase SHCF Separatédydrolysis and cdermentation
CBP Consolidated bioprocessing SHF Separate hydrolysesnd fermentation
Cel Cellulase SMW Spent mushroom waste
Cep Cellobiose phosphorylase SSCF Simultaneous saccharification andfeomentation
CHE Combined hydrogen and ethanol production SSF Simultaneous saccharification and fermentation
CipC Noncatalytc cellulosome integrating protein SSFF Simultaneous saccharification, filtration and fermentation
CMC Carboxymethyl cellulose wiv Wight/Volume
COMT Caffeic acid 30-methyltransferase WT Wild-type
Da Dalton XDH Xylitol dehydrogenase
EG Endoglucanase Xl Xylose isomerase
EMP EmbdenMeyerhotParnas pathway Xk Xylulose kinase
ER endoplasmic reticulum XIn b-xylosidase
FB-SSF Fed-batch simultaneous saccharification and fermentatioXR Xylose reductase
FP Filter paper Xyn Endoxylanase
gll Gram/liter Yess Yield coefficient
g/lh Gram/liter per hour ol d h Mutated lactate dehydrogenase
a/g Gram/gram mppt a Mutated phosphotransacetylase
GIcNAc N-Acetylglucosamine

1. Introduction : Bioalcohols from lignocellulosic biomass, challenges and lignin andthe crystalline structure of cellulosesdt in biomassrecalcitrance
problems which requires effective pretreatmentnethodsto open up the structure
making it moreaccessibleéo theenzymesTherefore, this robust and complex
The recent rapid increase averall awareness concerniegvironmental  structurein order to be converted intbioalcoholsrequires a multstep
threats global demansifor energy and thelepletingenergyresourceshave process, including pretreatment, enzymatic hydrolysis, and fermentatidn
pusted researchers teard finding new alternative, cleaner, renewable and that increases the cost of biofuels productignificantly (Mosier et al.,
sustainable energgsources, such as solar energy, hydroelectric energy, wind005; KleinMarcuschamer et al., 2012; Kumagai et al., J0Although
energy, and lmmassderived energy(Chu and Majumdar, 20)2 Plant several bioprocessing approachesehlagen proposethe main technological
lignocellulosic biomass is the most abundant renewable resource on the eahtlrdlein conversion of this valuable renewable resource into bioalcohols is
which is producedat an approximate rate df50i 170 x 18 tons annually still the lack of cost effective technologies for pretreatment, saccharification
(Pauly and Keegstra 2008Commonly, lignocellulosic ibmass is obtained and fermentation to overcome the biomass recalcitrance. mist costly
from four major sources, including agricultural residues (corn stover, ricggrocess during alcohol production from biomass is probably enzymatic
straw, etc.), forest residues (woods, branches, foliage, etc.), energy cropgdrolysis of lignocelluloses. To degrade them to fermentable glucose,
(switch grass, yellow poplar, etc.), and cellulosic waste, such as municipaboperative and synergistic activities of at least three cellulases, including
solid waste and food wastePdrisuthan et al., 2014; Sims et al., 2010has endoglucanase, exogluta s e -glucadidade are requiredyfd et al.,
therefore been an attractive substrate for sustainable production of secorith02; Ho et al., 2012
generation bioalcohols such as ethanol, butdhad. worth quoting thathe Moreover, lignocelluloses are obtained from highly diverse envirorsnent
first-generation biofuels, rpduced from food crops such as cereals, sugarand hence their composition varies from place to place and over time, so, it is
crops, and oil seedsavebeen seriouslgriticized for triggeringfood vs. fuel necessary to develop and igtate efficient pretreatment, hydrolysis and
compettion and the consequeincreass infood price. fermentation processes, and alsp utilize efficient microbescapable of
Lignocellulosic biomass typically contains-B0% complex carbohydrates handlingeffective conversion of different kinds of biomaBsiat et al., 2009;
consistingof Csand G sugar unitgFig. 1). This complexity is &hallenge for ~ Rumbold et al., 201Gravaro et al., 2013; Parisuthanaef 2014; Ragauskas
bioalcohols production from lignocelluloses. In addition,ghesence of etal., 201}
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Fig.1. Structure of lignocellulosic biomass containing cellulose (composedbet,&linked chainof glucose molecules ), hemicellulose (composed of variewn8 6carbon sugars such as
arabinose, galactose, glucose, mannose and xylose) and lignin (composed of three major phenolic componentspnaragly gicohol (H), coniferyl alcohol (G) asthapyl alcohol (S)) Rubin,
2009, Copyright (2015), with permission from Elsevier.

2. New strategies to overcome the problems of conversion of al., 2013, 2014;Rajendran and Talmadeh, 201)} Previously, several
lignocelluloses to bioalcohols pretreatment technologies, such as chemical pretreatment (alkali, acid,
organosolv, ozonolysis and ionic liquids), physical pretreatment (grinding and
Commonly, the process for bioalcohols production from lignocellulosemilling, microwave and extrusion), physichemical pretreatment (steam
stars with a thermechemical or physical pretreatment to hydrolyte explosion, liquid hot water, ammonia fiber explosion, wet oxidation angd CO
hemicellulosefraction of biomass,and is thencontinued by an enzymatic explosion) and biological pretreatment (using microorganishas)e been
hydrolysis of the celluloséaction, and finally fermentation of the resulting developed Palmqvist et al., 2000; Isroi et al., 20IHaghighi Mood et al.,

sugars is performed by an alcolmloducing microorganism. All these steps
are costly and time consuming, asd new developing technologies are
focused onways toincreag theefficiency of these three steps while striving

2013, 2014; Rajendran and Tatedeh, 201y
Although each method has some advantagesecould berecommended
for all types of biomasdn another word, &h pretreatment method has some

drawbacks limiting its application. Recently, different combined
methodologies havealso been deeloped to overcome the problems
associated with individual methadstilization of these methods resulted in
enhaned efficiency of sugar production, decredsformation of inhibitors

It is estimated that about 1B30% of the total projected cost for biofuel and finally shorteed process time. These combined pretreatment siesteg
production from lignocellulosic materials can be attributed to pretreatmeninclude combination of alkaline and dilute acid pretreatmehts €t al.,
This step is carried out to overcome chemical and physical obstacles in theif09, alkaline and ionic liquid pretreatmentsguyen et al., 207 dilute
complex structure anabtenhance enzyme accessibility, which finally results acid and steam explosion pretreatmenftise(n et al., 201)] supercritical C@
in increasd fermentable sugars yield¥{ng and Wyman, 2008During a and steam explosion pgreatments Alinia et al., 201), organosolv and
pretreatment procedure, hydrogen bonds in cellulose are disrupted, crossological pretreatmentsV(onrroy et al., 201)) biological and dilute acid
linked matrix of hemicelluloses and lignin are broken dpand finally, the  pretreatments Zhang et al., 2007 &), biological and steam explosion
porosity and surface area of cellulose are increased for subsequent enzymaietreatmentsi@niguchi et al., 20))microwaveassisted l&ali pretreatment
hydrolysis {{aherzadeh and Karimi, 2008; Li et al., 2010; Haghighi Mood et (Zhu et al., 200§ microwaveassistedilute acid pretreatments(jen et al.,

to redue their corresponding costs.

2.1. New pretreatment technoles
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2011) and ionic liquids and ultrasonic pretreatnsefitinomiya et al., 201)) efficiency. For the first timeSouth et al. (1993developed continuous
In addition, various recelytd evel oped fAomi cso t ooohvwersion ofupcetieated shardsvgod floretd ethamsing Saccharomyces
biology, high throughput sequencing and genetic engineering aie cerevisiae in combination with cellulase enzymes and direct miclobia

considered as promising tools to enhatteeefficiency of pretreatment and conversion with the cellulosiermenting strainC. thermocellumFan et al.
hydrolysis procedures for economic biofuel production from biomass. Thes&003) developed a sentontinuous SSF system for efficient conversion of
new promising strategiesnclude (1) increasing cellulose composition paper sludgeat ethanol. Theynanaged t@chieve an average conversion of
(Coleman et al., 2009(2) reduing plant cell wall recalcitrance and cellulose 92% and 42 g/l ethanol when 82 g/l cellulose and 20 FPU g/l enzymes were
crystallinity (Fry et al., 200§ (3) produing cellulases and other protein loaded. Moshi et al. (2014) established a fellatch simultaneous
modules which are necessary for disruption of plant cell wall substratesaccharification and fermentation (FESF) approach in oed to overcome
(VaajeKolstad et al., 2003iswas et al., 2006; Cosgrove et al., 2007; Mei et the inhibition ofS. cerevisiady thehigh sugar concentrations produced after
al., 2009; Park et al., 20),1and (4) reduag lignin contentin plants by an efficient enzymatic hydrolysis of starelth wild cassava. Alsd{umagai
downregulation of lignin biosytesis Ralph et al., 2006or diverting lignin et al. (2014)reported thedevelopnent of an efficient SSF process for
biosynthesis twards cellulose synthesis C(en and Dixon, 2007aghighi production of ethanol from stearpretreated and subsequently wletk
Mood et al., 2018 milled Hinoki cypressand Eucalyptus. lanotherstudy,Li et al. (2013)using

It is expected that by development of these new pretreatment technologie8SF system for bioethanol production from a brown macroaaecharina
pretreatment problems, as one of thestliest steps of lignocelluloses japonicg whosecarbohydratesontainedup t055% laminarin and mannitol
conversion to bioalcohols, wile overcome in the near future. Finally, it can could achieve a bioethanol concentrat@i6.65 g/l anda yield of 67.41%
be concluded that for efficient conversion of lignocellulosic biomass tobased on the total available gludarihe pretreate®. japonica

biofuels,achieving arin-depth understanding of the concepitpretreatment The main disadvantage of SSF is that the optimum temperature for
technologies (single or combined) and atke types and composition of cellulasesactivity (45160 °C) is commonly higher thatthe temperatures
available biomass feedstoikessential suitablefor the activity of yeast and many bacterial biofuel fermentations

(Brethauer and Wyman, 2010; Bhalla et al., 2013; Kumagai et al.).2014
2.2. Integrating enzymatic saccharification and fermentation processes

2.2.2. Nonrisothermal simultaneous saccharificationdafermentation (NSSF)

During the bioalcohol production from lignocellulosic biomass, in addition

to pretreatment, both enzymatic saccharificationyd(blysis) and In the SSF processhe resultant glucosky the hydrolyzing enzymes is
fermentation processes aafso the key determinants. In the conventional immedigely consumed by the bioalcohptoducing microorganissthus the
bioalcohol production process, saccharification and fermentation processethibition effects of cellubiose and glucose are minimized. As mentioned
are separately performed (separate hydrolysis and fermentation (SHF) whiearlier, the major problemassociated witlthe SSF process ithe difference
is a time consumig and costly procesgeg-ig. 2). The major advantage of betweenthe optimum temperatures of hydrolyzing enzymes and fermenting
SHF is that both hydrolysis and fermentatamuld be performed at their own  microorganism (Wyman, 1996; Goshadrou et al., 2)1 this system, the
optimum conditios. While, the main drawback othis processis the enzymatic hydrolysis is performed at a tempamtower than the optimum
inhibition of cellulase activity by theugarsreleagd inthe hydrolysis stage  temperaturewhich could significantly affect enzyme activity, and therefore
(Tengborg et al., 200Boshadrou et al., 2013; Ishola et al., 2013 could causéncreasd enzyme consumption §herzadeh and Karimi, 2007

i W Sa—"" ™ -
production W
prE:izuy:tnite)n PP AT | == | Hexose fermentation Pentose fermentation
Lignocellulosic e Enzyme —
ﬁ S —— e PROCHELON .
Enzyme -

Fig.2. Different bioprocessing strategies available for the conversion of lignocellulosic biomass to bioalcohols. Abbreviatiossp&tdfe hydrolysis and fermeita; SHCF,separate hydrolysis
and cefermentation; SSF, simultaneous saccharification and fermentation; SSCF, simultaneous saccharificatiterraedtetion; CBP, consolidated bioprocessing.

2.2.1.Simultaneous saccharification and fermentation (SSF To overcome this problem, nésothermal simultaneous czharification
and fermentation (NSSF) has been suggested, in which enzymatic hydrolysis

Simultaneous saccharification and fermentation (S5F) @) is a strategy = process is incompletely carried out at optimum temperature and after
for increasing cellulose conversion to bioalcohol, in which the enzymatiénoculating the media, temperature is set to optimum value for the
hydrolysis and fermentation of sugars are combined. In this strategy, thmicroorganisms (\Wu and Lee, 198 Goshadrou et al., 20).3In this system,
enzyme consumption is maximized since the soluble sugar levels do not reasfccharification and fermentatiare perforned simultaneously but in two
levels that might inhibit theefmentation microorganisn(Brethauer and  separate reactors at different temperaurEhe pretreated lignocellulosic
Wyman, 201). Previously, it has been confirmed that the overall ethanolmaterialsare transferred to a hydrolysis reactor in which tleezymatic
yield in SSF is generally higher thémat of theSHF (Vingren et al., 2003 hydrolysis is carried out at the optimum temperature (e.g. 50°C), then the
The advantage of the SSF is thae hydrolysis products suchsalucose and  hydrolyzed effluent is recirculated through a fermentor running at optimum
short cellulose oligomerdo not inhibit cellulase activitiedue to immediate  temperature for alcohgdroducing microorganissi(e.g. 30°C).lt has been
and simultaneous fermentatiohir{ and Tanaka, 2006 Some studieshave confirmed thatellulase activitywould increase byp to 23 times when the
reported successful application of tI8SF technology for simultaneous hydrolysis temprature was raised from 30 to°8) and thetotal enzyme
saccharification anfermentation of different energy crops, non edible plantsrequiremerg werereducedby 30-40% compared to the conditions employed
and lignocellulosic biomass by different microorganisms, and confirmed itsn the SSF {aherzadeh and Karimi, 2007

Please cite this article aSalehi Jouzani Gh., Taherzadeh M.J. Advances in consolidated bioprocessing systems for bioethanol dngrdzitation from biomass:
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NSSF has beeefficiently used for bioethanol production from different consumexylose Qlofsson et al., 20108).,bPreviously, this technology has
lignocellulosic biomass, including corn stoveia(ga et al. 200¢ eucalyptus been used for production of both ethanelg( Teixeira et al., 1999, 2000;
(Tamayo et al., 2004 spen wood Goshadrou et al., 20),3Solka Flo® Zhang et al., 2009; Kang et al., 2)%hd lactic acid (e.g?atel et al., 2005;
powdered celluloseold oorrugated cardboardOCC), and paper sludge Zhu et al.,, 200y Table 1 shows a brief history of SSCF for bioethanol
(Kadar et al., 2004 softwood spruce and hardwood o&kéfiei et al., 201)] production from different lignocellulosic materials byfdient wild type or
untreated and fungalretreated oil palm empty fruit bunch (OPEFB), geneticallyengineered microorganisms.
untreated and fungairetreated oat strawv((llati et al., 2019. The majority
of these studies showatiat theNSSFis advantageous comparerthe SSF. 2.3. ConsolidatedioprocessingCBP)

2.2.3. Simultaneous saccharification, filtratipand fermentation (SSFF) Depolymerizing lignocellulosic biomass to simple sugars isomplex
multi-step process, including loosening the structural complexity of
Recently, one new technol ogy n a liggogellulasss, npgdtin adydelysis.s ligrina slegradation, f hemigellujogen |
Filtration and Fer meaeveloped ifoo lignodeldiSsie F Hapolymefization ang cellulose hydrolysigazzoli et al., 201, and the cost
ethanol productioni¢hola et al., 2013 In SSFF, pretreated lignocellulosic Of feedstock, enzyme, andepreatment would account for about ttnird of
slurry is exposed to the enzymes and hydrolyzed in a reactor, while the sug&e total production cost, of which the enzyme cost is the largesti(el et
rich suspension is continuously pumped through a dtossmembraneto  al., 200). This cost constraint could be overcorby desiging and
the fermentation system. Fermented liquid is pumped back to the hydrolys@@nstructing robust cellulolytic and bioalcoholproducing mérobes ancby
vessel, while a clear sugech filtrate continuously perfuses through the using them in a consolidated bioprocessing (CBR}em(Parisutham et al.,
fermentation vessel before it is pumped back to the hydrolysis vessel, and2214. CBPhas been known aké most promising fermentation approach for
culture of a flocculatig strain of S. cerevisiads retained by settling. By  bioethanol production from lignocellulosic biomaselhas been investigated
using this system, an ethanol yield of 85% of the theoretical yield wa#creasingly inrecent yearsHig. 2). NonethelessCBP is still in its early
obtained and a flocculating strain f cerevisiaevas successfully reused for stage of establishment, and herisethe main focus of this review. In CBP,
5 cultivations. SSFF seems to be an advantageersative to both SHF and  all the processs including enzyme production, enzymatic saccharification,
SSF since the problem of enzyme inhibition can be avoided. In addition, bo@nd fermentation of the resulting sugdocs bioethanol or ther valuable
the enzyme cocktail and the fermenting organism in SSFF can be used at thefpducts  proceedimultaneously l(ynd et al., 2005,0lson ¢ al., 2012;
different optimal conditions. Furthermore, it would be possible to reuse t Kumagai et al., 2014arisutham et al2014). During the last decade,\&zal

fermenting organism several timesHola et al., 201)3 wild-type and geneticallgngineered bacteria, fungi and yeasts hasenb
proposed for application iI€BP (Schuster and Chinn, 20)L3In the next
2.2 4. Simultaneous saccharification and-tevmentation (SSCF) sections, the potential microorganisms and their suitable characteristics for

CBP alcohol production will be discussed.

During the process of bioalcohol production from lignocelluloses, in
addition to the vield, the alcohol concentratioraisovery important, as the ~ 2-3-1. Advantages of CBP
distillation costs decrease when the final alcohol concentration increases
(Sassner et al., 20n80nedisadvantagassociated witlihe SSF is that the
fermentation is performedsing only hexoses, and pentose sugars are no
used. To inrease the ethanol concentration, a high concentration of-wate
insoluble substrates should be addethwfermentation system, which leads
to a high viscosity of the medium. High viscosity may cause mixing problem
during the fermentation process, ansoaiaylead toa high concentration of
fermentation inhibitorsAmeida et al., 2007 One of the methodologiesed
to increase ethanol concentration is -Fedch SSF process. In this
methodology, the mediumviscosity is maintained lovly graduallyfeedng
new substrateto the reactar Furthermore, the effect of the hydrolysate
toxicity is decreased because of yeast adaptation and gradual biologi
detoxification. This systermay also have positive effecbn xylose uptake
owing to thesignificant chages inxylose to glucoseoncentration ratio in
the medium lflodge et al., 2009; Olofsson et al., 2009, 2010; Zhang et al.
2009.

Generally, glucose concentration negativelffects xylose uptake inS.
cerevisiag and therefore must bekpt low for achieung anefficient xylose
uptake. Low concentration of glucose increases xylose to glucose ratio whi
is desirable for cdermentation of glucose and xylosgc(ter et al., 1993;
Meiamder et al., 1999 Clearlly, in lignocellulosic ethanol production, in
addition to hexose fermentation, pentose fermentatialssan unavoidable
part of theprocessdue to the high xylan conterf the lignocellulosic . . . .
materials. However, ethanol concentration in pentose fermentation processzl's3'2' Strategies to design ideal microorganisms for CBP
usually too low (<10 ofl, andhereforg is not economic tcbe distilled An ideal microorganim for CBP should simultaneously and with high
(Yasuda et al., 20)4Thus, cefermentation of hexose and pentose has been ffici d ired hvdrol dt " imol o t t
performed using a variety of wild type and recombinant microorganisms fof |C|ency.pro uce requlr_e yaro _ases and transform S'"_]P e S‘ﬂgafs 0 grge
ethanol production from different lignocellulosic materialsm@taneous alcohol (ig. 3). These microorganisms should have specific traits, including
saccharification and efermentation (SSCF)F(g. 2) is a process similar to  €xpressin and secretion ofeveral glycoside hydrolasenzymes for rapid
SSF except that the hexose and pentose fermentations occur in one step dedolymerization of lignocellulose, simultaneous utilizateord conversion
pot. SSCF system is a promising technology to reduce total costs of alcohgl multiple sugars like cellobiose, glucose and xylose to biofuels, and
production, as peoses aralso consumed during the process, and also theyojerance both to toxic compounderived from lignin and the final end
inhibitory effects of x_ylose are _red_uceé[héang et al, 2090 The main product €ig. 3) (Vinuselvi et al., 2011Hasunuma and Kondo, 201Rricka
advantage of SSCF in comparisaith the separate hydrolysis and -co ) ) )
fermentation(SHCH is that the released glucose is siran&ously fermented, et al., 2014 Kumagai et al., 2014; Parl.sutham e_t al., 20Trhe e”?Yme_s
resuling in a low glucose concentration in the medium. This can minimizeneeded to make the complete cellulolytic cocktail for the saccharification of
the end product inhibition during enzymatic hydrolysis, and also increase thégnocellulosic biomass are cellulases (céllobhy dr ol ase, -endo
xylose to glucose concentration ratifiverting fermenting microorganism to  glucosidaseand phospheb-glucosidase), hemicellulases(endoxylanase,

It is suggested that CBP as amising approach will circumvent the cost

nd restrictions of conventional workflow for biofuel production from
flaignocellulosic biomass. CBP technologies using a single organism or
consortium of microorganisms combine the enzyme production, hydrolysis,
gnd fermentation stages into a single step. This may enhance processing
efficiencies, eliminating the need for added exogenous hydrolytic enzymes
and reducing the sugar inhibition of cellulasesn@ et al., 2005; Olson et al.,
2012. CBP is a promising tecbiogy which can reduce the number of unit
operations, and also reduce the overall capital cost of the pracess (et
al., 2010; 201 Commonly, the final simple sugars inhibit saccharification
Jyjocess in the conventional systems, whereas in CBP, fetioen
transforms these products to biofuel before they become inhibitive to
hydrolysis ashtban et al., 200€BP microorganisms do not need to
exogenous saccharifying enzymes, as they produce their own cellulolytic and
hemicellulolytic enzymes for ligreellulose decomposition, which result in
large cost savingsL( et al., 200k CBP systems significantly reduce the
number of unit operations (i.e., fewer reactor vessels), and therefore reduce
(maintenance and capital costsu(et al., 2009, den Haanet al, 2019. In
addition, if the effective microorganisms will be found, pretreatment step
could be avoided partially or entirel®(son et al., 2012; Schuster and Chinn,
2013.
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Table 1.

A brief history of SSCF for bioethanol productirom different lignocellulosic materials by different microorganisms
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Type of Biomass

Pretreatment Microorganism

References

Bermuda grass and napiergrass
Kraft paper mill sludges

Pressurized batch hot water

Brandon et al2011
Kang et al., 2010, 2011

Barley hull Aqueous ammonia ‘ Kim et al., 2008

Sugarcane bagasse Phosphoric Acid E. coli Geddes et al., 20 Nieves et al., 2011
Eucalyptus Steam Mullinnix, 2014

Taiwanese chenopod Sulfite pretreatment and acid explosion Yang et al., 2014

Kelp slag Diluted acid Jinetal., 2014

Comn stover AFEX™ Jin et al.2012a, 2013

Corn stover Steam Ohgren et al2006

Birch Steam Wang et al., 2014a

Napiegrass Low-moisture anhydrous ammonia Yasuda etal., 2014

Corn stover

Wheat straw

Sugar cane Bagasse

Switch grass

Furfural residues and corn kernels
Waste paper sludge

Corn stover

Rice straw

Aqueous ammonia
Diluted acid
Peracetic acid

Ammonia Fiber Expansion o
S.cerevisiae

Agqueous ammonia
Butanone and acetaldehyde

Zhu et al., 2014

Fonseca et al., 2011
Teixeira et al., 1999
Jinetal., 2010

Tang et &, 2011

Zhang (J) et al., 2009, 2010
Kim and Lee, 2005, 2007
Zhang et al., 2012b

Sweet sorghum bagasse NaOH Yuetal, 2014

Wheat straw Laccase and steaexploding Moreno et al., 2013
Wheat straw Steam Erdei et al., 2013a;Ballesteros et al., 2013
Sugar cane and Sorghum bagasse Dilute acid Geddes et al., 2013
Wheat straw Microfluidizer and solid loading Turhan et al., 2014
Lodgepole pine Sulfite Lan et al., 2013
Kappaphycus alvarezii Diluted acid Hargreaves etal., 2013
Wheat straw Steam Alvira et al., 2011
Wheat straw Diluted Acid Olofsson et al., 2010a,b
Corn cob NaoH » Su et. al2013

Yellow poplar Dilute-acid Zymomonasnobilis McMillan et al., 1999
Waste paper sludge - Zhang et al., 2010

Rice straw - S. cerevisiaandScheffersomyces stiiti Suriyachai et al., 2013
Rice straw Diluted acid Candida tropicalis Oberoi et al., 2010
Rice straw Steam or butanone exploding S. cerevisiaandCandida shehatae Zhang et al., 2014
Poplar wood Steam E. coliandS. cerevisiae Chenaetal., 2011

Wild sugar cane

Aqueous ammonia S. cerevisia@ndPichia stipitis

Chandel et al., 2D

Microcrystaline cellulose and cellobiose

- Klebsiella oxytocavith S. pastorianus
Kluyveromyces marxianus Z. mobilis

Golias et al., 2002

Rice hull

Diluted acid S. cerevisia@andSpathaspora arborariae

Hickert et al., 2013

b-xylosidase, acetyl xylan esterase, glucuronyl esterase, arabinofuranosidasew strains with CBP capacities, adaptive evolution using natural selection to
galactosidase, glucun@ase, mannanase and xyloglucan hydrolase),specific environmental conditionsséfen et al., 200)2or development of
pectinolytic enzymes (polygalacturonases, pectin/pectate lyases and pecliioprocessingnd fermentation systems to enhance CBpbilities Elkins

methyl esterase), lignin degradation (lignin peroxidase;acghol oxidase,
laccase, glyoxal oxidase and cellobiose dehydrogenase) cati wall

et al., 2010; Liang et al., 2011; Wang et al., 2012a; Kricka et al.,) 2z
alsobeen used. In addition, recent studies have confirmed the feasibility to

loosening enzymes (expansin expansion, swollenin, loosinin and celluloseanipulate some cellulytic microorgams e.g.Clostridium (Brown et al.,
induced protein)Finding or designing a single strain or microbial consortium 2011) and Thermobifida spp.(Deng and Fong, 20).1 The recombinant
producing all these enzymes could be very effective to enhance CBfechnology focuses on directed mutagenesis, genetic and metabolic
engineering of cellulolytic microbes to be alcohologenic or alcohologenic
Up to now, no wild type microorganism capable of CBP with high microbes tdoe cellulolytic (ynd et al., 2005Anbar et al., 2012; Parisutham
efficiency for industrial bioethanol production has been identified. So,et al., 201). Industrial bioethanol producing microbes do not commonly
designing a single microbe or microbial consortium with desired efficiencypossess cellulolytic ability, and do not metabolize other sugars in the presence

efficiency (Parisutham etl., 2019.

for this purpose is necessarifricka et al., 201}t Recently, two major

of glucose due to carbon cataboliepressioneither These disadvantages

strategies (native and recombinant) have been proposed to generate idemlult in low biofuel production efficiency when they are used with

microorganisms for CBP. The natiwtrategy focuses ostudying natural
cellulolytic microbeswith an aimto improve biofuel yield. Some naé
cellulolytic microorganisms, such alostridium sp., Bacillus subtilisnd

heterogeneous substrates including lignocellulosic biomass. So recently,
research focuses have been directed to genetic engineényegst sand.
coli to cometabolize several combinations of hexoses and pentoses e.g.

Trichoderma reeseiare capable of producing only simple secondary glucose, xylose, cellobiose, galactose or manndses( al., 2011; Vinuselvi

metabolites such as ethanol or hydrogeéricka et al., 2014; Parisutham et
al., 2019).Some methodologies, inting isolation and characterization of

and Lee, 201 Co-cultures or microbial consogtimay also be utilized in the
CBP systems as the third thedology.
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In co-culture systems, saccharolytic and ethanologenic microorganisms aeeidogenic phase wheracett and butyric acids are producehd
co-cultured to enhance efficiesaccharification and fermentation in one pot. solventogenic phase where acids are et ABEare generatedrhe major
In addition, it is possible to use two ethanologenic microorganisms, eacproblem in the butanol production from lignocellulosic biomass is that
providing diffelent key saccharifying enzymeSchuster and. Chinn, 20)l3  butanol pralucing cultures cannot tolerate or produce more thaB8®@/| of
In the next sections, different native and recombinant strategies used for CB¥BE in batch reactors due to toxicity of butanol to the culture, which results
ethanol and butanol production from lignocellulosic and starchy biomass bin low final butanol titer levels(fuershi et al., 2008, 2010, 20Ezeji et al.,

various microorganisms will be discussed. 2012, Nanda et al., 20).4In addition, the cost of exogenous cellulase
utilization has made these attempts economically uncompetitive, because the
2.3.3. CBP in biobutanol production solventogenic clostridia are not able to utilize lignocellulose as a raw material

directly Bayer et al., 2007jurgens et al., 210B¢llido et al., 2013; Wen et

Butanol is an important chemical with many applications in the productioral., 2014a,h
of solvents, plasticizers, butylamines, amino resins, butyl acetates, etc. It hasin order to overcome challenge of butanol toxicity to microorganisms, a
several advantages over ethanol as a fuel extender or fuetugebdt has an  huge amount of studies on the alternative fermentation and product recovery
energy content that is similar to gasoline, &ss volumeis required than  technologies have been carried out. These studiesapplied two kinds of
ethanol to achieve the same energy output. Butanol has a lower vapapproaches:
pressure compared to ethanol, anthereforesafer during transport and use (1) Employing process engineering approaches to simultaneously recover
in car enginegEzeti and Blaschek, 200Wi and Sun, 2009Quershi et al.,  butanol from the fermentation brotland thus not allowing butanol
2013; Wen et al., 2013a concentrations in the reactor to ac

Butanolis currently industrially produced from petroleum or fermentation methodologies inade the use of immobilized and continuous bioreactors
of corn, cassava or molasses as substrate. By increhsipgices of these  with cell recycle adsorption, gas stripping, separation using ionic liquids,
substrate mateals, it has been proposed to produce butanol by fermentatiofiquid-liquid extraction, pervaporation, aqueous two phase separation,
of lignocellulosic biomass. By use of lignocelluloses as substrate, thresupercriti@al extraction and perstractiomyhich hae allowed the use of
components, including acetone, butanol and ethanol (ABE) areoncentrated sugar solutions (up300 g/l) for the production of a highly
simultaneously produced, in which butanol is the major mbkreji et al., concentrated butanol product streafadji et al., 2010, 2012; Quershi et al.,
2012; Jurgens et al., 2012; Wen et al., 2004 ®Different biomass such as 2013. By application of these strategies, the amount of ABE produbtsn
wheat straw@Quershi et al., 2007, Wang et al., 2013; Nanda et al.,)2fité wasreportedly increased up 461 g/l.
straw (Gottumukkala et al., 2013, 20)|barley strawQuershi et al., 2010a (2) Developing more butanol tolerant and cellulase producing strains by
com stover Parekh et al., 1988; Quershi et al., 20 @orn cob and fibers finding wild type strains, ceulture systems or using genetic engineering
(Marshal et al., 1992; Guo et al., 2),Llpalm kernel cakeShukor et al.,  techniques@uershi et al., 2013; Wen et al., 2013a,b
2014), cassava starchi(et al., 2014a,); pinewood and timothy grasslgnda CBPhas been sugsted as an efficient and economical method for butanol
et al., 201%, switch grasgQuershi et al., 2010b; Gao et al., 2)}1sag pith production from lowcost renewable feedstock. Tanaterialize the true
(Linggang etal, 203 and dr i ed E&jisutdiBlhschek, 20p3 gpotentiak &f CRR a single wild type microorganism, microbial-colture or
have been used as substrdesABE fermentatiorby numerousClostridium consortium system or geneticalyngineered singlenicroorganisms must be
strains such a€. acetobutylicumC. aurantibutyrcum, C. beijerinckii, C. developed to utilize lignocellulose at a higbnversionrate and produce
cadaveris, C. pasteurianum, C. saccharoperbutylacetonicum, Csolvents such as ethanol and butanol at high yields and fitens €t al.,
saccharobutylicum, C. sporogeresdC. tetanomorphuniinui et al., 2008;  2005; Wen et al., 2014g,brable 2 summarizes some recent reports on CBP
Quershi et al., 20)3This processommonly occursn two phass, including  strateges used for butanol production from lignocellulosic biomass.

Table 2.
List of microorganisms and CBP strategies used for butanol production from lignocellulosic biomass.

Biomass Microorganism CBP strategy Pretreatment Butanol concentration/yield References
Xylan and xylose Clostridiumstrain BOH3 Single native strain - 16 g/l Rajagopalan et al., 2013, 2014
Cellulose C. thermocellurandC. Co-culture - 7.9/l Nakayama et al., 2011, 2013
saccharoperbutylacetonicum
Cellulose C. acetobutylicunandC. cellublyticum Co-culture - 350 mgl/l Salimi and Mahadevan, 2013
Birch wood Clostridiumstrain BOH3 anKluyvera ~ Co-culture - 1.2/ Xin and He, 2013
xylan strain OM3
Corn cobs C. cellulovoransstrain 743B anc. Co-culture Alkali 8.30 g/l Wen et al., 2014a
beijerinckii strain NCIMB 8052
Cassava starch  C. acetobutylicum Mutant - Lietal, 2014a
Cassava starch  C. beijerinckiiandC. tyrobutyricum Continuous co culture in fibrous bed reactor - 6.6649/l (yield: 0.18g/g) Lietal, 2013
Cellulose C. celluldyticum Recombinant technology: expressing enzymes tt- 660 mg/l Higashide et al., 2011
direct the conversion of pyruvate to isobutanol
Celluloseand  C. beijerinckiiNCIMB 8052 Recombinant technology: transferring genes - 4.9 g solvents /I LopezContreras et al., 2001
lichenan encoding glycoside tdrolases¢elAandcelD)
Cellobiose C. thermosaccharolyticum Recombinant technologgverexpression dics - 5.1 mM Bhandiwad et al., 2013
operon
Switch grass E. coli Recombinant technologgxpressiorof hydrolase lonic liquid- 28 mg/l Bokinsky et al., 2011
and butanol pathway genes pretreatment
Corn stover C. cellulolyticum Metabolic engineering: sporulation abolishment - 0.42 g/l Li etal, 2014
and carbon overload alleviation
Corn stover T. reesei and E. coli Co-culture AFEX 1.88 g/l and 62% theoretical Minty etal., 2013
Cellulose Klebsiella oxytocanutant, MEUD-3 ~ Mutation - 7.8% more 2,3utanediol Jietal., 2007
than wild type
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2.3.3.1. The native strategy: single wild type strains for butanol production  producing anaerobic bacteriduyvera strain OM3 and a biofuel producing
. . - . Clostridiumstrain BOH3 for butanol production from birch wood xylan in a
The main advantage of butammioducing Clostridium strains overS.  cgp format. The xylanase dfluyverawas able to release reducing sugars
cerevisiaeis their efficient metabolism of both pentose and hexose sugarsyqm pirch wood xylan, and these sugars were further fermented by the
Clostridium strains produce xylose isomerase which converts xylose intq;|entogenicClostridium spstrain BOH3 to biofuel. This eoulture system
xylulose; a utilizable form of xylose for these straingQuershi and Ezeji,  yagyited in 1.2 g/l butanol from birch wood xylan, which was comparable to
2008 Nanda et al., 20)4Xylan is the seconthost abundant polysaccharides o amount of butanol (1.7 g/l) produced the SHF system (separate

on theEarth. A common problem in the direct fermentation of xylan by pyqrolysis by the exogenous xylaeaapplication and following fermentation
solventogenic Clostridial strains is insufficient expression of xylanase. Th?)yCIostridium spstrain BOH3).

majority of Clostridium spp.strains that naturally produce butanol are -non
. - . ) i~ ¢ 23.3.24. C. beijerinckii and C. cellulovorans
new solventogenicClostridium strain with the capability of expressing
xylanase and utilizing upretreated xylan as a substrate for fermentation.
Previously, a solventogeni€lostridium strain BOH3 with high xylanase
activity (21.89 + 0.1 U/mg) was reported to effectively utilize xylan at low
concentrations (10 g/l), and produce both butanol and hydrdges strain

Wen et al., (2014a)successfully used a amilture system for CBP
production of butanol from alkafretreated deshelled corn colbsey used a
cellulolytic, anaerobic, butyrateroducing mesophili€. cellulovoransstrain
743B to hydrolyze préreated corn cob and produce butyric acid. Then, the
was suggested toe used in CBP systems for butanol productiormono et generatedyrechingp sugars and butyric art)vieke consu%ﬁed by a nen
al., 2011; Rajagopalan et al., 21In another study, by optimizing the cejyjolytic solventogeic C. beijerinckii strain NCIMB 8052 to produce
culture medium contents, the expression level of xylanase in this strain Waganol in one pot reaction. After optimization of fermentation conditions, the
increasedand up to 1.6 times more xylan was hydrolyzeddiag to higher developed caulture sygeem could degrade 68.6 g/l alkplietreated
butanol and hydragn concentrationsiajagopalan et al., 20).4This was the  jeghelled corn cobs and produced11.8 g/l solvents (2l@&etbne, 8.30 g/l
first report dealing with production of xylanase enzyme by using ap,ano| and 0.87 g/l ethanol) in less than 80 h. The growth kinetics and
solventogenicClostridiumstrain and &CBP for effective utilization of xylan analytical studies showed that thexere mechanisms of cooperation and
for the production of butanol and hydrogém(agopén et al.,, 201 competition between the two strains during thealure process.

2.3.3.2. The native strategy:-colture systems for butanol production . . .
2.3.3.2.5. Trichodermeeesei and E. coli

As the majority of naturally occurringlostridium sppstrains that produce
butanol are nowellulolytic, there have been a series of studies utilizing co Minty et al. (2013) recently developed a emilture system for CBP
cultures of different microorganisms to produce butanol and other solvents agobutanol production from lignocellulosic material, in which they used
high leves in a CBP systemT@ble 2). Clostridial ceculture systems reesej as cellulolytic ancE. coli, as butanol producing microorganisms. By
containing cellulolytic and solventogenic species are known as potential CBéesigning a modilg system and experimental studies, they showed that this
approaches for producing biochemicaled biofuels from lignocellulosic  co-culture could result in 1.88 g/l butanol foroorn stover préreatedby
biomass £kinosho et al., 2014; Salimi et al., 2Q1As the costly enzymatic ~ammonia fiber explosio(AFEX) and yieldedip to 62%.
hydrolysis step is eliminated, -@ulture systems have been considered as
potential systems for cosffective CBP (ynd et al. 200} Following some  2.3.3.2.6. C. beijerinckii and C. tyrobutyricum
co-culture systems used for butanol production in the format of CBP are

reported Li et al. (2013 used a continuous ewlture system containing.
beijerinckii and C. tyrobutyricum in freecell and immobilizeetell
2.3.3.2.1C. thermocellunandC. saccharoperbutylacetonicum fermentation modes in a fibroded bioreactor for butanol production from
cassava starch and cane molasses. This system could siglyifisahance
It has recently been reported that acodture ofC. thermocellumand C. butanol production, and the maximum butanol production (666 yield

saccharoperbutylacetonicuii1-4 can produce up to 7.9 g/l butanol ird9  (0.18g/g), and productivity (0.96/I/h) were obtained when cassava starch
using Avicel cellulose as a carbon soufidekayama et al., 2011, 201This was used as the substrate (the maximum yiekBd wasatabout 0.36/9).
co-culture system caused a significant decrease of hydrogen and acetone

production, and butanol was selectively produced. 2.3.3.3. The rezmbinant strategy for butanol production
2.3.3.2.2C. acetobutylicunandC. cellulolyticum Clostridia are known as the most important butanol producers and are
widely employed in the industrigicale production of solvents. Difficulty of
erforming genetic manipulations and complexity of the acidogeresi
Iventogenesis metabolic pathways are the major obstacles during
) development of engineeredostridia for efficient and selective butanol
convert them tABE (Yu et al,, 1984; Fond et al., 1984 et al., 2004, Lee 544 ,6tion capabilities. Recently, metabolic pathways of butanol production
et al., 2012; Salimi and Mahadevan, 2))ICGo-culture of these bacteria with a and also metabolic engineering apmrhes have been characterized in
mesophilic cellulose degrading bacteria can be an efficient approach fQljostrigia, anchaveopened new doors to scientists to develop ergineered
butanol or etharloproduction in a CBP systenC. cellulolyticumis a  gyaing with efficient butanol productiarapabilities(Gheshlaghi et al., 2009:
cellulolytic mesophilic bacterium wita high ability to solublize crystalline Jang et al., 2012; Wen et al., 2014}, In the bllowing subsectionsthe

cellulose in prereated lignocellulosic biomas®¢main et al,, 20051t has  1ecent recombinant strategies used for enhancing CBP butanol production are
been shown that the efficiency of cellulogéization in the ceculture ofC. discussed

acetobutylicumand C. cellulolyticumwas increased compared to the mono
culture of C. cellulolyticum(Salimi et al., 2010; Salimi and Mahadevan,
2013. Salimi and Mahadevan (2013%onfirmed that these two species
showed synergism andthat the metabolic activity of C. acetobutylicum
improvedthe cellulolytic activity ofC. cellulolyticumin the ceculture via
exchange of metabolites such as pyruviatéact, hese metabolites suppeuit
C. cellulolyticumto grow and metabiade cellulose under harsh -caolture
conditions. The final concentration of butanol was up to 350 mg/I.

It was previously reported th&t acetobutylicunstrains have an effective
capability to ferment sugars derived from cellulose and hemicellulose (su
as cellobiose, mannose, arabinose, xylose, glucose, and gallacios

2.3.3.3.1. Genetic and metabolic engineering of butanol production pathways

As mentioned earlier the main obstacles in butanol production by
clostridia are endproduct cytotoxicity, formation of byproducts, requirement
for strictly anaerobic conditions, low yield and needs for hydrolasess( et
al., 2007;Ezeji et al., 2012]Jurgens et al., 210Rtanda et al., 2014; Wen et
al., 2014ah These difficlties have driven various research efforts to
2.3.3.2.3Kluyvera andClostridium reconstruct the butanol proction pathway in more commonised

industrial microorganisms. This includes engineering of various bacteria or

Xin and He (2013) improved a co-culture system using a xylanase  yeasts for butanol production either by introduction of the Cloatriglitanol
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pathway (huei et al., 2008Shen and Liao, 2008Jielson et al., 2009; Shen et more extensive degradation of this polymer thdrat achieved byhe wild
al., 201) or intermediate genes of amino acid pathway (et al., 2008 type strain i(opez et al., 2001
During the last years, in some investigations, the butanol biosynthetic C. acetobutylicunis able to convert different sugars and polysaccharides
pathway of C. aceobutylicum has been successfully feonstructed in  into acids and solvents, while is not able to utilize cellulose. To enhance
different heterologous microorganisms, suchSascerevisiaqSteen et al.,  efficient consumption of cellulose, in ather study, a heterologous
20089 andE. coli (Atsumi et al., 2008a, b; Inui et al., 2008 Meanwhile, minicellulosome containing two different cellulases bound to a miniscaffoldin
butanol titers inE. coli engineered to express thelostridium butanol (truncated CipC fromC. cellulolyticumand the hybrid scaffoldin Scaf 3
pathway have been reportad high a$00-1000 mg/l ftsumi et al., 2008a;  containing an additional cohesin domain derived from CipA fr@m
Shen et al., 2008, 20).1Shen and Liao (200&onfirmed that butanol could thermocellun was expressed i€. acetobutylicunstrain ATCC 824. The
be produced in excess of 800 mg/l as -@muct with apropanol. results showed that the proteins were correctly and functionally matured and
Some wild type beteria, such aBRhodococcuBacillus andPseudomonas  secreted inthe medium Rerret et al.,, 2004 The same researajroup in
are naturally tolerant to solventde( Bont, 1998; Nielsen et al., 2Q0%or another study cloned and transferred the gem&n5K encoding the
instance,de Carvalho et al. (2004reviously reported thaPseudomonas mannanase Man5K and the gea@Cl encoding a truncated scaffoldin
putidaS12hada moderate tolerance to butanolgdaubsequently, it was used (miniCipC1) from C. cellulolyticum as operon in the solventogenC.
as a host strain engineered for biosynthesis of different solvents, such asetobutylicum It was shown that the secreted heterologous hybrid protein
phenol {Vierckx et al., 200p and cinnamic acidNjjkamp et al., 200h by the recombinant strain was functional, and it could bind to crystalline
Neilsen et al., (2009y overexpressing the enzymes involved in glycolytic cellulose via the miniscaffoldin, and the complexed mannanase was active
flux or regenerating NADH, engineered biobutanol synthesiP.iputida towards galactomannaii{ngardon et al., 2005Six year laterMingardon et
(120 mg/l) B. subtilis 24 mg/l) ancE.coli. al. (2011)in anotheresearchnvestigationcould successfully transfer 3 genes
The recent development of a transformation systenCfothermocellum  encoding cellulosomal cellulases (Cel5A, Cel8C and Cel9M) Gof
has led to engineerin@. thermocellumwith new pathways to produce cellulolyticum into the C. acetobutylicumto introduce high cellulolytic
butanol and ethanol Eombe, 201} The expression dfymomonas activity to this bacterium. These successes were takemadoount as starting
mobilispyruvate decarboxylase and alcohol dehydrogenase in mesophiligoint for development of a CBP process to convert cellulose directly into
bacteriumC. cellulolyticunresulted in increase of ethanol yield by about solvents.
60%. Incorporation of the same combinationnoeétdolic enzymess well C. cellulolyticum,as a potential CBP organism, similarGothermocellum
asother metaboli@nzymes (such as a ketoacid decarboxylesald increase  can utilize cellulose as well as other sugars released from hemicellulose
the production of ethanol armlitanol in the thermophilic bacteriugh degradation, including xylose, fructose, galactose, arabinose, mannose, and
thermocellum(Bombe, 201 ribose (Gowen and Fong, 2010; Higashide et al., 2J01Recently,
Despite high titers obtaineidh some of the studies which genetically investigations have been focused on engingeof these bacteria to enhance
engineered bacteri@ere usedseveral major drawbacks exist with the use of their CBP butanol productiomigashide et al. (2011By expressing different
such bacteria for industrial biofuel production. These include a complexenzymes B. subtilis U-acetolactate synthaseE. coli acetohydroxyacid
separation process from the fermentation media, narrow and neutral pidomeroreductasez. coli dihydroxy acid dehydratase.actococcus lactis
growth rate luanget al., 201}, and susceptibility to phage infections when ketoacid decarboxylase, arl coli and L. lactis alcohol dehydrogenases)
grownat large scaleH{uffer et al., 201p. The use of the yea&. cerevisiae involvedin direct conversion of pyruvate to isobutanol could engineer valine
as a cell factory for biofuel production could overcome these limitatldns. biosynthesis pathway. This metabolic engineering approach resulted in
cerevisiaeis a robust industrial orgésm that can grow under various production of up to 660 mg/l isotartol from cellulose.
industrial conditions, including low pHand less stingent nutritional Thermoanaerobacterium thermosaccharolyticu(formerly called C.
requirementsMoreover,S. cerevisiaés well genetically and physiologically thermosaccharolyticunis another CBP suitable organism forbutanol
characterized. In addition, the larger size (as well as higher masS) of production. This microorganismatively has the required genes involved in
cerevisiaemakes it easier to separate from the fermentation media thathe nbutanol biosyntheti pathway. Bhandiwad et al. (2013)by
bacteria, reducing process costsigunuma and Kondo, 2012; Krivoruchko et overexpression of the natively occurribgsoperon containing the gengd,
al., 2013. The first attempt to engine&. cerevisiaéor 1-butanol production  hbd crt, bcd, etfA and etfB responsible for the formation of butyryl CoA
involved the introduction of butanolpathway genes together with could increase the-butanol productioron the cellobiose contang medium
overexpression of the native thiolase gene to obtain butanol titers of 2.5 mdiyy 180% compared to the wild tygffom a nbutanol titer of 1.8 mM to 5.1
(Steen et al., 2008Krivoruchko et al., (2013jn addition to introducing  mM, respectively) One interesting study was carried outHaykinsky et al.
heterologous enzymes for butanol production, engineered yeastlerto (2011)in which they engineerel. coli strains to enhance both cellulolytic
increasethe flux toward cytosolic acetyCoA, the precursor metabolite ferl activities and kdrocarbon biosynthesis capabilities. Engineered strains
butanol biosynthesis. They transferred the germsoding alcohol expressed cellulase, xylanase, bgitacosidase, and xylobiosidase enzymes
dehydrogenase (ADH2), acetaldehyde dehydrogenase (ALDG6), -&mwdyl under control of nativés. coli promoters, and also were further engineered
synthetase (ACS) and acefybA acetyltransferase (ERG10). This resulted in with three biofuel synthesis pathways to dematstthe production of fuel
an increasein butanol yield up to 6.%olds compared tdhe previous work  substitutes. Caulture of the engineered strains resulted in+38ng/|
(Steen et al., 2008 butanol from ionic liquidpretreated switch grass.
Recently, C. cellulovorans a cellulolytic and acigproducing anaerobic
2.3.3.3.2. Genetic engineering for CBP butanol production in Clostridia bacterium has been used assaitable host fodirect productionof n-butanol
from cellulosic biomass. An engineered strain @f cellulovoranswas
The mainchallengefor producing differat solvents such a8BE from constructed by expressing an aldehyde/alcohol dehydrogenase 2 (adhE2) to
lignocellulosic materialespecially cellulosesising Clostridia is that these  produce rbutanol and ethanol directly from cellulosic bioma3en,
microorganismsare commonlynot capable of utilizing cellulosic substrates ~ fermentation conditions were optimized for the engineered strain which
To overcome thisproblem many efforts have been devoted éohance  enhanced production afi-butanol directly from cellulos€1.6 g/). This
cellulase activity to different Clostridial specigsdrobe et al., 2001; Tracy et concentration was significantly more than the concentrations achieved by
al., 201). LopezContreras et al. (200Tjoned two genes encoding glycoside wild-type and engineered cellutit strains {ang, 201).
hydrolases delA and celD) obtained from the anaerobic fungus In anotherrecent report, to increase cellulose utilization efficiencyCof
Neocallimastix patriciarumand trasferred them int&. beijerinckiiNCIMB cellulolyticumandto enhance its application @BP for butanol production,
8052 to increase cellulase activity and subsequent sel{&RE) production. two metabolic engineering strategies, including sporulation abolishmdnt an
Althoughthe recombinant strains showed cellulase activity, they did not grovcarbon overload alleviation were used. These changes improved cellulose
individually or in cocultures on microcrystalline celluloseCMC as a sole  consumption from 17.6 g/l to 28.7 g/l with a production of 0.42 g/l isobutanol
carbon source. Thimight be ascribed to the fact thatore proteinswvere in the 50 g/l cellulose mediuni(et al., 2014a) Kovacs et al. (20140sing
needed to enhance efficient cellulose degradation and to stippgrowth of Allele-Coupled Exchargy (ACE) technology could engineer a strain of the
the bactea. The recombinant bacteria harboringlA and/or celD showed butanol producingC. acetobutylicunwith different synthetic genes encoding
significanty more solvent production (4.9 g/l) during growth on lichenan andC. thermocellunmcellulosomal scaffoldin proteins and glycoside hydrolases
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(GHs, Cel8A, Cel9B, Cel48S and Cel9K) as well as syithmtllulosomal commonly produce different hydrolases, including endoxylanase, which
operons direthg the synthesis of Cel8A, Cel9B and a truncated form ofbr eaks down xyl an chains t-xlosigagd, ob i
CipA. Their results confirmed the functional saffsembly of cellulosomal which breaks the oligosaccharides into xylose, and other xylanolytic enzymes
subunits and also successful expression and secretion of the recombinarith minor roles (ee et al., 1993; Ifaw et al., 2008, 20)2Recent studies
genes by the recomimant C. acetobutylicum strains. These novel have &own that these bacteria could be promising candidates for CBP
cellulosomes and recombinant straiosuld provide a novel platform to  bioethanol production. For exampleigurbjornsdottir and Orlygsson (2011)

enhance CBP production of butanol. isolated aT. aciditoleransstrain AK54 with combined bioethanol and
biohydrogen production (CHEapabilitiesfrom a hot spring in Iceland. They
2.3.4. CBP irbioethanol production confirmedthat this bacteriunwas able to utilize various carbon substrates,

such as xylose, glucose, fructose, mannose, galactose, sucrose and lactose
and produce ethanol, acetdtgtate, hydrogen and carbon dioxide. They also
capabilities showed that this strain could ferment cellulose, newspaper, dPatsuh
23411 Bacteria pratens_e, barley straw, and hemp. The maximum et_hanol (24.2 mM)

production was observed for cellulose, however it was less for
2.3.4.1.1.1. Clostridium thermocellum lignocelluloses. Shang et al. (2013jsolated and characterized a novel
thermophilic anaerobid’. calidifontis sp. nov. strain (RX1) with ethanol
production ability from hot sprongs of China. The strain was able to use
xylan, starch, glucose and xylosmd poduce ethanol (81 and %8of the

2.3.4.1. The native strategy: wild type single microorganisms wil C

One of the most popular microorganisms used in the CBP syste@s is
thermocellunthat flts_the native strategy'z{tt?le_ 9. 'I_'h|s bacterium produse theoretical yields for xylose and glucose, respectively, aften)A8ctate,
an extracellular multenzyme corplex containing different types of glycosyl
hydrolases, such as cellulases, hemicellulases, and carbohydrate esteréasceestate’ Ceand H.

Y ' : ; y
(cellulosome) on the surface of cell membafieylor et al., 2009Kumagai 23.4.1.2 Fundi
et al., 201¥. The high capability o€. thermocellunin hydrolysis of different =" 7" 9
cellulosic materials, such as crystalline cellulasér(neyer et al., 1988; Puls
and Wood, 1991Hall et al., 2010; Shao et al., 2011; Zhao et al., 012
poplar Populous tremuloid@swheat strawTriticum vulgarg (Hormeyer et
al., 1989, and switch grassF( et al., 2011; Yee et al., 2Q1has been
confirmed.

Kundu et al. (1983could develop a direct anaerobic bioconversion of
cellulosic substancegav and mild alkalgteam prareated bagasse) into
ethanol byC. thermocellumATCC 27405.By using mild alkali and steam
pretreatmentthe conversiorrate of raw bagassecreasedrom 52% (w/w)to
79% (w/w). Yee et al. (2012)used wild type C. thermocellum,
Caldicellulosiruptor besciiand Caldicellulosiruptor obsidiansisfor CBP
etharol production from dilute acighretreated transgenic and wild type
switchgrass biomass. In the transgenic plants, the caffeic acd 3
methyltransferaseJOMT) gene, involved in the lignin biosynthesis pathway,
was downregulated to enhandhbe efficiency of dilute acid pretreatment and
enzymatic hydrolysis procedures. The maximum etharedtl yvas achieved
when hot wateextracted biomass was used €@rthermocellun{330 mg/l).

In anotherstudy, Kumagai et al. (2014used steam with wet disk milling
treakd woods ofHinoki cypresg(softwood) and Eucalyptus (hardwood) for
CBP ethanol production by aC. thermocellumstrain (ATCC 27405).
Maximum ethanol production vithe CBP was 79.4 mg/gellulose from
Hinoki cypressand 73.1 mghgellulose from Eucalypsy respectively, which
were about 225% of the SSF system b§. cerevisiae.

It has beemreviously reportedhat filamentous fungi such dsichoderma
sp, Neurosporasp, Asperdilus sp, Rhizopus sp., Mucor sp., Paecilomyces
sp. Fusarium sp., and many whiteot basidiomycetesare capable of
producinga large numbers of lignocellulolytic enzymes due to their co
evolution with plants, and algmsses#igh abilitiesto convert relased plant
derived sugars into ethan@libbehtusen et al., 2004; Dashtban et al., 2009;
Fan et al., 20120lson et al., 202Hennessy et al., 201 8Table 3). In the
following subsections, some single wild type fungi and white rot
basidiomycetes as CBBrganism for ethanol production from different
biomass are presented.

2.3.4.1.2.1. Mucor circinelloides

Chitin is also one of the most abundant renewable resources in nature, after
cellulose.lnokuma et al. (2013jrstly isolated and characterized somegive
M. circinelloides strains with ability to use of NAcetylglucosamine
(GIcNAc) and chitin substrates as carbon sources for growth due to their
chitinolytic and direct ethanol production. The strain NBRC 6746 could
produce 18.6 g/l of ethanol from 5§ of GIcNAc after 72 h (ethanol
prodiction rate of 0.75+0.1 g/lI/h). Artleer strain of this fungus (NBRC4572)
could produce 6 and 0.46 g/l of ethanol from 50 g/l of chitin aftet@d,
respectively. These results confirmed thataspossible to us#ucor strains
and abundant chitinous wastes for direct CBP ethanol production. However,
the chitinolytic activities in thgestrainsis low, and it is necessary to optiraiz
all aspects of fermentation, characterize individohitinolytic enzymes,
screenchitinase for addition, or engine&tucor strains for more chitinolytic
activities and ethanol production efficiency.

2.3.4.1.1.2. Clostridium phytofermentans

Jin et al. (2011)used C. phytofermentangATCC 700394) as CBP
organism for ethanol production from AFEpeated corn stover. After
optimization of fermentation conditions, the strain could hydrolyze 76% and
88.6% of glucan and of xyl an, r e s P.24&clt2i2.\Fesariym oxyspordm pr oduced 2.8 g/ | whi
71.8% ofthe SSCF yi el d (3.9 gr/next expefinteitss group in the
evaluated high solids loading CBPrimemance on AFEXreated corn stover. F. oxysporuma well known crop pathogeran convert lignocellulosic
They showed that when AFEiXeated corn stovewasused as sole carbon biomass (stmas) to ethanol via CBFPreviously, a few studigsave shown
source, no nutrients supplementatieasneeded, and it showed similar sugar the capability of this fungus as CBP organism for ethanol production from
conversions compared to when fermentation was performed with nsatrientvarious cellulosic substrates, including untreated andtrpaged straw
supplementation. Glucan and xylan conversion weoerded a#8.9% and  (Christakopoulos et al., 1989, 1994li et al., 2012; Hossain et al2012,
77.9%, respectively, and ethanol concentrationmaasuredaf . 0 g/ | brad wer 6 s sXpoe martd Clyistakdpoulos( 20p{Table 3). Such

2 6 4Jinket a(,, 2012a capability is due tdhe fact thatF. oxysporumhasan efficient cellulolytic
system and is able to produce the enzymes necessary to degrade
2.3.4.1.1.3. Thermoanaerobacterium sp. lignocellulosic biomass to sugaradaalso ferment both pentose and hexose

sugars to ethanol under anaerobic or microaerobic conditidrisiéter and
The thermophilic anaerobEhermoanaerobacteriuispecies are considered Chinn, 2013 Ali et al., 2014; Anasontzis et al., 201dhese studies showed
for their xylanolytic activities, and ability to ferment xylose, mannose,that based on the strain used and also the methodology of @BRok
galactose, and glucose. Thubkey are hemicellulolytic in contrast to the production, this fungusvasable to produce up to 0.35 g ethanol/g cellulose
clostridia which are cellulytic Shaw et al., 2008; Sigurbjornsdottir and (Table 3). This fungus is considered as a promising CBP organism because of
Orlygsson, 2011 Schuster and Chinn, 20)L.3These bacteria grow in the its wide host range and high ability to hydrolyze and ferment lignocelluloses
temperaturedbetween45 and 65°C and pH between4.0 and 6.5. They to ethanol lennesy et al., 201R Another advantage df. oxysporumis its
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Table 3.

List of single native microorganisms usedGBP organisms for ethanol production from lignocellulosic biomass.

163

Biomass Microorganism Pretreatment Ethanol concentration/yield References
Bagasse C. thermocellum ATCC 27405 Mild alkali pretreated 21 % maximum theoretical (1.09 g/l) Kundu et al., 1983
Filter paper C. thermocellum - 81% maximum theoretical (0.41 g/g) Balusu et al., 2005

Sugar cane Bagasse
Paper pulp sludge
Crystalline cellulose

Transgenic and wild type switch gras

Hinoki cypress and Eucalyptus

Corn stover

Corn cobNapiergrass,Avi c-e | ,
cellulose, purified bamboo, rice straw

Xylan

Cellulose, newspaper, grass (Phleum
pratense), barley straw (Hordeum
vulgare), and hemp (Cannabis sativa)
Xylan, starch, glucose and xylose
Xylose and glucose

GIcNAc and Chitin

D-glucose, sucrose, maltose,
cellobiose, cellotriose, and
cellotetraose

Sorghum

Sugarcane bagasse cellulose
Unbleached hardwood kraft pulp
Spent mushroom waste

Sugarcane bagasse

Sugarcane bagasse

C. thermocellum ATCC 27405

C. thermocelim ATCC 27405
C. thermocellum, Caldicellulosiruptor

%esciiandCaIdiceIIqusiruptor obsidiansis

C. thermocellunstrain (ATCC 27405)
C. phytofermentans

Klelt')siella oxytoca THLC0409

Solid
Solid

Diluted acid and hot water
extracted biomass

Steam with wet disk milling

AFEX

Thermoanaerobacterium saccharolyticum

B6ARI

T. aciditolerans strain AK54

T. calidifontis sp. nov. (RX1)

T. aotearoense
Mucor circinelloides

Flammulina velutipe$V1

F. velutipesFV1

F. velutipes FV1

Phlebia sp. MG 60
Phlebia sp. MG 60
Phlebia sp. MG 60
Phlebia sp. MG 60

Glucose, mannose, fructose, galactos@eniophora cinerea

sucrose, maltose and cellobiose

Glucose, mannose, friose, galactose,
sucrose, maltose and cellobiose

Wheat straw

Cellulose

Wheat straw blended with wheat bran
(10:1 ratio)

Wheat straw

Brewer's spent grain

Sugacane bagasse (40)y/
Sugarcane bagasse (40 g/l)

Corn stover

Glucose and xylose
Agave tequilana fructans (ATF)

Jerusalem artichoke tubers

Jerusalem artichoke tubers

Filter paper, Japanese ee@and
Eucalyptus

Xylose-extracted corncob residue
(25%)

Trametes suaveolens

Fusariumoxysporum
F. oxysporum
F. oxysporum

F. oxysporum

Fusarium oxysporum

Submerged anthicroaerobicconditions(0.

01 vwm)

Fusarium verticillioides
Acremonium zeae

Aspergillus oryzae

Paecilomyces variotii

Kluyveromyces
marxianus

K. marxianus

K. marxianus

Mrakia blollopis

Clavispora NRRL Y0464

Acid and Alkali

Grindingwith an ultrafine
friction grinder

Diluted acid

Alkali

Crystallinity reduction

Nor-treated

3.5g/l
14.1 g/l

2.66 g/l

330 mg/l

79.4 mg/gcellulose from Hinoki cypress,
and 73.1 mg/gcellulose from Eucalyptus
2.89/l

0.0623, 0.04750.019, 0.02, 0.018,
0.016 g/ g, respectively

1.75 g/l

Ethanol (24.2 mM) and hydrogen (6.7
mol-H,/g substrate)
From cellulose

81 and 5&% of the theoretical yields for
xylose and glucose, after 43

32 mM
18.6 g/l from GIcNAc and 6 g/l from
Chitin

Conversion ratef 70-91%

180200 g/l

0.36 g ethanol/g cellulose

8.4-37.3 g/l based on the substrate
concentration

44.2- 64.2 mg ethanol/ gram of pretreate

bagasse
210 mgg untreated bagasse

0.40-0.45 g/g hexose
0.1-0.39 g/g hexose

0.28 g ethanol/g straw
0.35 gg cellulose

80 mgg straw and bran

Untreated, lime pretreated and 0.756 , 0.79@nd 0.810 g/g of wheat
dilute alkaline peroxide pretreatedtraw, respectively

Alkali-
pretreated

Alkali-
pretreated
Alkali-
pretreated

Non pretreated and pretredt
(Alkali and Diluted acid)

Solids loading

109 g ethandkg dry bewer's spent grain

4.6 g/l

3949/
0.762 g/g, 0.799 g/g and 0.819 g/g for

Chinn et al., 2008
Chinn et al., 2008

Dharmagadda et al., 2010

Yee et al., 2012

Kumagai et al., 2014
Jin et al. 2011, 20%2b

Tran et al., 2011
Lee et al., 1993

Sigurbjornsddir and
Orlygsson, 2011

Shang et al., 2013
Caietal., 2011

Inokuma et al., 2013

Mizuno et al., 2009b

Mizuno et al., 2009b

Maehara et al., 2013a
Kamei et al., 2012a, b
2014a

Kamei et al., 2014b

q<h0ung et al., 204a

Khoung et al., 2014a

Okamoto et al., 2010

Okamoto et al., 2010

Christakopoulos et al.,
1991

Panagiotou et al., 2005

Alietal., 2012
Hossain et al., 2012

Xiros and Christakopoulos,
2009

de Almeida et al., 2013

de Almeida et al., 2013

nontreated, dilute acid and dilute alkalineHossain, 2013

peroxide pretreated corn stoyessp.
close to the theoretical maximum

20 g/l

94.2 g/l
73.6 g/l

Without Tween 80: up to 12.5 g/l

With Tween 80:mcreased by 1.1. to 1.6
fold

25 g/l

Zerva et al2014
Flores et al., 2013

Yuan et al., 2012
Hu et al., 2012

Tsuji et al., 2013, 2014

Liu et al., 2012
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endogenous ability to tolerate commonly producedbibdy compounds  2004; Mizuno et al. 2009a,b; Okamoto et al. 2QWhile T. Hirsutecan use
during CBP ethanol production including lignocellulosic hydrosylates  xylose as carbon source at low levekémoto et al. 2001

(e.g. carboxylic acids, phenolic compounds, furan derivatives) and the

fermentation byproduct acetic acid Panagiotou et al., 2008; Xiros et al., 2.3.4.1.3.1. Trametes versicolor

2011;Hemessy et al., 20)3However, in order to become an economically

suitable CBP organism, a better undknsling of the hydrolysingnd ethanol Okamoto et al. (2014¢gharacterized &. versicolorthat was capable of
production pathwaysf this fungus as well as thmechanismsnvolved and efficiently converting not only hexose sugars, but also xylose, to ethanol. The
bottlenecksfacedis required. Fortunalg recently some studies have been CBP efficiency of the strain for direct ethanol production from 20 g/l of non
devoted to understanding details of ethanol productiéh @xysporunwhich pretreated corn starch, cellulose, xylan, wheat bran and rice straw was
will be useful for development of CBP ethanol production by this funglis (  evaluated. The strain could effectively produce 9.8, 4.7, 4.4, 5.0 and 4.8 g/|

etal., 2012, 2013, 201#ennesy et al., 201Znasontzis et al2014). ethanol fromthe 20 g/l starch, cellase, xylan, wheat bran and rice straw,
respectively. These resultsvealedthat T. versicolorwas a suitable CBP
2.3.4.1.2.3. Fusarium verticillioides and Acremonium zeae organism as itould efficiently perform fermentation of xyloseontaining
lignocellulosic biomass due to its ability for assimilating a bregectrum of
Recently,de Almeida et al. (2013as used two corn endophytic funii, carbon sources. FurthermorE, versicolorwould have advantages over
verticillioides (the causal agent of kernel and ear rot of maize) andcerevisiaeand Pichia stipitis due to its ability to directly convert starch,
Acremonium zeaéan antagonist of other figal pathogens)P@ling et al., cellulose, xylan, wheat bran and rice straw into ethanol without the need for

2008, in single and ceulture systenfor CBP production of ethandiWhen costly pretreatment processin@gamoto et al., 2094

glucose, xylose and a mixture of both sugars were used as carbon source, the

yields of 0.47, 0.46 and 0.50 g ethanol/g sugarFoverticillioidesand 0.37, 2.3.4.1.3.2. Flammulina velutipes

0.39 and 0.48 g ethanol/g sugar farzeaewereachieved. When przeated

sugarcane bagasse (40 g/l) was used, the ethanol concentraticecorded F. velutipesis a basidiomycete mushrooand is welknown for its

at 4.6 and 3.9 g/l for. verticillioides and A. zeae respectively (0.31 g application in food industry. This mushroasiso has fermentative abilities
ethanol/g consumesugar). Both fungi were able to-éerment glucose and and high ethanol tolerance, whigfake ita valuable potential CBP organism.
xylose at high yields. These results confirmed that these fomgid be More specifically, i has high ability to convert glucose, mannose, sucrose,
suitable CBP organisms to produce ethanol directly from lignocellulosidructose, maltose, and cellobiose to ethanol. However, the fungus does not

biomass (e Almeida et al., 20)3 ferment galactose and pentose sugars to ethanol, and rfemtation times
are relatively long (6 or more) {/lizuno et al., 2009a; Schuster and Chin,
2.3.4.1.2.4. Asperthiis oryzae 2013. Mizuno et al. (2009a)evaluated the possibility of CBP ethanol

production byF. velutipesstrain. The fungus could efficiently convert

A. oryzaeis a fungus with high potential for the secretory production of glucose to ethanol wi a theoretical recovery rate of 88%, whereas
various enzymeandis commonly used in traditional Japanese fermentationconversion of pentose to ethanol was not observed. These properkes of
industries [lachida et al., 2008 Recently, Hossain (2013)reported the velutipesare similar to those of. cerevisiagbut the difference is that the
optimization of diretethanol production using. oryzagfrom nonpretreated  mushroom in addition to sucrosean also efficiently €rment maltose,
and pretreated corn stover in a continuous stirred batch bioreactor. Theellobiose, cellotriose, and cellotetraose to etharati(no et al., 2009 In
maximum ethanol concentration of 0.819 gigs achieved when dilute anotherstudy,the same researgroup evaluated the possibility of using this
alkaline peroxide préreated corn stover at optimum fegntation conditions  basidiomycete for CBP ethanol production from two kinds of brownriid

was used as carbon source forAheoryzaestrain (bmr) mutated and wild type sorghurithe final concentratiaof ethanol
produced fronthe twovarieties of sorghum (mutated and wild typegre at
2.3.4.1.2.5. Paecilomyces variotii about 200 and 180 g/l, respectiveljhey also managed tsignificantly

increase ethanol yielthy addition of celllase and xylanase to the CBP
P. variotii is anascomycete fungus commonly found in composts, soils angprocess{lizuno et al., 20090

food products. This fungus is also known from decaying wood and ceeosot In other study, it was shown th&t velutipescould produce about 40
treated wood utility poles-{oubraken et al., 2008, 20l@erva et al. (2014)  60g/l ethanol from 1% (w/v) d-glucose, dructose, dmannose, sucrose,
evaluated this fungus for the first time as a candidate CBP species for thealtose, and cellobiose. In addition, it was shaWat these fungi could
production of bioethanol from lignocellulose. They confirmed that the funguglirectly produce CBP ethanol from sugarcane bagasse selluMth a
wasable to efficienty ferment both glucose and xylose to ethanol with yields hydrolysis rate of 1% (w/v) bagasse, and when a commercial cellulase was
close to themaximumtheoreticalvalug but the efficiency was higher when partially used (9ng/gbiomass)this valuereached20% with an ethanol yield
xylose was used. These results confirmed tt$ fungus seemingly  of 0.36g/g ellulose lachara et al., 201RaThese resultsuggesthat genetic
possesad the necessary enzyme factory for the degradadf lignocellulosic ~ or metabolic engineering of these fungi ftather enhancetheir cellulase
biomass, as it was able to grow and produce ethanol on common agractivities could be very usefulto materialize anindustrial CBP ethanol

industrial derivatives4erva et al., 2014 production by mushrooms. It was furtheeported that these kinds of
microorganismsveretolerant to up to 120 g/l ethanfoirther confirmingtheir
2.3.4.1.3. White rot basidiomycetes suitability for CBP compared t8. thermocellunfOkamura et al., 2001

Basidiomycetes (whiteot fungi) are abléo completdy breakdown lignin,  2.3.4.1.3.3. Phlebia sp
and are onsidered as primary agents of plant litter decomposition in

terrestrial ecosystemgifom et al., 1996 This ability is due tdhe secretion Kamei et al. (2012apeported that the white rédungusPhlebiasp.(strain
of different extracellular lignisdegrading enzymes, such as manganeseMG 60) was able to convert lignocellulose to ethanol under saembbic
peroxidase, lignin peroxidase, versatileqp@dase, and laccaseindell et al. conditions andthat couldbe used as a suitable CBP organism. When this

201Q Isroi et al., 201) In addition, it is clear that a number of fungus was cultiated with 20 § of unbleached hardwood kraft pulp or waste
basidiomycetes produce alcohol dehydrogenase, and therefore, it is possiblewspapr, 8.4 and 4.2 g/l ethanelere produced after 168 and 216 h of

to produce wine and alcohols using a mushroéma(ura et al., 2000, incubation (ethanol yield of 0.42 and 0.20 g/g lignocellulose), respectively. In
2001). A number of whiterot basidiomycetes are particularly suited for the addition, it was shown that glucose, mannose, galactose, fructose, and xylose
biological pretreatment or SSF of lignocellulosic bioma3isi et al. 2009;  were completely assimilated hlyi$ strain to give ethanol yields of 0.44, 0.41,
Dias et al. 2010 However, some studies showed that a few wiite 0.40, 0.41, and 0.33 g/g of sugar, respectivélgniei et al., 20129a This
basidiomycetes, includingPhanerochaete chrysosporium, Flammulina  white-rot fungus was able to selectively degrade lignin, and directly produced
velutipes, Peniophora cinerea, Trametes versicalmi Trametes suaveolens ethanol from delignified oak wood under aerobic dsliate fermentation

are capabl®f producingethanol from hexose sugarsepealy and Dietricn  conditions. Thisgroup of researchersn another study{amei et al. 20120
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designed an integrated fungal fermentation process of unified aerobizbers Hu et al., 201p Yuan et al. (2012¢ould successfully practe ethanol
delignification and anaerobic saccharification and fermentation of wood by from inulin-rich Jerusalem artichoke tubers using the inulifaseucing
this stain. Transition from aerobic conditions (biological delignification yeastK. marxianusY179 in a fedbatch operation. In this CBP strategy, all
pretreatment) to seraierobic conditions (saccharification and fermentation) steps, including inulinase production, saccheaifon of inulin as well as
enabled the fermentation of woedlelyby biological processe&émei et al. ethanol productionwere integrated. They showed that the yeast peefer
2012hH. To optimize using higheconcentrations of cellulosic substrates, anaerobic conditions for the CBP system, and by medium content
Kamei et al. (2014agesigned new experimentsith high concentrations optimization, the maximum ethanol concentration reached 93.2 g#other
(high-solid loadings) of unbleached hardwood knaftp (2.0, 4.7, 9.1, and study, Flores etal. (2013)screened som&. marxianusstrains fortheir
16.5%wi/w) for CBP ethanol production. The maximum ethanol concémtra fructanases activity and ethanol production fréigave tequilanaructans
was produced (25.9 g/l) in the cultures containing 9.1% substrateATF) as substrate. They found a few strains with fructanases activity and
Temporarily removing the silicone plug from Erlenmeyer flasks and a smalCBP ethanol production capability (20 g/l ethand{)m and Kim (2013)
amount of aeration improved ttethanolyield by up to 37.3 g/l. Inanother evaluated the effectiveness of chemical pretreatment with dilute acid or alkali
study, these researcherssed spenmushroom waste (SMW) produced by in the CBP ethanol productionfrom Jerusalem artichokeH¢glianthus
Lentinula edodescultivation in CBP fermentation using this strain, and tuberosud..) stalks and tubers (whole plant) byKa marxianusstrain. They
confirmed that the combination of edible mushroom cultivation and CBPshowed thatilute acid-pretreatedstalks 10% (w/v) and tubers 8% (w/v),
fermentationcould be potential used as a newcosteffective bioethanol resulted in 45.8)/| ethanol after 3.
producton processwith little environmental impast(Kamei et al., 2014%
Khoung et al. (201&) by developing an integrated fungal fermentation, 2.3.4.1.4.2Clavispora
involving a unified process for biological delignification and fermentation,
could optimize direct ethanol produatidrom sugarcane bagasse Rlylebia It is well known thatS. cerevisiads unable to utilize cellobiose, and
sp. MG-60. They optimizecbagassemoisture content (75%) for selective t her ef or e, -glacdsilasé is aeguiretbf digdst cellobiose into
lignin degradation and subsequent ethanol production. Furthermore, they usgllicose in order to be utilized by the fermentation yeast. Also, optimum
some additives, such as basal media, organic compounds, or minerals, aethperatures for efficient enzymatic saccharification are significantly higher
showed that these factarsuld affect biological delignification of bagasse by than thatrequiredfor microbial growth and fermentation function. Recently,
the strain. Basal medium and inorganic chemical factors, sucr?asvié®, Liu et al. (2012)solated and characterized a new yeast strai@la¥ispora
or CU¥* could improve both delignification and ethanol production. This with an ability to use cellobiose as sole carbon source, angrodue
group inandher investigadion (Khoung et al., 2014breported that alkaline sufficientamounts ob-glucosidase for cellulosic ethanol production in a SSF
pretreatment of sugarcane bagasseCBP by the Phlebiasp. MG-60 could system. This strain was to#nt to the major inhibitors produced during
improve direct ethanol production. When the strain was cultured20itt/| pretreatment process. The strain could produce 23 g/l ethanol from 25%
of alkali-pretreated sugarcane bagasse, 210 mg efhaoblthe original xyloseextracted corrcob residue at 37 °C in a SSF system, without addition
untreated bagasg65.7% of themaximumtheoreticalvalug was produced of any e-glocgsaase(liuset ab, 201).
after 240 h fermentation.
2.3.4.1.43. Cryophilic yeast Mrakia blollopis
2.3.4.1.3.4. Peniophora cinerea and Trametes suaveolens
Cryophilic yeastdMrakia spp.andMrakiella spp.are dominant culturable

Okamoto et al. (2010used two whiteot basidiomycetesPeniophora  yeasts in different Arctic and Antarctic regionsuji et al. (2013)isolated
cinereaand Trametes suaveolenf@r direct ethanol production from hexose. and characterizelll. blollopis SK-4 from Nagaike Lake in Skarvsnes-free
P. cinereaproduced ethanol under both aerobic and ssmbbic conditions area (East Antarctica), and showed that this straisable to ferment typical
and assimilated glucose, mannose, fructose, galactose, sucrose, maltose sunghrs such as glucose, sucrose, maltose, raffinose and fructose at low
cellobiose with ethanol yields of 0.41, 8,4.44, 0.19, 0.41, 0.44 and 0g5 temperatures. They evaluatéle ability of the strain for direct ethanol
per g hexose, respectively. The ethanol productionTbysuaveolensn production from gluose and different lignocellulosic materials in the
aerobic conditions was low, whereas in the saembbic conditions waat presence and absence of Tween 80 at 10 °C. When Tween 80 was rax used

0.39, 0.3, 0.13, 0.2, 0.37, 0.35 and 0g3dthanol/g hexoseespectively substrate the fnal concentrations of ethanotof glucose, filter paper,
Japanese cedar and Eucalypivese 48.2 g/l, 12.2 g/l, 15 g/l and 7.2 g/l,

2.3.4.1.4. Yeasts respectively, while the presence of 1% (v/v) Tween80, increased the ethanol
concentration by about 1.1.6-fold compared to thabf without Tween 80

2.3.4.1.4.1Kluyveromyces marxianus (Tsuji et al., 201R In arother study, this groupf researchershowed that the

preseice of 1% (v/v) Tween 80 andHg-dry substrate lipase, increased

It is clear that most ethantérmenting microorganisms prefer mesophile ethanol concentration from *.40 2.4fold compared to thabf without
conditions (28C to 37°C) for ethanol production, while the maximum Tween 80 and lipaggsuji et al., 201}t
activity of cellulases occarat higher temperaturgs 0 °C). This challenge
results in a significant decrease in ethanol production efficiency wher2.3.4.2 Synthetic microbial consortium foconsolidated production of
mesophile ethanol fermenting microorganisms are uaedso introducing  bioethanol
thermotolerant microorganismsth high growth and fermentatiacapacityat
elevatel temperatures would result in significant increase in ethanol It is well known that in the nature microbes rarely live in isolation, and
production efficiency {anase et al., 20)00ne of the thermotolerant yeasts theycommonly exist in highly diverse and complex communitiesvey and
that was recently used for CBP ethanol productio. ismarxianus(van 2yl 00t o o | )eThese corsditiaften give them thecapability of performing
et al, 2011 Yuan et al., 2012 Flores et al., 201} Strains of this = complex tasks thatra not possible to be performed by any single orgasmism
thermotolerant yeast can efficiently grow at temperatures up to 52°C, anthe microorganisms living in these consortia interact in different
have a short generation timegjoka et al., 2003 Theycan convert a wide mechanisms, such as symbiosis, cooperation and direct competition. By
range of substrates, such as xylose to @hdrrevious studies have shown understanding these interactions, it has been proposed tcyanteetic
thehigh potential oK. marxianusor CBP ethanol production using different consortia for biotechnological purposearsser et al., 2007; Shong et al.,
feedstocks at high temperaturésifseca et al., 2007, 2008; Yuan et al., 2012 2012; Zuroff et al., 2012, 20).3
Flores et al., 2003 Hu et al. (2012)isolated and characterized tw. One of the strategies recently proposed for CBP is using microbial
marxianus PT-1 (CGMCC A2.4515) andS. cerevisiaeJZ1C (CGMCC  consortium containing different microorganisms with different ¢gtil and
AS2.3878) and reportedthe highest extracellular inulinase activity and fermentation capabilities asually occurringn the nature, e.g. in the soil or
ethanol yieldof 73.6 and5.2g ethanol/l, respectively, iderusalem artichoke in the digestive tracts of termites or ruminant animdlsb(e 4). When
tuber flour fermentation (209 / | ) °C.aThis stuly confirmedthe consortia are constructed, synergies may exist and therefageenhance
distinctive superiority of K. marxianus as CBP organism for ethanol more efficient subtrate utilization and increaggroduct yield Qlper and
production from inulirtype oligosaccharides such as Jerusalem artichokestephanopoulos, 2009uroff and Curtis, 201.2Brethauer and Studer, 2014
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Obviously, for successfpplication of microbial consortia f@BP ethanol Park et al. (20124eveloped ceulture system for orpot bioethanol
production from lignocellulosic materials estblisting stable ceculture production, in whichAcidothermus cellulolyticu€-1 andS. cerevisiaavere
systems with the necessary functionality, process control and efficisncy co-cultured in a single reactor. After production of cellulase Ay
required(Zuroff et al., 201R Xu and Tschirner (201limproved a ceculture cellulolyticusC-1, sibsequentlyS. cerevisiaavas added to produce ethanol.
system consisting dE.thermocellunandC. thermolacticunfor CBP ethanol  The ethanol concentration and yield basedtmninitial Solka floc were as
production. They showed thathe co-culture shortened the lag timef 8.7-46.3 g/l and 0.18.18 dg, respectivelyZuroff et al (2013)develogd a
fermentation(48 h) compared tahe monccultures, and was able to actively symbiotic (obligatemutualism) ceculture of two microorganisms, including
ferment glucose, xylose, cellulose and micrgstallized cellulose. C. phytofermentanas a cellulolytic mesophilic bacterium)and Candida

Table 4.
List of microbial consortia used as CBP system for ethanol production from lignocellulosic biomass.

Biomass Consortium Pretreatment  Ethanol concentration/yield References
Wheat straw  T. reeseiS. cerevisia@ndScheffersomyces stipitis Dilute acid 10 g/l (67% yield) Brethauer and Studer, 2014
Cellulose and - 75% (w/w) theoretical maximum for cellulose and P
xylose C. thermocellunandC. thermolacticum - 90% for xylose Xu and Tschirner, 2011
Cellulose and phytofermentanandCandida nelischianaor S. cerevisiaedt1 - 22.g/l Zuroff etal., 2013
Filter paper
Corn stover Geobacter sulfurreducermndCellulomonas uda AFEX 73% (theoretical maximum) Speers and Reguera, 2012
Filter paper M|c'ro'b|al ansomum HC. thermosuccinogen€. straminisolvenandC. 154 gl Du et al., 2010
isatidis €é)
L . 11.8 g/l solvents (2.64 g/l aceww, 8.30 g/l butanol
Corn cob C. cellulovorans743B andC. beijerinckiiNCIMB 8052 Alkali and 0.87 § ethanol) Wen et al., 2014a
Susequential coulture ofC. thermocellunATCC 27405 andC. beijerinckii . 19.99/I (acetone 3.9@/I, butanol 10.9y/l and
Corn cob NCIMB 8052 Alkali ethanol 5.04y/l) Wen et al., 2014b
. Mixed culture ofClostridiumstrain TCW1 Bacillussp. THLA0409, .
Aviceland  Klebsiella pneumoniaBHLB0409, K. oxytocaTHLC0409,and ; 910899 and 0.04/g for Avicel and Lin et al., 2011
pierg Brevibacillusstrain AHPC8120 piergrassresp
Cellulose C. thermocellunwith Thermoanaerobactestrains (X514 or 39E) - 194-440% more than monoculture He etal.,, 2011
SolkaFloc (SH  Acremonium cellulolyticu€-1, andS. cerevisiae - 8.7-46.3 g/l and 0.18.18 (g ethanol/g Solka Floc) Park et al., 2012
It was showrthat in this fermentation systemthanol yieldvasup to twoe molischianaor S. cerevisiaecdt-1 (as cellodextrin fermenting yeasts) by

fold higher than in monaultures, andeached75% and 90% (w/w) ofhe controlling oxygen transport rate for CBP etbbproduction. In this system,
maximumtheoreticalvaluefor cellulose and xylose, respectively. dnother the yeasts provide respiratory protection to the obligate anae@be
study, a mixed culture, includin@lostridium strain TCW1, Bacillus sp. phytofermentansand this bacterium by hydrolysis of cellulose, release
THLA0409, Klebsiella pneumonia@HLB0409, K. oxytocaTHLC0409, and  soluble carbohydrates. The yeast converts these soluble carbohydrates to
Brevibacillus strain AHPC8120 previously isolated from compost of ethanol.The results showed thte co-cultures were only able to degrade
Napiergrassand sheep dung under ana_lerobic thermophilic cond_ition%q}SO filter paper at 30°C under semérobic conditionsThe ®-culture of C.

was used for CBP et production from cellulose (Avicel) and phyiofermentanandS. cerevisiaavith partially added endoglucanase could
Napiergrass(Lin et al., 201). In this system, ethanol yields from Avicel and rqquce about 22 g/l ethanol from 100 @tellulose which was significantly

Napiergrasseached up to 0.108 and 0.04@, respectively. ) more than thaachievedn the moneculture system of these microorganisms
He et al. (2011geveloped ceultures of cellulolyticC. thermocellunwith (6 and 9 g/l, respectively).

non-cellulolytic Thermoanaerobactestrains (X514 and 39E), and confirmed Recently, Brethauer and Studer (201dpveloped a process containin

that this systemcould significantly improve ethanol production by 194 three ceII)l/J’Iytic and ethanol producin fur? ind peasts includin 9

440%. The ethanol production was 62% higher when the strain X514 w: richoderma reesei S cerevisiei)eand Pg i it% in ywhich, CBP of 9

used in cecultivation system insteaaf the strain 39E. This increase was due i lul to eth 'I di . 'I pius biofi b

to the presence of vitaminBbiosynthesis pathway in the strain X5t et Ignocefiulose 1o ethanol occurred In a singie msqlteme_s lofim membrané
reactor. In this system, both aerobic and anaerobic conditions, which are

al. (2011)identified a functional rumen bacterial consortium, containing . ) .

different species o€lostridium and Ruminococcusp. with highpotentias ~ ecessary fothe simultaneous fungal cellulolytic enzyme production and

for bio-hydrogen and biduel production from lignocelluloses. They then yeast ferr_nentatlo_n for alcohol production ”0”.“ reducing sugars, were present.
T. reeseigrew directly on the membrane in an aerobic condition, and

reconstructed this functional rumen bacterial consortiyyntoculturingtwo ; -
selected strainsC. puniceumstrain Ru6 (exhibiting xylanase and pectinase producel the required cellulases. The carbohydrfadetion of the feedstock

activity and higherhydrogen productivity) andC. xylanolyticum Rul5 was hydrolyzed to solut_)le sugars by the rgl_eased enzymes. The reducing
(showing additional ~endoglucanase activity), and confirmed that théugarswere thermetabollzed by botls. cereV|S|aeandF_’. stipitisto ethanpl
efficiency of hydrogen and ethanol production was comparable to that of thi§ the anambic parts of the reactor. Agthanol production with a 67% yield
natural functional rumen bacterial consortium.aimther stugt (Ho et al., (10 g/l) fromtheundetaified whole slurry dilute acigbretreated wheat straw
2012, a combined recombinant -colture system was developed for CBP Was finally achievedising this microbial consortium systef@rethauer and
ethanol production, iwhich a duaimicrobe Bacillus'yeast ceculture was ~ Studer, 201} o _ N
used. They used a recombinant cellulosoalsubtilis containing eight Speers and Reguera (20Uged a microbial electrolysis cell containing the
cellulosomal genes of. thermocellumand a wild type kefir yeastK. exoelectroge Geobacter sulfurreducensand the CBP bacterium
marxianusKY3, K. marxianusKY3-NpaBGS (coh a i n i -glaposidaseb Cellulomonas udeon aApgx pretreatedcorn stoverfor CBP ethanol and
[NpaBGS] gene) orK. marxianuskR5 strain (containing endoglucanase hydrogenproduction By supplying nitrogen, the growth &. uda comn
(eglll), exoglucanase dbhl) and NpaBGS genes). Their results confirmed stover hydrolysis, and ethanologenesis were stimulated. Taledfibstantial
that all three Bacillus'yeast ceculture systems could achieve the cellulose energy recoveryfrom the ethanologenesis aloneas about 56%, whereas
saccharification and ethanol conversion simultaneously better than KR&ogeneration of cathodic ;Hncreased it to ca. 73%. larother study, by
alone, and thereforéhis microbial consortiuncould be ofgreat potentiaifor using a microbial consortium containing. thermosuccinogene C.
integrating intca CBPsystem (o et al., 201). straminisolvensand C. isatidis Du et al. (2010 could completely degrade
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0.5 g/l filter paper and produce 1.54 g/l ethanol withith \Wen et al. (2014) an ethanol toleranceof 8% was produced using sequentialagsaging.
used a microbial consortium containing a cellulolytic, anaerobic, butyrateProteomics analysis confirmed that the mutation occurred in membrane
producing mesophiléC. cellulovorans743B) to sacchafy lignocellulose and  associated proteing\(lliams et al., 200y and also the fatty acid membrane
produce butyric acid, and a naeellulolytic, solventogenic bacteriunC( composition was changed. These changes resulted in prevention of fluidity
beijerinckii NCIMB 8052) to produce butanol and ethanol from alkali upon ethanol exposure, aatbo increased membrane rigidity, which redlice
extracted deshelled corn cobs in one pot reaction. After optimizing the cdhe fluidizing effect of ethanolT(mmons et al., 2009 Brown et al. (2011)
culture conditios, 11.8 g/l solvents (2.64 g/l acetone, 8.30 g/l butanol anddeveloped a mutant alcohol dehydrogenase in this species, which improved
0.87 g/l ethanol) was achieved from 68.6 g/l degraded corn cobs in less thathanol tolerance i€. thermocellunup to 80 g/l (withinconsistent and slow
80 h. Inanother work \Wen et al(2014h by subsequential eculturingof C. growth) and up to 50 g/l (with stable growth)rgyros et al. (2011py
thermocellumATCC 27405 andC. beijerinckii NCIMB 8052 andusing metabolic engineeringnhanced ethanol production and tolerance f@. a
combinatorial optimal culture parameters for sugars accumulation and ABEhermocellumstrain. They employed countselections developed from the
production, could improve the yield up to 1@ (acetone 3.96, butanol 10.9 native C. thermoellum hptgene and theél. saccharolyticum tdigene to
and ethanol 5.04/l) after 200 h. delete the genes for both lactate dehydrogenase (Ldh) and
_ . . phosphotransacetylase (Pta). The obtaidit/pta mutant showed 40:
2.3.4.3. The recombinant technologymutant and genetic engineered ethanol selectivity and a 4f2ld increase in ethanol yield over the wilghe
microorganisms for CBP in lignocellulosic biomass strain. Ceculture of both organic acideficient engineere@. thermocellum

. . . . .andT. saccharolyticunstrains in 92 g/l Avicel, resulted in 38 g/l ethanol with
In order to obtain an ideal microorganism for CBP systems, two genetig qtic and lactic acids below detection limits after 146 h.

engineering strategies have been_used; (a) Engineeri_ng cellul_ase producersy, another studyysing a mobilgroup Il intron, a thermotargetron fgene

such f_ﬂ:. thermocellum, C. cellalyticum, T._ saccharolyticum, Trlc_hode_rma targeting in thermophilesuch asC. thermocellumwas developed. This
reeseiandF. oxysporumto be ethanologenid ¢ble 5); and (b) Engineering  gystem was used to disrupt six different chromosomal geis, (hfat, hyd,
ethanologens, such @& mobilis, S. cerevisiae, Klebsiella oxytoca, P. |gn ptg andpyrF), and it was confirmed th#hedisruption ofeither the gene
stipitis, Candida shehatae, F. velutipes, Clavisparad E. oli, to be  gncoding lactate dehydrogenase (Idh) or phosphotransacetylasédipta)
cellulolytic (r_able 6). F_or the first strate_gy, anaeroblp celluloly‘uc bacteria pta by thermotargetrons iC. thermocellumstrain DSM 1313, increased
were the first candidates, and their model microorganism Was  gihanol production by 37 and 42%, respectively, by decreasing carbon flux
thermocellum The main research objeats for the first strategy have been to ,yarq |actate andcatate. The double mutant strain showed strong decreases
!ncrease{ethanol yiedl and tol_erance to ethanol, eliminating l_)yprqducts andin poth lactate and acetate production, but its ethanol production was
introduction of new and desirable metabolic pathways for utilization of most,creased only up to 56% (1.8 giji¢hr et al., 201%

of lignocellulose sugars, whereas in the second strategy, theskaienbeen Although, previous studies showed that strains with mutations in genes
to achievefunctional expression and secretiof different exoglucanases and 5qqociated with production offlact at e ( gl dh) and/ or
endoglucanases, growth on -hydrolyzed lignocellulosic biomass, and  characterized to gain more ethanol production from celluloseydutDer
utilization and fermentation of alhereduced sugars from lignocelluloséu( Veenetal (2013pbt ai ned contradictionary r

et al, 200_9. In the_ bllowing subsectiors, these two strategies are @pt a -notanbstrain evekd for faster growth had a growth rate and
compehensivelyexplainedand discussed. et hanol yield comparable to the pa

) . ) whereas its biomass accumndedl i20618) wa ¢
2.3.4.3.1. Engineering cellulase producers to be ethanologenic engineered the o66malate shunta#é pa
2.3.4.3.1.1. Clostridium thermocellum carboxykinase, NADHinked malate dehydrogenase, and NA&¢pendent

malic enzymes. The engineering included expression of the pyruvate kinase

The anaerobic bacteriu@. thermocellunis capable of degraalj cellulose gene from T. saccharolyticu;m mutation of the phosphoenolpyruvate
and hemicellulosesat a fast rate, andsingthem as carbon souree high carboxykinase and deletion of malic enzyneme inC. thermocellumThey
temperatures (568 °C) via its cellulytic activities. Recent discoveries about showed that the novel strain with heterologous pyruvate kinase activity and
theunique and multivariate enzyme cellulosome comple®.adhermocellum  diminished phosphoenolpyruvate carboxykinase exhibited-f8l@d5higher
and role of this complex system in biomass degradation wWiaukresulted ethanol yield than the wiltype strain. Alspanother strain with heterologous
from genomic, transcriptomic, proteomic, and metabolomic respons@s of pyruvate kinase activityvhosemalic enzyme genand apart of its malate
thermocellumto varying biomass sources, have opened a new era fodehydrogenasgenes weraleleted showed over-f8ld higher ethanol yield
application of this species as a suitable CBP organism. The cellulosdine of than the wildtype strain. Overall their novel mutant strains achievedo®d
thermocellurris an extracelliar multi-enzyme complex containing more than higher ethanol yield, incread carbon recovery, increased formate
20 different enzymes, including housing cellulases, hemicellulasesproduction, increased ethanol tolerance, and decreased amino acid secretion
pectinases, chitinases, glycosidases, and estegaseg it the capability to relative to the parent straibéng et al. 2013; Ragauskas et al., J0These
efficienty breakdown lignocelluloge(Zverlov et al., 2005a;bWertz and  findings confirmed thatthe malate shuntcould be used to cowert
Bedué, 2013Ragauskas et al., 200LThis complex is 18 nm in diameter and phosphoenol pyruvate to pyruvate.

with a molecular weight greater than 28T (Uversky and Kataeva, 2016 Maki et al. (2013by o v er e x p-glessislasaAd(glA) ih theCb
Although these advances have significantly improv@d thermocellum  thermocellum27405 could increase cellulase activity. The ethanol titer was
amenability to industrialise, several hurdleze still be overcomgReddy et increased as result of lowering the end product inhibition oflcellls e .- Th e

al., 2010 Ragauskas et al., 20)l40ne of the main challenges of ethanol or glucosidase and cellulase activities of the recombinant strainlw@end?.3
ABE production by this species is thtte wild type C. thermocellunctan fold higherthanthose of thewild-type during different phases of growth.
only tolerate ethanol up to 5 g/l, abdyondthat t is significantly inhibited
(Herrero and Gomez, 1980; Ragauskas et al.,)2@ther problem is that it
can only utilize G sugars, and during its fermentatjo@s sugars are This mesophilic bacteriun€. cellulolyticumsimilar to C. thermocellum
maintained useless. So, the objectives of genetic engineering of this specisd C. cellulovorans contains cellulosome whiatould enhancets growth
should be directed to improve ethanol production capability, ethanol andon cellulose, hemicellulose and xylan, but it has weak fermentative abilities.

2.3.4.3.1.2Clostridium cellulolyticum

inhibitors tolerance and alsg Gtilization. The cellulosome complex &. cellulolyticumcontains five endoglucanases
Recently, mutation breeding systems, such as adapted or directé@elA, CelD, CelC, CelG, and CelE), exoglucanase (CelF), scaffolding
evolution, were used to engingér thermocellunstrains to increase ethal protein and the noncatalytic cellulosome integrating protein (Cip€gi(ch

titer and tolerancéo the minimum value of 40 gfihat is required for the et al., 1997; Gal et al, 1997; Schuster and Chinn, )20h3spite of
economic viability of cellulosic ethanol productiomién et al., 2003; fermentation of both pentose and hexasgass, there is a major obstacle for
Ragauskas et al., 20)l4For instance Linville et al. (2013)using direct CBP application ofC. cellulolyticum as it produces a mixture of ethanol,
evolution methodology devagbed a mutant strain &. thermocellunwith the acetate, lactate, +and CQ, in which the final ethanol concentration is very
etahnol tolerance of up to 17.5%Linville et al, 2013. In another low. Therefore, it is necessary to use new genetic and metangjineering
investigation (Villiams et al., 200), a mutant strain of. thermocellunwith approaches to improve the ethanol yielde( al., 201).
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Table 5.

List of cellulolytic microorganisms engineered to be ethanologenic (Category ).
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Disruption of six different chromosomal genepA,

Substrate Microorganism Engineering technology New trait References
Dilute acid pretreated Linville et al.
poplar hydrolysate C. thermocellum Mutation: direct evolution Ethanol and substrate tolerance 2013 '
(17.5%)

. . ) Williams et al.,
Cellulose C. thermocellum Mutation: sequential passaging 8% ethanotolerance 2007

. Brown et al.,
Cellulose C. thermocellum Mutation: mutant alcohol dehydrogenase Ethanol tolerance 580 g/l 2011

B C. thermocellunand Deletion of the genes for both lactate dehydrogene.. ... . ’ Argyros et al.
Avicel (92 g/l) T. saccharolyticum  (Ldh) and phosphotransacetylasid) Significant increase of ethanol production (38 g/l ethanol) 2011
C

Cellobiose or Avicel

Avicel or Cellobiose

 gfl)

Cellobiose (1% (w/v))

Cellulose

Switch grass,

Cellobiose, cellulose

Avicel (50 g/l)

Urea and ammonium

salts

Glucose and xylose

Undetoxified wet

exploded wheat stva

hydrolysates

Xylose andglycerol

Switch grass (2%
(wt/vol))

Cellobiose and
cellulose

Amorphous cellulose

Amorphous cellulose

Filter paper and
corncob residue

Cellulose and
cellubiose

Filter paper, CMC,

pretreated corn stover

hydrolysates
Cellulose

Filter paper, CMC,

pretreated corn stover

Corn residue

Corn stover and rice

straw

Glucose Sugarcane

bagasse,

Straw, glucose and
xylose

Corn cob and wheat

bran

. thermocellum

C. thermocellum

C. thermocellum
27405

C. cellulolyticum

C. cellulolyticum

hfat, hyd, Idh, ptaandpyrF)

Engineering the 66mal at

Overexprs s i 0 ngluans$idase B

Expression of pyruvate decarboxylase and alcohol
dehydrogenase fro&. mobilis

Disrupt of L-lactate dehydrogenaslelif) and L-
malate dehydrogenase@h) genes

ThermoanaerobacterKnockout of genes involved in organic acid
ium saccharolyticum formation

T.saccharolyticum Expression of genes encoding the enzyme urease Enhanced urease activity, and@#ethanol production

T. aotearoense

Thermoanaerobacter

mathranii

T. mathranii

Caldicellulosiruptor
bescii

Geobacillus

thermoglucosidasius.

K. oxytoca

K. oxytoca

T. reesei

T. reesei

T. reesei

T. reesei

T. reeseRut-C30.

T. reesei

T. reesebtrain C10

T. reeselCICC
40360

F. oxysporum

F. oxysporum

F. oxysporum

Deactivation of the lactate dehydrogenase gktig (

Deletion of lactate dehydrogenase gdda)(

Inactivation of lactate pathway angpeession of
heterologous gengldA encoding an NAD-
dependent glycerol dehydrogenase

Deletion of the lactate dehydrogenase gene, and
expression of &. thermocellunbifunctional
acetaldehyde/alcohol dehydrogenase

Disruption of lactate dehydrogenase and pyruvate
formate lyase genemd upreguldion expression of
pyruvate dehydrogenase

TransferringZ. mobilisgenes for ethanol production
and genes encoding endiaganases frorg.
thermocellum

Integration of genes for ethanol production frém
mobilis(pdc, adiB) and endoglucanase genes from
Erwinia chrysanthemi

Expression ba cellobiase gene fromspergillus
niger

T-DNA-tagged mutation: library of. reeseby
usingAgrobacteriuramediated transformation.

Heterologous expression dbh1from T. reeseand
el, encoding an endoglucanase frémcellulolyticus

Constitutive expression afyr1 combined with down
regulation of the negative regulator encoding gene
acel

Expression ofiovel cellulase genexo2l) and the
cbhlgene

Expression offrametesp. laccase geracA fused
to cellobiohydrolase | signal peptideding
sequence

Recombinant strain with enhanced cellobiohydrola
activity

Genome shuffling for ethanol production and
tolerance

A. tumefaciensnediated transformation (ATMT) to
enhance alcohol tolerance (disruption of sugar
trangorter)

Overexpression of the sugar transporter (Hxt)

Expression oftte endeb-1,4-xylanase gene under
control of thegpdApromoter

Ethanol productin was increased up to 56% (1.8 g/l) Mohr et al., 2013

3.25fold higher ethanol yield than theild type Deng et al. 2013

1.6- 2.3 fold greater cellul@sactivity comparetb thewild type Maki et al., 2013

. . . . . Guedon et al.,
150% increase in cellulose consumptiand a 53% increase in ethanoéOO2

Substantial sift toward ethanol productio(®3%), molar ratio b
ethanol to organic acids of 15.0.18 inthewild-type cells, ethanol
concentratiorincreased 8-fimes more thathewild type

Stable gin with more ethanol productivity (37 g/liter) as the only Shaw et al.. 2008
detectable organic product v

Lietal., 2012

Shaw et al., 2012

2.37-(81.67 mM) and 2 fold (75 mM) increases in the yield of

C tal., 2011
ethanol (mole/mole substrate) aeta

Resistance to up to 10 g/1 organic acids and inhibitors, and ethandkeorgieva etal.,
yield of 0.390.42 g/g (sugaefficiency to ethanol: 68&6%) 2008

Yao and
Mikkelsen, 2010

Shift of the cells metabolism toward the ethanol production and
increase of ethanol yield

70% of the fermentation products were ethanol (12.8 mMVhetha  chyng et al.
directly from switch grass). Production of acetate wasedsed by 2014

38% comparedb thewild type

Enhanced effective and rapid production of ethanol (90% of Cripps et al.
theoretical yield) 2009 '

Enhanced accumulation of thermostable enzyme and hydrolysis of Wood and
amorphous cellulose to cellobiose Ingram, 1992

Enhanced high endoglucanase activity and ability to ferment Zhou and Ingram,

amorphous cellulose to ethanol (8% of theoretical yield) 2001
Enhanced 5.8J/ml cellobiase activity, and the FPase activity and Wang and Xia,
saccharificatn activity on corncob residweas 44% and 21% high 2011
than that of the host strain

X . L X Zhong et al.,
31-51% higher cellulolytic activitgompared to the parental strain 2012

FPase and CMCase were increased 39% and 30%, respectively, and
concentration of reduced sugars was signifilyaincreased by 169% Zou et &. 2012
at 60 °C '

103, 114, and 13% more secreted protein levels, FPase and CMC%gmg etal. 2013
activity, resggctively "

24% and 18% increas¥ filter paper activity and CMCase activity,
respectively. 19.8% increase of glucose release from pretreated cofieng et al., 2012
stover

Enhancing recombinant laccase A activity and secretion which Zhang et al.,

increased 372% reducing sugar yields 2012a
Fangand Xia,

Enhanced cellulase activity compared to ti&dl type 2013

5-folds more ethanol than wild typ® (7 g/l ethanol from 50 g/l Huang et al.,

glucose, an®.1 g/l ethanol from 50 g/l sugarcane bagasse 2014

Hennessy et al.,

Enhanced tolerance to ethanol was increased more than 11.74%, 2013

Enhancedhe glucose and xylose transport capacity and ethaeldl yi
(39%increase)

Higher extracellular xylanase activities (%) and produced about Anasontzis et al.,
60% more ethanol compared to the wild type 2011

Ali etal., 2013
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Table 6.

List of ethanologenic microorganisms engired to be cellulolytic (Category I1).
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Substrate

Microorganism

Cellulase/

Genes :
production system

Ethanol
concentration/yield

References

PASC (10 g/l)
PASC (10 g/l)
PASC (10 g/l)

PASC (10 g/l)

PASC (10 g/l)

PASC (10 g/l)

PASC (10 g/l)

PASC (20 g/l)
PASC (10 g/l)
PASC (20 g/l)

PASC (25 gll)
PASC (10 g/l)

Cellobiose (5 g/l)

Cellulose (10 g/l)

S. cerevisiae

S. cerevisiae

S. cerevisiae

S. cerevisiae

Consortium of four
recombinanS. cerevisiae
strains with different rati®

Consortium of four
recombinanS. cerevisiae
strains with different rati®

S. cerevisiae

S. cerevisiae

1]

. cerevisiae

]

. cerevisiae
S. pastorianus
E. coli

S. cerevime

S. cerevisiae

Pretreated corn stovedndustrialS. cerevime (K1-

(10%)

V1116)

Pretreated corn stoverS. cerevisiae

PASC (10 g/l) and
Avicel

Avicel (10g/l)

PASC (10 g/l)

Rice straw (high
solid (200g/1))

Avicel (8% (w/v))

PASC (10 g/l)

Inulin from
Jerusalem artichoke
tuber flour

Xylose

Birchwood xylan

Rice straw
hydrolysate

Birchwood xylan

Birchwood xylan

Cellobiose or CMC
(100 g/l

S. cerevisiae

Consortium of four
recombinanS. cerevisiae
strains

Consortium of four
recombinan.cerevisiae
strains with different ratio

S. cerevisiae

S. cerevige

S. cerevisiae

S. cerevisiae

S. cerevisiae

S. cerevisiae

S. cerevisiae

S. cerevisiae

S. cerevisiae

K. marxianus

Tethered (Cell

T. reeseEGII, CBHII, A. aculeatu8GL1 A
surface display)

T. reeseEGI, S. fibuligera bgl Secretion
T. reeseEGII, CBHII, A. aculeatu8GL1 Secretion
T. reeseEGII, CBHII, A. aculeatu8GL1 Tethered

C. thermocellunendoglucanase;. cellulolyticum

exoglucanaseT. reeseCBHII, T. aurantiacusBGLI Minicellulosome

C. thermocellunendoglucanase;. cellulolyticum

exoglucanaseT. reeseCBHII, T. aurantiacuBGLI Minicellulosome

T. reeseEGII, CBHII, A. aculeatu8GLI, C. thermocellum

L " Minicellulosome
miniscaffoldin

T. reeseEGII, CBHII, A. aculeatu8GLI Tethered

C. cellulyticumcelCCA, celCCE, Ccel_2454 Minicellulosome

T. reeseEGII, CBHII, A. aculeatuBGLI A. oryzaeAoelpl Tethered
T. reeseEGI, CBHII,BGLI Secretion
C. cellulyticumCel5A, Cel9E,BGL Tethered
Saccharomycopsis fibuligefaglucosidase gendgl1) Tethered

T. reeseEG1 (el7B andS. fibuligerab-glucosidase Tethered
(cel3A.

;’.e;iiseE ndogl ucanase, -gucosidgakeu CsBefiof ©
T.reesesEndogl ucanase, -gukosidaseu Cseflof ©

genes

C. cellulolyticumcelCCA (endoglucanase), a celCCE
(cell obiohydr ol a sgkgosidase)n d

C. cellulolyticumcelCCA (endoglucanase), a celCCE
(cell obiohydr ol a sgkgosidase)n d

Displaying a scaffoldin (mini CipA) containing three
cohesin domains, endoglucanase (CelA), exoglucanaseMinicellulosome
( CBHI I-glucosidase (BGLI)

Cell surface display of fungal endoglucanase,
cel |l obi ohydlucosidase and celerecytle batchrethered
fermentation system (CRBF)

Expression of a cellodextrin transporter and an intracellulg(recremn
b-glucosidase fronN. crassa.

Co-expression (Cell surface display) of cellulases and a

cellodextrin transporter Tethered
Expression of an endoinulinase gene flamniger Secretion
Overexpressing of the ges encoding xylose isomerase,

xylulose kinasex§), and the nomxidative pentose Secretion
phosphate pathway enzymes

E.xpressmn ob-xylosidase and xylanase Il genes-(co Tethered
displayed on the ceurface)

Expression of endoxylanase fraireesei -xylosidase

from A. oryzag -glbcosidase fromh. aculeatusxylose Tethered

reductase and xylitol dehydrogenase fi@nstipitisand
xylulokinase fromS. cerevisiae

Miniscaffoldin harboring xylanase Il, arabinofuranosidaseMini-
andb-xylosidase hemicellulosome

Assembling five trimeric xylanosome on three dockerin
tagged fungaénzymes, including endoxylanase (XynAc), Xylanosomes
b-xylosidase (XInDt) and acetylxylan esterase (AWAXEf).

Thermoascus aurantiacugllulase genes, including
cellobiohydrolase 1cgl7A), endoglucanase t€l5A
glucosidasel(gl3A) genes

an Becrbtion

and

and

294/
19/
1.6 g/l

2.1 g/l

1.25 g/l

1.9 g/l

1.8 g/l

7.6 gl
1.1 g/l
34 g/l

16.5 g/l
3.6 g/l

2.3 gl

19/

Fujitaet al., 2004

Den Haan et al.,
2007a

Yanase et al., 2010

Yanase et al., 2010

Goyal et al. 2011

Tsai et al., 2010

Wen et al., 2010

Yamada et al., 2011
Fan et al., 2012a

Nakatani et al., 2013
Fitzpatrick et al.,
2014

Ryu and Karim, 2011
van Rooyen et al.,
2005

den Haan et al.,
2007a

2.6% viv (63% of theoretical Khramtsov et al.,

yield)

2.6% (v/v) (63% of
theoretical value)

Yimigeligrome, 4 s 4of o

Yiigelbipsome, 4 5 14 g

1.80 g/l

42.2 g/l (86.3% of
theoretical yield)

27 g/l

439/l

55.3 dl (89.0% of
theoretical yield)

Ethanol yields: 0.41 g/g
(1.866 dgh)

0.30 g/g (productivity rate:
0.13 g/lh)

0.32 g/g of total sugars
consumed (productivity rate
0.37 g/lh)

1 g/l (ethanol yield: 0.31 g
ethanolg)

Xylanase activity was
increase up to 3.3 times
more than free enzymes
after 72 h

43.4 g/l ethanol

2011

McBride et al., 2010

Fan et al., 2012a

Fan et al., 2013

Kim et al., 2013

Matano et al., 2012,
2013

Lee etal., 2013

Yamada et al., 2013

Yuan (B) et al., 2013

Zhou et al., 2012

Katahira et al., 2004

Sakamoto et al., 2012

Sun et al.,, 2012

Srikrishnan et al.,
2013

hydrolysis

Hong et al. 2007
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Table 6.(Continued)

Cellulase/ Ethanol

Substrate Microorganism Genes . . . References
production system  concentration/yield
Cel | udglocani c b ’ DisplayingT. reeseendoglucanase amd aculeatu$- 4.24 g/l (yield: 0.47 g
(20 gy K. marxianus glucosidase on cell surface Tethered ethanolg substrate) Yanase eal., 2010
Matsuzak et al.
Cellobiose K. marxianus b-glucosidase Secretion 2849 gthanoﬂOO 9
cellobiose 2012
Ethanol: 96.2 g/l and 1.34
Jerusalem artichoke K. marxianus Inulinase genéNU under endogenous promoter Secretion g/l from inulin and 69 g/ Yuan et al., 2013

tubers and inulin and 1.44 g/h from

Jerusalem artichoke tubers

Two cellobiohydrolases, two endsl,4-glucanases and
Avicel (10g/l) K. marxianus one beteglucosidase genes from different funginda Secretion
fungal cellodextrin transporteege

0.42 g/l and 0.6 g/l after 2
and 5d, respectively. Chang etal., 2013
H. polymorpha Deletion ofXYL1coding xylose reductase and two paralogs
Xylose ’ of xylitol dehydrogenas¥YL2AandXYL2B, and Secretion 0.15g/
expression oE. colior Streptomyces @dicolor genexylA

Voronovsky et al.,
2005

Overexpression dE. colixylAwith H. polymorphaXYL3 Dmytruk et al.,

Xylose H. polymorpha coding xylulokinase Secretion 0.6 g/l 2008a
Overexpression of three xyloseducatse genes, including Dmytruk et al
Xylose H. polymorpha the modifiedXR (XYL1n), nativeXDH (XYL2 andXK Secretion 1349/ B
2008b
(XYL3
Xylose H. polymorpha Overexpression of the gene PDCL1 coding for pyruvate Secreion 259/ Ishchuk et al.. 2008

decarboxylase (PDC) in the mutant strain 2EthOH

Coexpression of gen&NA andGAML1 from the yeast

Schwanniomycesccidentalis e n ¢ aumhyjlasegandU Voronovsky et al.,

Starch and Birchwood

xylan H. polymorpha glucoamylase or cexpressiorT. reesei xyn11B Secretion Upto 109/ 2009
(endoxylanase) and. nigerxinD ( {xylosidase)
Overexpression oH. polymorphagenes<YL1m, XYL2,
XYL3andPDCLlin the strain 2EtOH, and next mutant . Kurylenko etal.,
Xylose H. polymorpha Secretion Up to 10 g/l

screening for resistance to the anticancer drug 3
bromopyruvée)

2014

14.73folds more than wild Ming-xiong et al.,

Sweet potato starch Four fused glucoamylase genes fréspergillus awamori

Z. mobilis B . Secretion type strain (92.69% of the
0,
(1.5%) more than that in the parental strain. theaetical yield) 2009
. . ) . - 81% of the theoretical MufozGutiérrez et
Cellobiose (40 gfl) E. coli strain MS04 Di s p | aglucosidase BIC frorfhermobifidafusca Tethered maximunm. al., 2012
Pyruvate decarboxylase gepdc,alcohol dehydrogenase
Cellobiose E. coli geneadhBfrom Z. mobilisa n dgluéosidase genlaglB Secretion 33.99% of theoretical yield. Lue etal., 2014
from Bacilluspolymyxa
o .
Xylose (11.4%) P. stipitis Mutation } 2.4% Watanabe et al., 2011
Xylose from steam
pretreated and
enzymatically P. stipitis Genomeshufling - 0.39'1.4% (w/v) Bajwa et al., 2011
hydrolyzed poplar
hydrolysate,
Xylose P. stipitis Genomeshuffling - 2.6% viv Shi et al., 2014

However, a<C. cellulolyticumprefers mesophilic temperature, in contrast cellobiose, celllose and switch grass were used. It also resultemhlanced
to C. thermocellunwhich pregr thermophilic temperatures, it is possitde  ethanol production bg.5timescompared to theild-type cells growing on
use it in ceculture systems with other more robust mesophiles, suéh as crystalline cellulose. Metabolomic studies showed that in the mutant strain the
mobilis for ethanol productionSchuster and Chinn, 20l3Guedon et al. fl ux was i ncreased through the oxida
(2002)could decrease accumulation of pyruvate, which ipaesible for the  acid pathway.
cessation of growthby heterologous expression of pyruvate decarboxylase
and alcohol dehydrogenase fro&h mobilis in C. cellulolyticum The 2.3.4.3.1.3. Thermoanaerobacterium saccharolyticum
recombinant strain showed a 150% increase in cellulose consumption and a
180% increase in cell giweight after 145 h in comparisavith the wild type In spite of the advantages mentioned beforeTimermoanaerobacterium
strain. Lactate production decreased by 48%, whereas the concentrationsspiecies, ethanol production by these eaatsuffers from low productivity,
acetate and ethanol increased by 93 and 53%, respectively.al. (2012) yield, and final product concentration and purityn(and Tanaka, 2006
firstly developed a targeted gene inactivationeysfor C. cellulolyticum in These disadvantages ataused bythe many byproducts derived from the
which they used a markerless targeted mutagenesis system to disrupt both binanch pathway#ncluding various organic acids, such as acetic and lactic
paralogous Hactate dehydrogenaseldlf (Ccel_2485)) and d{malate acids which in turn result in salt accumulation dag pHcontrolled
dehydrogenaser(dh(Ccel_0137)) genes in a single strain. This modification fermentations, and consequenindrancein ethanol production by these
resultedin a substantial shift in fermentation toward ethanol production inbacteria (ynd et al., 2001, 2002Cai et al., 201). So, engineering
which ethanol constituted 93% of the major fermentation products (molalhermoanaerobacteriunspecies to overcome te problemscould bea
ratio of ethanol to organic acids of 35,0.18 inthewild-type cells) when promising strategyo commercializ ethanol production by theseganisms
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As T. saccharolyticumis capableto effectively hydrolyze xylan, it has

171

the presence of glycerol using xylose as a substrate. Also, the strain was

been proposed to genetically engineer it to produce higher levels of lethanaapable to utilize glycerol as an extra carbon source in the presence of xylose,

To do this, it was suggested that the genes imeblv production of organic
acid byproducts during fermentatitve knocked out to achieveore ethanol

formation as the major producii{aw et al., 2008; Schuster and Chinn, 3013

Shaw et al. (200&orfirmed that knockout of genes involved in organic acid
formation (acetate kinase, phosphate acetyltransferase, alattate
dehydrogenase) resulted in a stable strain with growth rate simtlee wold
type parent with more ethanol productivity (37)gds the only detectable

and utilization of more reduced substrae glycerol resulted in a higher
etharol yield (Yao and Mikkelsen, 2090

2.3.4.3.1.6. Caldicellulosiruptdsescii

C. besciiwhich is a thermophilic, anaerobic, cellulolytic bacterium,
commonly grows optimally at 80 °C. This bacterium is the most thermophilic

organic product and substantial changes in electron flow relative to the wildellulolytic bacterium descréalso far and iscapbleof usingand fermerihg

type. In addition, it was proposed to use this geneticatidified T.

a wide range of substrates.g. cellulose, hemicellulose, and lignocellulosic

saccharolyticumin a coculture system with a cellulolytic ethanologen for plant biomass without harsh and expensive chemical pretreatBlente-

maximal biomass conversion

in CBP, because of its strong xyloseSchuette et al., 200&rgyros et al., 2011; Chung ek,a2014). Recently, a

fermentationcapabilities (Argyros et al., 2013; Schuster and Chinn, 2013 mutant strain ofC. bescii (JWCB018) was isolated in which the lactate

Shaw et al. (2011)developed a marker removal strategy far
saccharolyticunto select against theyrF, pta andack genes In this system,

dehydrogenase genddlf) was disrupted spontaneousha insertion of a
native transposorCha et al., 2013aChung et al., 200)3This researctgroup

thepta- andackbased haloacetate selective strategy was subsequently usedito arother attempt could completely delete tHeh gene by genetic

create a
In another investigationshaw et al. (2012gdeveloped a recombinarit.

mar k er | e podugngethbnol gtpathigh yigdd. ¢ lengiseering which resulted in diverting metabolic flux to additional acetate

and H insteadof lactate production((ha et al., 2013b Chung et al. (2014)

saccharolyticumstrain containing genes esing the enzyme urease. The developed a genetdy-engineered strain of. besciiwith an ability for
engineered strain showed urease activity, hydrolyzed urea and increasdilect conversion of switch grass, a Fflond renewable feedstock, to ethanol
cellular growth when urea was used as minimal medium. Replacement @fithout conventional pretreatment of the biomass. They deleted the lactate

ammonium salts with urea resulted in production ofgf4ethanol by the
transgenic skin. They proposed that this increase mapdimibed taeduced
pH, salt, and osmolality stresses during fermentafiora( et al., 201)2

2.3.4.3.1.4. Thermoanaerobacterium aotearoense

dehydrogenase gene, and expressedheterologous C. thermocellum
bifunctional acetaldehyde/alcohol dehydrogenas€ .inbescii As a result of

this strategy, 70% of the fermentation products in the engineered strain were
ethanol (12.8 mM ethanol directly from 2% (w/v) switch grass), whetteas
wild-typeC. besciilackedthe aility to produceethanol. Alsothe production

of acetate was decreasm the engineered strain by 38% compatedhe

Another thermophilic anaerobic bacterium recently considered as w&ild type (Chung et al., 2014
desirable biological catalyst for the conversion of cellulosic biomass to

ethanol isT. aotearoenseSimilar toT. saccharolyticumethanol production
by this species suffers from low ethanol productivity becausethef
byproducts produced during the pess.Cai et al. (2011)isolated aT.

aotearoensetrain with extant xylamligesting capabilityvhich could ferment

2.3.4.3.1.7. Geobacillus thermoglucosidasius

The Geobacillusspecies are aerobic or facultativelyaarobic, Gram
positive, thermophilic bacilli isolated from a wide range of environments,

a wide spectrum of carbohydrates (xylose and arabinose) from natural hitcluding temperate soils, as well as natural and artificial hot environments

spring in the south of China. To enhance ethanol production irspleisies,
they deactivated the lactate dehydrogenase ddhgi(volved in lactic acid
productionvia homologous recombination ifi. aotearoenseThe obtained

(Nazina et al., 2001Burgess et al., 2010; Suzuki et al., 201Zhese
microorganismshave great environmental adaptability, including ethanol
tolerance fong et al., 2006and the ability to degrade lomdpain alkanes

mutant strain exhibited 31.0% and 31.4% more microbial biomass and 2.3{Wang et al., 2006 These bacteria have been considered as suitable
(81.67 mM) and 2fold (75 mM) increases in the yield of ethanol candidates for ethanol production at high temperatufesrforming
(mole/mole substrate) under glucose and xylose etitim, respectively, bioprocesses at higiemperatures results in reduction of contamination risk,
compared to the wild type (32 mM ethanol). Moreover, no lactic acid wasow energy consumption for agitation and cooling, and easy removal of
detected in @l dh mut ant f er me nt a wolablenprodundtsi{/teaelr @ Ljungdmlin, e 38&repiss et al.t 200Waysr etr e a d

detected in the cultures of the wild type strami(et al., 201).

2.3.4.3.1.5. Thermoanembacter mathranii

al., 2009;Suzuki et al., 201). SomeG. thermoglucosidasiustrains (e.g.
M10EXG) are considered as a potential strain for ethanol production, because
they are tolerant to 10% (v/v) ethanéloig et al. 2006; Tang et al., 20P9
and they also can utilize a wide range of &strates, including pentosesjC

T. mathraniiis a thermophilic anaerobic and xylanolytic bacterium which and hexose (§ (Riyanti and Rogers, 20).3Cripps et al. (2009used a
can produce ethanol from lignocellulosic biomass at high temperatures. Thisetabolic engineering methodology to divert fermentative carbon flux from a

bacterium hagheability to ferment all sugarsontainedn the lignocellulosic

mixed acid pathway to one ethanol production pathway, and therefore

materals at high temperatures with high productivities, high conversion rateseducel the byproducts quantity and increasethanol production inG.

low risk of contaminations and easy products recoveérykielsen and
Ahring, 2007, Yao and Mikkelsen, 20010 Similar to other
Thermoanaerobacterspecies its exploitation for ethasl production will
require metabolic engineering to reduce byproductd@imtrease its ethanol
yield and toleranceGeorgieva et al. (200&Jeveloped a mutant strain &f
mathranii (BG1L1)n which the lactate dehydrogenase gédbk)(was deleted
to increase etéinol production and toleranceofn undetoxified weexploded

thermoglucosidasiughey disrupted thih (lactate dehydrogenase) apitB
(pyruvate formate lyase) genes and upregulétedexpression of pyruvate
dehydrogenase. The mutant strains coimai all three modifications could
effectively and rapidly produce ethanol (90% tbk theoretical yield) at
temperatures more than 80. In addition, one of these strains (TM242)
efficiently fermented cellobiose and a mixed hexose and pentosefepps(
et al., 2009

wheat straw hydrolysates. The mutant strain showed an effective resistance to
high concentratiomof acetic acid and other metabolic inhibitors (up to 10 2.3.4.3.1.8. Klebsiellaxytoca

g/1), and ethanol yield reach@d}2 g/g. In another studyao and Mikkelsen
(2010) expressed a heterologous gegldA encoding an NAD-dependent
glycerol dehydrogenase to facilitatADH regeneration in ethanol formation
in T. mathranii strain BG1L1 in which the Idh gene encoding lacate
dehydrogenase was delet@deviously to eliminate anNADH oxidation
pathway (Georgieva et al., 2008 They produceda new recombinantT.
mathraniistrain BG1G1dpl 0PRGIdA) with aninactivatedlactate pathway
expressingglycerol dehydrogenase. These changasseda shift in cells
metabolism toward the production of ethanol over acetate and easher
redox balance. The recombinant strain shoaréhcreasedethanol yield in

The Gramnegative bacteriumK. oxytoca has the native ability to
transport and metabolize cellobiose, and thergftoesnot need extracellular
cellobiase application. Previously, recombinant strains Kof oxytoca
containing Z. mobilis pdc (pyruvate decarboxylase) anadhB (alcohol
dehydrogenase) genes have been developed. These strains are able to direc
the metabolism of pyruvate to ethanol, but for efficient ethanol production
they need cellulase tbe added tahe cellulosic materials, whictmposes
additional cosbn theethanol productioprocesgOhta et al., 199%kDoran
and Ingram, 1993Bothast et al., 1994boran et al., 1994Brooks and
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Ingram, 1995; Golias et ak002). In order to overcomthis problem,Tran et ethanol concentratiois ascribed to the hindrance of glycolysis resulting in
al. (2013)developed a singlstep process for converting lignocelluloses to inhibition of cell growth Moreover, asT. reeseiis known asan obligate
ethanol usinga co-culture of mesophilicBacillus sp. THLA0409 (as a  aerobe, the genes encodihg required enzymes for glycolysis ampressed
cellulosedegrading bacterium) and the str&n oxytocaTHLC0409 (as a in the absence of oxygen, and therefasdls growth will be stopped in the
sugarsutilizing bacterium). This significantly enhancethe utilization anaerobic condition®pnaccorsi et al., 200@&more et al., 201R
efficiency of hydrolysates from acjutetreated raw bambonapiergrass, rice Up to now, different methodologies such as protoplastiaged
and straw resulting inethanol productiorrates of145, 276, and 218/kg transformation Gruber et al., 1990 Agrobacteriummediated transformation
substrate used, respectively. domeother stdies, the focus has been on (Zhong et al., 2006and biolistic transformationT¢ et al., 200phave been
transferring cellulase genes from other microorganisms to give cellulaséeveloped for efficient genetic manipulationTofreeseistrains. In addition,
activities to the recombinant strains Kf oxytoca.\Wood and Ingram (1992) different selectable markers, such as hygromydifach et al, 1999,
developed a dual recombinant strainkofoxytocacontaining theZ. mobilis benomyl resistancé’€terbauer et al., 1992; Schuster et al., p@EmMdSgene
geres for ethanol production and genes encoding endoglucanasesCfrom from Aspergillus nidulansconferring ability to grow on acetamide as sole
thermocellum The selected recombinant strain (P2) contairgatp could nitrogen sourceHenttila et al., 1987 the auxotrophic markengyrd (Gruber
accumulatethe thermostable enzyme and hydrolyze amorphous cellulose tet al., 199) and hxk1(Guangtao et al., 20)have beersuccessfully used for
cellobioseand could also produathanolin a twostage process. The results genetic manipulation of. reesestrains fmore et al., 2012
showed that the recombinant strain rezktess commercial cellulase for Taking irto account the abowmentioned challenges, strategies to be used
ethanol productionZhou and Ingram (2001developed a recombinant strain to overcome these problems are as fodfo(a) develoment of T. reesei
K. oxytocacontaining chromosomalintegrated genes for ethanol produatio  strains with high ability to grow in anaerobic conditions, (b) improvement of
from Z. mobilis (pdc, adhB and endoglucanase genes frdmwinia its ethanol production, (c) increasing its ethanol tolerance, and (d)
chrysanthemi(celY, cel with high endoglucanase activity and ability to improvement for hyperproduction of cellulase By reeseistrains. These
ferment amorphous cellulose to ethanoli(B®b of the theoretical yield)  strategies are psible to be performed by different techniques, such as
without the addition of cellulase enzysigom other organisms. screening wiletype isolates, random and targeted mutagenesis for selection
The 2,3butanediol is a valuable chemical whidh usually produced of strains able to grow in the absence of oxygen for Iotigees, introducing
petrochemically,but can be synthesized by bacter@s well Recently, heterologous genes, such @scerevisiagyruvate decarboxylasedc and
efficient production of this chemical has been performed menetically alcohol dehydrogenasadh) genes to construct ethanol biosynthesis pathway
improvedK. Oxyto@ strains Cheng et al., 2010; Kim et al., 20130 date, in the fungus, knockouting genes responsible for byproducts producfion in
K. pneumoniaand K. oxytocaare considered as the most powerful-2,3 reesej andbr engineering or increasing the number of sugar traregoro
butanediol producers as they can consume different substrates, such eaghance sugar utilization at low concentration and simultaneous use of all
cellulose and hemicelluloseontainedin lignocellulosic lomass Cheng et biomass sugars. Ethanol tolerance could be improved by identification and

al., 2010;Kim et al., 2013Guo et al., 201} engineering of the genes and transcription factors responsible for ethanol
tolerance Xu et al., 200; Amore et al., 201
2.3.4.3.1.9. Trichodermeaeesei Recently, some investigations have been devoted to mutation breeding or

genetic engineering df. reeseio enhance cellulase and cellobiase activity of

As mentioned in the previous sections, one of the most challenging barrietBe fungus as CBP organism. For exampleyng and Xia (2011using the
in commercialization of ethanol production from biomass is the cost of highmodified PEG CaCkL method expressed a cellobiase gene fhspergillus
enzyme loadings (3060 mg enzym#y crystalline cellulose) for complete niger in T. reesei This resulted in 5.8J/ml cellobiase activity after 4B
saccharification of pretreated biomass. The maximum cellulase enzynfermentation, which was 106 times more than that of the host strain.
productionhas beemeported by fungi, especially. reese{more than 100 g/l Meanwhile, the filter paper activity and shecification activity of the
culture broth), whereas the most cellelgsroductivity in bacteria such as recombinantT. reesei(on corncob residuewere recorded44% and 21%
Clostridiais only a few grams per litetGherry and Fidantsef, 2003; Xu et al., higher tharthoseof the host strainZzhong et al. (2012fo improve cellulase
2009. In addition to the high enzyme concentration productivity, fungi areproduction developed a-DNA-tagged mutant library off. reeseiusing
able to efficiently secrete the produced enzyme because of riimist Agrobaceriummediated transformation. Three putative mutants showed 31
secretion system (endoplasmic reticulum (ER) and the Golgi complex)1% higher cellulolytic activity compared to the parental strain. Moreover,
whereas this is not possible in mosttod candidate bacteridlence,T. reesei endoglucanase, ¢ eglutosidade adtitidsras Well asethe a n
is considered as one of the most promising candidate fungi for CBP ethanbydrolysis efficiencies of the mutants weimproved. Zou et al. (2012)
production.Beside thefact that hese fungi are able to produce the cellulase replacedcbhl promoter CREI binding sites of. reesei(which is used by
enzyme complex isufficient quantitiestheycanalsobe grown at low cost in  repressor CREleducing thestrength of the promoter) by the binding sites of
high quantities Moreover, all the metabolic pathways for utilization of transcription activator ACEIll and the HAP2/3/5 complex to improve the
lignocellulose sugars to produce ethamaist in these fungi, some new promote efficiency. They constructed a hybrid heterologous gene, containing
pathway controls are requirgitbugh cbhl gene from T. reeseiand el, encoding an endoglucanase from

These fungi are able to saccharify the lignocellulosic materials to simplécidothermus cellulolyticuknked by a flexible polyglycine linker and a rigid
sugars in aerobic conditions, and then ferment them to ethanol in anaerolzihelix linker. These modifications resedt in 39% and 30% increasia the
conditions Ku et al., 2009 Amore et al.2012). Xu et al. (2009)confirmed filter paper (FPase) and CMCase activities, respectively, compared to the
the presence dhe major metabolic pathways for converting lignocellulosic parenal strain, and wherthe crude enzyme mixture obtained from the
sugars to ethandfi.e. glycolysis, pentose phosphate pathway, xylose andrecombinant strain was used, the concentration of reduced sugars in the

arabinose assimilation pathways, and ethanolic fermen}aitiol. reeei. pretreated corn stover hydrolysates was significantly increased by 169% at
theyalso confirmed the presencealf the genes involved ithese pathways 60°C .
through the data achieved fronthe genome sequencing of the fungus. In arother researchwork, constitutive expression okyrl (positive

Furthermore, they reported that this fungusable to survive up to 18 (Xu requlator gene) combined with dowegulation of the negative regulator
et al., 200). Another advarage ofT. reeseiin CBP is that cellobiosdoes encoding genacelresulted in 103, 114and 134% more secreted protein
not accumulate during fimentation owing to theellobiase activity of the levels, FPase and CMCase activity, respectivéliar{g et al., 2013 In a
fungus Rabinovich et al., 2002; Xu et a2009 Amore et al., 201 In spite different work, a hybrid fused sequence, containing a novel cellulase gene
of these advantages, there are some challengindeprsbn application oT. isolated from metagenomic librargxo2h) and thecbhlgene wasexpressed
reeseias CBP organism for ethanol production from biomass. The first one i;1 T. reeseRut-C30. The recombinant strain showed 24 and 18% incirase
that ethanol yield, productivity and tolerareelow, and also because of its filter paper activity and CMCase activity, respectively. When pretreated corn
filamentous cell morphology, mixing and aeration during fermentation isstover was used as carbon soubgethe transformant, the released glucose
more difficult and may require more energy consumption. These concentration was increasey 19.8% compared to the pareftefig et al.,
disadvantageareprobably related to the low expression or low activity of the 2012). The expression oframetessp. AH282 laccase genkcA fused to
enzymes involegdin ethanol production pathwayg\( et al., 2009Amore et cellobiohydrolase | signal peptide coding sequence.ineeseiresulted in

al., 201). Furthermore, the low tolenae of T. reeseito ethanolin high two recombinant strairise. L8 and L38 withan ability to secrete recombinant

Please cite this article aSalehi Jouzani Gh., Taherzadeh M.J. Advances in consolidated bioprocessing systems for bioethanol dnprduiuetion from biomass: af
comprehensive review. Biofuel Research Journal 5 (2015)1952




173
Salehi Jouzanand Taherzadelt Biofuel Research Journal 5 (201852195

laccase A. Reducing sugar yields obtaittedughcorn residue hydrolysis by addition tocellulases, some other recendgscribed enzymes, such as the
crude enzymeof the strains L8 and L38 increased by 31.3 and 71.6%, coppefrequiring polysaccharide monooxygenases which have synergy with
regectively, compared to the wiliype strain Zhang et al., 201JaFang and  the exe and endoglucanases, and elatilie proteins which enhance access
Xia (2015) dewloped feebatch fermentation for a recombinaht reesei  of the cellulaseso the cellulose chains ends, are involved in lignocellulose
strain C10 with enhanced cellobiohydrolase activity. They showed that ClBydrolysis (eggio et al., 2012; Kubicek, 201Bricka et al., 2014; Nakatani
cellulase showed better yields in the enzymatic hydrolysis of both corn stovert al., 201} Cellulase enzymes are naturally produced by a variety of fungi
and rice straw. such asTrichoderma Aspergillus Talaromyces and several anaerobic
Enhancd ethanol toleranceni T. reeseias a candidate for CBP bacteria such as species of @lestridiumand Ruminococcugenera, which
microorganismhas also investigatedHuang et al. (2014gould increase  can be used as sousagf cellulase genes for enhancing cellulase activity in
ethanol production ofT. reeseiCICC 40360 by genome shuffling while yeasts [{lartinez et al., 2008fontes and Gilbert, 201Kubicek, 2013
simultaneously enhancing the ethanol resistance. They produced an initidticka et al., 201}t To achieve anefficient and complete hydrolysis of
mutantpopulation by nitrosoguanidine treatment of the spore§. akesei lignocelluloses, at least one copy of each of the cellulase genes must be
and then constructed an improved plagion producing more than folds functionally expressed in the ethanologenic host organismSeagrevisiap
ethanol tharthewild type by genome shuffling. The strain HJ48 showexd th (Kricka et al., 201}t Receny, different ethanologenic microorganisms, such
maximum ethanol productivity &.7 g/l ethanol from 50 g/l glucos@nd also  asS. cerevisiae, K. marxianus, H. polymorpha, Z. mobilis, E. coli, P. stipitis
could efficiently convert lignocellulosic sugars to ethanol (ethanol yglds andF. velutipeshave been engineered to be cellulolytictHa followingsub
sugarcane bagass210 g/g) under aerobic conditions and was tolerant to upsectiors, the recombinant strategies used to @ckacellulase activities in
to 4% (v/v) ethanol stress. This strain also showed the mexiffRase and  these ethanologenic microorganisms are discuSsede 6).
endoglucanase activity @.34 and 3.25 |U/ml, resgtively, which were 1.8
and 2.Xold higher than the pareat strain (0.19 and 1.55 IU/ml, 2.3.4.3.2.1. Saccharomyocesrevisiae
resectively).
As wild-typeS. cerevisiastrains do not produce hydrolases with efficient
2.3.4.3.1.10. Fusariuraxysporum activities on lignocellulosic biomass, so to ubes tyeast as a suitable CBP
organism, genetic engineering for enhancing hydrolase activities is necessary.
In addition to Trichoderma some other fungi belging to the genera Different genetic engineering strategies used to deSigoerevisiaestrains
Aspergillus Fusarium Monilia, Rhizopus, Neurosporand Paecilomyces  with enhanced hydrolase activities are discusszdin
have been reported to hold the ability to directly ferment cellulose to ethanol
(Xue et al., 2009Amore et al., 2012; Ferreira et al., 2013; Zerva et al., Y014 - Expressiorof single or many hydrolase genes in S. cerevisiae
Recantly, a fewinvestigationsvere focused on genetic improvement of these
fungi to enhance efficient CBP ethanol production. The crop pathBgen During the last two decades, many genes encoding glycoside hydrolases
oxysporumis considered as a promising CBP organism due to its innatéi.e. cellulases, hemicellulas€sD-glucosidases) as well as xylesglizing
ability of cosaccharification and fermeation of lignocelluloses to ethanol. and arabinosetilizing enzymes from various species have been introduced
Low alcohol tolerance is one of the major challenges for this fungus as a CBRto S. cerevisiagand asa result, some engineered strains that can grow on
microorganism Hennessy et al. (2013used A. tumefaciensnediated  biomass containing cellulose, hemicellulose, cellobiogkse, or arabinose
transformation (ATMT) to enhance alcohol toleranc€& imxysporunstrains have been reported¢cker et al., 2003Fujita et al., 2004; Katahira et al.,
They constructed a random mutagenesis library of gene disruptiof004, 2006; van Rooyen et al., 2005; Karhumaa et al., 2006; Van Zyl et al.,
transformantsBy screeninghe mutant strains, tolerance to 6% ethanol was 2007; den Haan et al., 2007a,b, 2013; Xu et al., 2009; Tsai et al., 2010; Wen
increasedy more than 11%, whereas tolerance to 0.75Btitanol decreased et al., 2010; Yamada et al., 201Ean et al., 2012b; Nakatani et al., 2p13
by 43% compared to the wiltype. Moleular analysis confirmed that a (Table 6). van Rooyen et al. (2005designedrecombinant strain®f S.
coding region homologous to a putative sugar transporter (FOXG_09625) wagrevisiaee x p r e s sgluecogidasa gebeb§ll) from Saccharomycopsis
disrupted. fibuligera. The new strain could grow on and ferment cellobiose at the same
Ali et al. (2013) identified a novel hexose transporter (Hxt) i rate as omlucose. The final achieved ethanol yielgthe recombinant strain
oxysporumwhich could positively affect sugar uptake By oxysporumend was 2.3 g/l from 5 g/l cellobiose, contpdto 2.1 g/l when glucose (5.26 g/l)
would enhance the ethanol vyields from lignocellulosic biomasswas used as substrate. &mother attempt, a recombinant strain 8f
Overexpression of the sugar transporter (Hxt)-iroxysporunsignificantly cerevisiae with b-glucosidase and an exo/endocellulase activity was
enhanced the glucose and xylose transport capacity and ethanol yield (398f©duced, and aa result external application of cellulase was significantly
increase), when straw, glucose and xglagere used as carbon source. In reduced Cho et al., 1990 den Haan et al. (2007pfoduced a recombinaBt
another attempt to enhance ethanol productivity, the -ertld-xylanase 2  cerevisiaestrain ceexpressing th&. reeseEG1 (el7B andS. fibuligerab-
gene was incorporated into tie oxysporumgenome under control of the glucosidasedel3A) with anability to grow on and convert 10 g/l cellulose to
gpdApromoter usingAgrobacteriuramediated transformatiomi\(asontzis et ethanol up to 1 g/l.
al, 2017). Two transformants showed marginally higher extracellular In a differentstudy Jeon et al. (2009¢esigned a similar recombinant
xylanase activities {8L0%) compared to the wild type,significant increase  strain expressingC. thermocellumendoglucanase an&. fibuligera b-
in xylanase transcript was observdtbugh These strains produced about glucosidase genes which showed significantly higher endoglucanase activity
60% more ethanol compared to the wiyghe¢ on corn cob, while for wheat and higher cellulose conversion to etbhYamada et al. (2010@eveloped a

bran this increase was observed only for one of the strainss¢ntzis et al.,  genetic engineering system to integrate a cocktail of cellulase genes through

2017). multi-copy U-integration, to obtain a CBP strain with high hydrolase activity.
They transferred different expression cassettes contairtimge t main

2.3.4.3.2. Engineering an ethanologen to be cellulolytic cellulases (endoglucanase, exoglucanase agllidesidase) into the yeast

chromosomes in one step. The selected strain showed significantly higher and

The majority of research aesigningand optimizingCBP candidates has optimum ratio of cellulases activities (64.9 mU-g#t cells) compared to the
beenfocused on the recombinant expression of cellulase genes in naturafld type strain(57 mU g/twet cells) when grown on phosphoric acid
ethanologenic microorganismsgble €). Commonly, cellulose hydrolysis swollen cellulose as carbon sourdéiramtsov et al. (2011pngineered
occurs through thecooperation of three groups of gluconases, includingindustrial S. cerevisiaeyeast strain (KV1116) by transferring genes
endoglucanases (EGs) with activity on theogphous regions of cellulose for encoding three main cellulases into the chromosomal ribosbBiNAl and
production of free chain ends, exoglucanases (cellodextrinases amtklta regions. The engineered cellulolytic yeast produced ethanol in one step
cellobiohydrolases (CBHpwith activity on crystalline cellulose to release through SSF from pretreated corn stover @896 efficiency and the ethanol
cellobiose from free chaia n d s , -glieosidasels (BGLsyhich hydrolyze titer of 2.6% v/v. In spite of the efforts devoted to designing recombigant
cellobiose and small HBe-oligosaccharides to glucoset Is generally  cerevisiaestrains containindl. reesecellobiohydrolases (cellobiohydrolase |
accepted that these enzymes act sequentially and synergisticalty €t al., and cellobiohydrolase Ilthe expression of these genes in the yeast were
2002; Zhang et al., 2004en Haan et al., 2013; Kricka al., 2013. In generally poor, and the resultbtainedwere unable to demonstrate crucial
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levels of crystalline celluloseconvesion required to confirm true cellulase activities and arelerived from some anaerobic microorganisms for efficient
activity i.e. activity needed for biomass conversigth@gw et al., 1994; hydrolysis of cellulose. This highly ordered complex allows the assembly of
Takada et al., 19981ong et al. 2003Xu et al., 200%. multiple enzymes to attach to lignocellulosic teréls through their
carbohydratébinding modules or polypeptides which have high affinity for
- Application of new promoters to increase heterologous expression gfolysaccharidesF(erobe et al., 2005Tsai et al., 201,0Schuster and Chin,
cellulase gengin yeast 2013. It has been proposed that engineering a @&i3tto express multiple
comporents of a cellulolytic system (cellulosomes) from different
As the native promoters of cellulase genes are commonly repressed Byicroorganismscould be the most dominant strategy, and heterologous
glucose, replacing these promoters with other indqciblg or constitutivelisplaying cellulases and hemicellulases on the yeast cell suctadd
promoters would enhance cellulase genes expression in the yeast. R@present significant progress toward commercialipatof CBP technology
example, inducible promoters suabS. cerevisiaé&sAL1 or CUP1 promoters  (Hasunuma and Kondo, 20)12Recent studies showed that construction of
may be efficient. The most important disadvantage of these promoters is thafinicellulosomeswas possible by simply appending a dockerin domain and
they need galactose or copper as inducers, respectively, which can [g o three cellulase enzymes (either cellulosomal or noncellulosomal)
expensive and incompatible with the ethanol production procesmstance,  integrated into a Gmeric miniscaffoldin containing different cohesin
the presence of glucose acts as repressor of the GAL promoters, aggmainsin vitro (Wen et al., 201)) The chimeric minscaffoldin could be
therefore, this promoter will nobe suitable for industrial CBP ethanol purified (Fierobe et al., 2005; Mingardon et al., 20&spi et al., 2008or
production Kricka et al., 201) Recent studies on induie and constitutive yeast surfacelisplayed {sae et al., 2009, 2010Ven et al., 201)) andboth

promoters haveconfirmed hat the use of constitutive promoters, such as cageg showed efficient hydrolysis of cellulose. These results confirmed that
TEF1 and PGK{couldsignificantly increase cellulase expression in the yeasty, highaffinity cohesindockerin interactionswere sufficient to induce

by up to two f?:(ﬂdeh”S the yealst Zrep(;rtebd.lsleroduceg t2r1elm\({)st c%nstant formation and assembly of a functional cellulosome, and therefore, this
expression profilesden Haan et al., 2007a,b; Partovabl 2010Yamada et gygan could also functionally be achievéd vivo by heterologous co

al., 2011 Fitzpatricketal. 2014; Kricka et al., 2014 expressin ofthe cellulosomal components &@CBP host \(Ven et al., 201))
The first works onin vivo production of heterologous cellulosome®re
dedicated to unifunctional complexes contag only one type of cellulases.

One of the suggested strategies for increasdliglase activity in the yeast None of these reco_mbman_t strains cpu_ld dlre_ctly utilize cellulose, as com_plete
cellulose hydrolysis requide synergistic action of at least three main

is by transferring high copy numbers of the cellulase gefiedlo this, there s )

are different strategies, such as use of episomal plasmids or integration of tﬁ%lllzuljjaif‘aese(fg? e(églc.)ézozo(f Om;gig dolgx?féigiﬁa;ijalshrzfgzg display of
nes into th hrom i¢ka et al., 201} Previousl isomal L ; L ;

genes into the yeast chromosorneida et al, }. Previously, episoma lulases inS. cerevisiaeThe recombinant strain displaying three EG2 and

plasmids containing cellulase genes have been extensively used in ye . : > .
transfamation. In spite ofheoverexpression of the transformed genes by this H2 _(derlved fromT. reesgi , _an dgluchsilase (l’ulenved. ffO’T‘
Aspergillus aculeatysenzymes cdd directly convert 10 g/l phosphoric acid

systems, unfortunately, plasmids used in this systere lost after many . -
generationsKujitaetal.,2004; den Haan et al.,2007a,b; Tsai et al., 2010; Weﬁwollen cellulose to approximately 3g/l ethanol. To enhaheeapability of

et al., 2010; Fan et al., 2042 Recently,Fitzpatrick et al., (2014using a hydrolyz_ing b-glucan, Ito et al. (2009)designed and c_onstructed a chimeric
high copy numberof episomal vector (pRSieries) could significantly scaffoldin for cell surf_ace dlsplgy of EG2 (frofn r_eese)i and BGL1 (fromA.
increasethe expression off. reeseiendoglucanase gene (EGI) in yeast-(50 aculeatuy at an optimum ratio. In next studies, successful assembly of
folds greater than wheen ARS/CEN vector (pGREGeries)was sed) To trifunctional minicellulosomes 8. cerevisiaavas reported byisai et al,
overcome the problem of genetic instability of the episomal plasrtiigs, (2009 2010andwen et al. (2010)Tsai et al. (2009peported the functional
strategy of multicopy integration of cellulase genes cassettes directly into th@SSemblyof minicellulosanes on the yeast surface. In theiork, the
host chromosome has been proposgd Plessis et al., 2010; Yamada et al., functional display of a mirscaffoldin on theS. cerevisiaecell surface
2010 a,b, 2013 For instance Yamada et al(20108 integratedmultiple- consisting o'f'three different c_ohesm domains was demonstra}ted. The
copies of cellulase genes into t fynetiongldninicejulosprge)contained an prdoglycari@egA) fusgdiwithiar 4 p
elements (Tn) in theS. cerevisiaechromosome, andichieved increased —dockerin domain fromC. thermocelluman exoglucanase (CelE) fro@.
ethanol yield cellulol_yncumf used with a doc k erin d_o mai n
It is clear that in additon to endoganase, exoglucanase and 9lucosidase (BglA) fromC. thermocellumtagged with the dockerin from
cellobiohydrolases (CBHs) activity is also required for successful hydrolysi§uminococcus flavefens The recombinant strain displaying the new
of lignocelluloses. Thus, heterologous expression of these enzymes in tRainicellulosome showed high cellulolytic activity, and could directly produce
ethanologenic hostsvould enhance efficient conversion of cellulose to 3.5 g/lethanol(ethanol yield of 0.49 g/g carbohydrate consumed and 95% of
ethanol(den Haan et al., 20).3Recently, relatively high levels of CBH1 (0.3 the theoretical value) from phosphoric acid swollelfutese, which was 2:6
g/l) and CBH2 (1 g/l)productionin S. cerevisiachave been reported folds higher than that obtained by exogenous application of purified
(McBride et al., 2010llmen et al., 201). lmen et al. (2011developed a cellulases. In another studyyen et al. (2010)constructed trifunctional
recombinant strain witl high ability © convert most of the glucan available Minicellulosome containing a misicaffoldin The mini-scaffoldin contaired
in paper sludge to ethanol and displace about 60% of the enzymes usuaaycellulosebinding domain three cohesion modules, and three cellulases,
required. FurthermoreylcBride et al. (2010geveloped a recombinant strain i ncl udi ng an endogl uc an aglueagsidase, each| | o
expressing tree cellulases with high abilitie® convert prereaed corn bearing a @erminal dockerin. The recombinant yeast could break down and
stover to 2.6% (v/v) ethanalithin 96 h (63% othetheoretical value) in one ferment phosphoric aciswollen cellulose to banol with a titer of 1.8 g/l.
step without the addition of exogenous enzymes. Commonly, ceexpression of all components of a minicellulosome in a
Previous studies have confirmed that in addition to copy number o$ingle strain results in relatively low levels of each cellulase. This is probably
cellulase genes, the ratio of each cellulaselss crucial to ensure efficient due to the heavy metabolic burden and potential jamming of the secretion
cellulose hydrolysis Tien-Yang et al., 2012 Kricka et al.,, 201} So, machinery. So, in other works, surface assembly of functional
designing the optimum ratio of each cellulase will guarantee efficienminicellulosome by using a synthetic yeast consortium has been reported
cellulose hydrolysis. The ragoof secreted cellulases if. reeseiunder (Tsai et al., 2010Goyal et al., 201)1 Tsai et al. (2010used a synthetic yeast
inducing caditions is 60% CBHI, 20% CBHII, 10% EG, and 1% BGL consortium composed of four enginekretrains, including one strain
(Takashima et al., 19%8 however, these may be different in other displayinga mini-scaffoldin carrying three different cohesin domair{SC),
recombinant organisms. and three strains secreting dockergged cellulases (endoglucanase (AT),
exoglucanase (CB)and b-glucosidase (BF)).The optimized consortium
- Yeast surface display (na@momplexed cellulase systems, cellulosomes andconssted of a SC:AT:CB:BF ratio of 7:2:4&nd produced 1.87 /fy ethanol
minicellulosomes) (ethanol yield of 0.475 g/g cellulose consumed, and 93% of the theoretical
value) This valuewas two times more than that when a consortium with an
Cellulosomes areatural exocellular enzymatic complexes with synergistic equal ratio of the different populatis was usedréai et al. 201))

- High copy number of cellulase genes
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To increase the display efficiency of the cellulosonies) et al. (2012a) fructooligosaccharides with high degree of polymerization (>20) into short
developedan in vivo display of trifunctional minicellulosomes with two molecules that may be readily hydrolyzed by SUC2(et al., 2011;Hu et
individual mini-scaffoldins on the yeast cells. The recombinant yeast showeal., 2012;Yuan et al., 201)3 Yuan et al. (2013ijntroduced an endoinulinase
a significant cellulolytic activity on Avicel, although, the vivo assembly ~ gene fromA. nigerinto S. cerevisiago improve inulin assimilation and
mode caused metabolic burden for the yeast, and some difficulties wemthanol fermentation througthe collaboration between the recombinant
observed during the ethanol production. So, thisup of researchersn endoinulinaserad the endogenous invertase SUC2. The resulted recombinant
arother work used different in vitro strategies for assembly of strain (JZ1€Gl) could efficiently convert inulin from Jerusalem artichoke tuber
minicellulosomes with two mirscaffoldins on theS. cerevisiaeell surface.  flour to ethanol (55.3 g And89.0%of the theoretical yield).

They incubated the yeast cells displaying scaffoldins \Ethcoli lysates

containing recombinant cellulases, or using a -fogpulation yeast - Engineering for pentose fermentation®yerevsiae

consortium. The results confirmed that cellulases productio&.iroli or

other yeast cells could significantly increase the display level of-mini  Unlike cellulose and starch, hemicelluloses are heterogeneous
scaffoldin, and the metabolic burdemposed onthe yeast host was polysaccharides with diverse structural compositions. Depgruh the kind
decreased. ThE. coli lysatestreated yedaswith optimized anchoring mini  of plant species, four major hemicelluloses groups, including xyloglucan,
scaffoldin length was able to produce 1138 mg/l ethanol from cellulose after dylans, mixedinkage glucans and maans have been characterizda:gter

d which was comparable to the resutibtained forthe yeast with self et al., 200¥. Hemicelluloses bindo cellulose fibers within lignocellulosic
assembled minicellulosomesan et al., 2013 In another attempkim et al. structures and strongly inhibit the activities of cellulase enzymesy(et al.,
(2013)used a yeast consortimvhich consisteaf four differentyeast strains 2010 de Haan et al., 20)3The ability to assimilate perge sugars such as
displaying a scaffoldin (mini CipA) containing three cohesin domains,xylose and arabinose whieiteprevalent in hemicelluloses is very important.
endoglucanase ( Cel A) ,-glueosidasel(BGtlpa Thays eDur(ng Bhel llakt) 30 oyears b different studies were devoted to develop
showed thatthe optimized ratio for mini CipA:CelA:CBHII:BGLI was recombinant xylose and arabinose utilizing yeast strailes Haan et al.,
2:3:3:0.53, and the maximum etlohrproduction was 1.80 g/l after 94 h, 2013. In order toenhance xylose utilization i6. cerevisiaeheterologous
which was 20% more than that when a consortium composed of equakpression of xylose reductase/xylitol dehydrogenase (XR/XDH) or xylose
amouns of each cell type was used (1.48 g/l). isomerase (XI) encoding genes has been perforivieds(ishika et al., 2009;

Recently,Matano et al. (2012013)developed a combined bioprocessing van Vleet and Jeffries, 20Q9 Traff et al. (2001) confirmed that
and genetic engineering system #mhance ethanoproduction from overexpression of the genes involved in pentose phosphate patfivéy
hydrothermallypretreated rice straw. By using a recombinant yeast straircerevisiaecould increase the xylose metabolism. They also showed that
displaying cellulases on cell surface and also a etgyoa rotary fermentation  deletion of the nomspecific aldose reductas&REJ in S. cerevisiaecould
system [/latano et al., 200)2or cell recycle batch fermentation system significantly reducexylitol formation. In amother study, Zhou et al.(2012
(CRBF) (Matano et al., 2073 they could produce up to 42.2 g ethanol/ overexpressdthe genes encoding xylose isomerase, xylulose kin&seand

representin@®6.3% ofthetheoretical yield based dhestarting biomass. the nonoxidative pentose phosphate pathway enzymes from different
organisms irS. cerevisiaeanddeveloped a recombinapeast strain witlan

- Expression of other genes in the yeast ability to anaerobically consume xylose wahrate of 1.9 g/d and ethanol
yield of 0.41 g/g

Cellodextrin transporters As xylans are the most abundant hemicellulose found in most biomass

materials, so most studies were focused on this substrate to create

Clearly, S. cerevisiaén contrastto some other fungi, such durospora  recombinant S. cerevisiaewith hemicellulolytic activities against these
crassa cannot take up and use cellooligosaccharides, ase#rdi contain abundant substrates. The complete hydrolysis of xylan needs actions of six
cellodextrin transporterto facilitate rapid assimilation of cellulos&ifn et enzymes, including endoxylanasexylosidase, U-arabinofuranosidasel}
al. 2009; Yamada et al., 20lHence,in aresearchinvedigation N. crassa  glucuronidase, acetylxylanesterase dadilic acid esterasel{¢rdan et al.,
cellodextrin transporter gene was expressed.incerevisiago assimilate 2012 de Haan et al., 20)3la Grange et al., (200expressed-xylosidase
cellooligosaccharide. The recombinant strain was able to produce ethanahd xylanase Il genes extracellularly, and the resultant recombinant yeast
directly from cellooligosaccharide. Furthermore, &iddi of cellulase to the  strain was able to convert birchwood xylan to stobiin xylooligomers. In
SSF proces resulted in ethanol production from cellulose with more amother work,b-xylosidase and xylanase Il genes weredisplayed on the
efficiency compared tthe wild-type strain Galazka et al. 2010; Ha et al., cell-surface ofS.cerevisiagKatahira et al., 2004 In bothof these studies
2013. Lee et al. (2013demonstrated efficient ethanol production without xylose was the major end product. The recombinant strain obtained in the
supp! eme n-glacbsidase usiogf an éngineerdd cerevisiaestrain latter study wasable to directly convert birchwood xylan to ethanol with a
expressing a cell odextr i-dgluctsidesafomo mprodudtivityaratedof L3 gh amd a yeeld ef [0.8Qug/gasugar Bonsumeda In
N. crassaThe engineered strain did not nemtexogenous supplementation differentstudy, the expression of tie lactis geneencoding lactose permease
o f -glUrosidase, and showed better ethanol productivity from 8% (w/v) purén S. cerevisiagesnhanced cellobiose trsport in the recombinant strain. In
Avicel (27.0 g/l ethanol) than the parental strain whisfuiredb-glucosidase  addition, in this study it was reported that heterologous expressi@ of
supplementationyamada et al. (2013%)eveloped a recombinaBt cerevisiae  stercorariumgenesencoding cellobiose phosphorylaseepA)and LAC12
strain  coexpressing genes for cell surfagieplayed cellulases and a increased yeast ability to grow on cellobioSedie et al., 20)1Aeling et al.
cellodextrin transporter to improve the efficiency and yield of direct ethanol2012) reported that the recombinaBt cerevisiaestrain expressing thR.
production from cellulose. The recombinant strairegpressing cellulase and flavefaciensgenesencoding xylose isomerase and cellobiose phosphorylase
cellodextrin transporter shad 1.7fold more ethanol production (4.3 g/l) could uptake and assimilate glucose, xylose, and cellobiose under anaerobic
than the strain expressing only cellulase (2.5 g/l) from phosplemitt conditions (le Haan e&l., 2013.

swollen cellulose after 7 of fermentation. Sakamoto et al. (2014eveloped a recombina® cerevisiaestrain ce
displaying three types of hemicellulolytic enzymes, including endoxylanase
Endoinulinase and inherent invertase from T. reesei -xylosidase fromA. oryzae a ryldcosilase fromA.

aculeatuson the celisurface. This strain could also assimilate xylose through

Commonly,S. cerevisiagloes not contain genes ending inulinase, and  the expression of xylose reductase and xylitol dehydrogenasePfratipitis
thereforeit has been considered to be inulin negativetf et al., 1993; Yuan and xylulokinase fromS. cerevisiae The recombinant strain was able to
et al., 201} However, a fev. cerevisiastrains are able to utilize inulin and directly produce ethanol from rice straw hydrolysate consisting of
convert inulintype sugars to ethandli(n et al., 2011 Hu et al.,2012). It was hemicellulosic material containing xylan, xylooligosaccharides, and
shown that the invertase SUC2 is a key enzyme responsible for inulinellooligosaccharides with a productivity rate of 0.37 tg/ndan ethanol
utilization by S. cerevisiaedue to its exoinulinase activity\(ang and Li, yield of 0.32g/g of total sugars consumedun et al. (2012¢ould enhance
2013. The critical problem of converting inulin (as fructooligosaccharide) isrecombinant synergism amongst cellulases and hemicellulases, by
that the conversio efficiency of inulin to ethanol is below 80% of the development of engineeredS. cerevisiae strains displaying mini
theoretcal ethanol yield. It was showthat endoinulinasecould digest hemi cel | ul os o msdase congisting lofea neaEdffddin
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harboring xylanase I, arabinofuranosidase, &ndlosidase enzymes. The 2.3.4.3.2.3. Hansenuleolymorpha
strain displaying a Hunctional (xylanase Il and b-xylosidase)
hemicellulosome could produce 1 g/l ethanol after §6thanol yield: 0.31 g
ethanolg§ birchwood xylan consumed}rikrishnan et al. (2013uccessfully

Commonly, the thermotolerant mgtbtrophic yeasH. polymorphasyn.
Pichia angustastrains are able to ferment glucose, cellobiose, and xylose to

assembled five trimeric xylanosomes on the cell surfac®.adrevisiaeTo ethanol (& Grange et al., 20)0This yeast is also able to convert glycerol to

ot . . . ethanol Guwannarangsee et al.,, 20Murylenko et al., 214). Different
? nS a: cge aSB(nergéStr:Cthdr? Igssl‘s' of ?Ir(;]h\::vﬂc’du ?@Fmggizgﬁm; | é)wgoéo%i_cal(cr}@\zmﬁeﬂséi? §uch (RS resistance to heavy metals and oxidative
acetylxylan esterase (AWAXEf) were displayed. The scaffelised stress, a ility to uSe a widé range of substrates such as soI_ubIe sugars present
enzymes with and without xylan binding domain (derived fibnmaritimg in Ilgnocellulosm biomass, thgrmotolerqnce, process hardiness and a high
could increasehe hydrolytic activity up to 3.3 (with xylose productivitf capadiy for heterologous protein productical] make this yeast an attractive

105 mg/ g subflismatee) fared Ern&ymes a ntd'(ejarte fo; gBPhorg%nlsra: dev&ifslopmehi CGrange et al, 20)0The

I SIS .

. - g - ; optimal  growth™ tempera ute®of th X/east Is'37 °C, but it can grow at
respectively. The scaﬁoldihgsed enzymes containinglay bl_nghng domain temperatures up to 48 °C, whereas at 50®méntation is strongly

was also 1.4old more effective than the xylanosome containing the Cellumsesuppressedl«urylenko et al., 201y Genetic manipulation of thigeasthas

binding module fromC. thermocellum Ota et al. (2013)devdoped a  |agyited inan increasein intracellular trehalose and knock out of acid
recombinantS. cerevisiastrain displaying xylose isomerase derived flém  {rahalase gendTH1. In addition, the overexpression of the heat shock

ceIIquvorans_c_)n the ceHsurface._ Thereco_m_binant strain  showed an  proteins Hpl6 and Hspl04 allowed normal xylose fermentation at 50°C
enhanced ability to grow on medium containing solely xylose and d'reC“)(Ishchuk et al., 2009 Ishchuk et al. (2010jn a different investigation

producel ethanol from xylose nder anaerobic conditions. confirmed that the ethanol tolerancetbfpolymorphacould be increased by
. the overexpression of the heterologous gdheRl. In spite of many
2.3.4.3.2.2. Kluyveromyces marxianus advantages dfi. polymorphaas a CBP organism, ethanol production by this

east is not free of drawbacks. The most important problem is low ethanol

Commonly, the pretreatment of lignocellulosic materials involves a he%ield and productivity from xylose in wiltype strains, which could be

intensive method, and after thidte pretreated biomass needs to be cooled improved by clasical selection and metabolic engineerifigif/lenko et al.,

down to a temperature at which the optimwenzymatic activities and 2014. It was previously confirmed that this yeagasable to produce high
fermentation could be occurred. Furthermore, to separate the ethanghmetric levels of recombinant endoglucanases derived from other fungi
produced after fermentation, the mixture then has to be rehéated) the such asA. aculeatusand Humicola insolens(Miller et al. 199§ A
distillation process. So, it will be advantageous if these biological processgfiermostable endoglucanase was also successfully produced in this yeast
could occur at an elevated temperature, because it would increase enzymeapendieck et al. 2002/oronovsky et al. (2005eleted three endogenous
activity and decrease the amount of cooling required. As mentioned in thgenes, includingYL1encoding xylose reductase and two paralogs of xylitol
previous sections, thisould also resulin decreasing cost and rediug the dehydrogense XYL2A and XYL2B in the H. polymorphastrain CBS4732.
risk of COntaminatiOnL(ynd et a|,2005 Fonseca et al., 2008; la Grange et al., They also expressed tike coli or Streptomyces CoelicolcgenexylA in the
2010. The main advantages of the yekisimarxianusas mentioned earlier, strain CBS4732. These genetic modifications resulted in high growth rate of
areits high growth rate at temperatures up to 52 °C, short generation timgansformants on xylose as sole carbon sourae tduhigh expression of
(Rajoka et al. 2003 and assimilation of a wide rangesafostrates, including  xylose isomerase, the amount ibfe accumulated ethanol was very low
xylose to produce ethanoF¢nseca et al. 2007, 200&Previously, three  though (0.15 4).
Thermoascus aurantiacusellulase genes, including cellobiohydrolase 1 Dmytruk et al. (2008agould increase ethanol production up to 0.6 g/l at
(cel7A), endoglucanase T€l5A  a {gldcoshiaselgl3A), were expressed 48°C by overexpression d&. coli xylAandH. polymorpha XYL2ncoding
in K. marxianusstrains. The recombinant strain could efficiently grow in xylulokinase. Inanother work, these researchekerexpressed three xylose
synthetic media containing cellobiose or CMC as sole carbon source, amdducatse genes, including the modifiig(XYL1n), nativeXDH (XYL2 and
produced 43.4 g/l ethanol from 100 g/l cellobiose in 24 h at 45%@g et al. XK (XYL3 in the strain CBS4732leading to anincreased ethanol
2007. Yanase et al. (201Q)sed cell surface technology to develop a new accumulatiorby up to 2folds with theethanol concentratioreachingl.3 g/l
recombinant strain dk. marxianuswith cellulytic activities for CBP ethanol (Dmytruk et al., 2008 Ishchuk et al. (2008gonstructed &l. polymorpha
producton. The strain was geneticalgngineered to displayl. reesei mutant strain (2EthOH which could ferment xylose more efficienly
endoglucanase anil. aculeatusb-glucosidase on the cell surface. The strain compared to the pareitstrain (NCYC495), but it was not able to utilize
could successful |-glucan torethanol directly atc48 PCl @thanos asca sele carbon source. The mutant sshowed an increased
with a yield of 4.24 g/l from 1.0 ¢thanolageumulatipnbylup tor3foldsyBy evergxpresging4he gefRD&lt h a n
glucan consumed, 92.2% of the theoretical yieldpriother studyMatsuzak  encoding pyruvate decarboxylase (PDC) in 8tein 2EthOH the ethanol
et al. (2012) designed ventilatiomediated, simultaneous ethanol Production reached 2.5lgat 48°C.Voronowky et al. (2009gonfirmedthe
fermentation by growing recombinalit marxianuse x p r e sgkidosidgse, b Potentiab of this yeast for biomass conversion, and the new strain could
andcould produce and recover 28 g eth&h@0 g cellobiose. ferment starch and xylan. They-e@pressedr. reesei xyn11RBencoding an
Yuan et al. (2013§mproved BP ethanol production from Jerusalem endoxylanase) and. niger xInD( e n c o <ylosidase)binH. polymorpha
artichoke tubers using a recombinant inulinpeeducing yeask. marxianus.  under control of glyceraldehye®phosphate dehydrogenase gene promoter.
They overexpressed the inulinase giwe under endogenous promoterkaf The recombinant strains could efficiently grow in the minimal medium
Marxianus using an integrative cassette. It was shown that thenamei  containing birchwood xylan as a sole carbon source, and prbaiczhol at
activity was significantly increasetly more than2 folds (114.9 U/ml 48 °C. Recently,Kurylenko et al. (2014)constructed more efficientd.
comparedio 52.3 U/ml for the wildype strain). Ethanol concentration and polymorphacapable of producingthanol from xyloset high temperature
productivity of the recombinant yeas{96.2 g/l and 1.34 g/h) were  They overexpressed. polymorphagenesXYL1m, XYL2, XYL&ndPDClin
significantly more tharthose ofthe wild type (69 g/l and 1.44 g/lhywhen the strain 2EtOH(without ability ofethanol production). The selected mutant
inulin and Jerusalem artichoke tubesgre used Chang et al. (2013to showed a 15old increase(up to 10 g/l)in ethanol synthesiffom xylose at
enhance CBP ethanol production from cellulose, developed a synthet#5°C compared to the witype strain. This is the maximum ethanol
biology techni g-based genedsderably arfl simutameoussancentration produced iy. polymorphaKurylenko et al., 201
ovee X pressi ono i n wiresinultameoushyt trapsforened g €. o
and expressed K. marxianus They trangérred 7 different genes, including 234324, Zymomonasobilis
5 cellulase genes (two cellobiohydrolases, two eémdgd-glucanases and one Z. mobilis is a unique Grarmegative and facultative anaerobic
betaglucosidase genes from different fungi), a fungal cellodextrin transporteethanologenic bacterium previously isolated from different sources such as
geneanda selection marker gene to the yeast. The recombitiain KR7 pulgue, alcohol, tainted cider, palm and sugarcane juice, ripeonimgyhand
could convert Avicel (crystalline cellulose) into ethanol. The ethanoltainted beer. Commonly, these bacteria can grow on raffinose, glucose,
production by the recombinant strain wasorded a0.42 g/l and 0.6 g/l after  fructose and sucros&{gers et al., 1982chuster and Chinn, 20)L3They
2 and 5d, respectively. can metabolize glucose anaerobically through the Efdnedoroff (ED)
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pathway in contrast tthe other Gramnegative organisms (e.g. coli) that been given td. coli strains Echuster and Chinn, 200L3ngram et al. (1987)
utilize the EmbdefMeyerhofParnas (EMP) pathway. Over the last three first engineeredE. coli for ethanol production. They transferred the genes
decades, extensive fundamental studies have also made this bacteriunfr@n plasmid (pLOI295) to this bacterium which resulted in ethanol
promising ethanologén organism for largecale biethanol produan (He production by e new strain as the major fermeita product, and a 1fold
etal., 2013 increase in cell density. lanother study, ethanol yields were improved by

Z. mobilishas several advantages, including high sugdéake ability, a  transferring the genes encoding pyruvate decarboxylase and alcohol
lower cellular biomass yield, a higher ethanol yield/tolerance, as well agehydrogenase Il fronZ. mobilis Formation of sutinate, a competing
unnecessy of controlled addition/depletion of oxygen during fermentatien a fermentation product, was eliminated by the deletion of a genéa(et al.,
it can grow microaerobically making it a potential organiEmCBP ethanol ~ 19913. In the next experiment§onzalez et al. (200&puld increase ethanol
production {ung et al., 2002 The optimal growth temperatures &f mobilis tolerance oE. coli by mutagenesis ithestrain LY01, and aaresult the new
strains are between 25 and 31°QHt3.57.5, but mutant strainsould grav strain produced up to 60 g/l of ethanol. They showed th@tmproved
at higher temperatures. Thiadierium is susceptible to inhibition by biomass tolerance was a result of significant changethé@metabolism and alterations
pretreatment byproducts, but some straare redstant to these toxic  to the cell envelope.
compounds. Recombinant technology has been wsed. mobilis and Application ofE. coli asCBP organisms will be feasibiethey alsocould
recombinant strainsapable offermening arabinose and xylost prodice hydrolyze celluloseBolshakova et al. (1994joned and expressed cellulases
ethanol at 98 and 8% of the theoretical yieldhave been developed and xylanases genes from the anaerobic thermopiileaerocellum
respectively(Zhang et al., 1995; Deanda et al., 1996 thermophilum and Fau et al. (1988)expressed cellulases fronC.

In order to expand the substrate range, especially to enhance effecticellulolyticumin E. coli. In a different investigatio, two cellulases from the
utilization and assimilation of lignocelluloses, sevearallulase genes have guts of woodfeeding termiteCoptotermes formosanueere also expressed
been cloned and expressedZinmobilis However, similar tdhe other Gram in E. coli, resultingin carboxymethyl cellulose hydrolysis and production of
negative bacteria, the presence of an outer membrane resaiftingfficient oligosaccharides with some gluco&ééng et al., 2009
protein secretion, which is a major technical challenge in engineering Shin et al. (2014developed two engineerdglcoli strains containing two
cellulolytic Z. mobilis(Jung et al., 2012 Recently,Jung et al. (2012andHe mechanisms of cellobiose (cellodextrin) assimilation, hydrolyss
et al. (2014 reviewed the studies focused on expression of cellulase enzymeshosphorolysis. They showed that phosphorolysis cells could more effectively
in this bacterium. Endoglucanase genes suctBasubtilis endeb-1,4- tolerate common inhibitors under both anaerobic andb&eomnditions than
glucanase gené&/on et al., 198f Enterobacter cloacaendoglucanase gene thecells assimilating cellobiose hydrolytically. In addition, it was shown that
(Thirumalai et al., 201)] eglX(Lejeune 198% CMCase [lisawa et al., 1988  these cells directed the favorable energy metabolism to production of
Okamoto etl., 1999, andcelZ (BresticGoachet et al., 199 Werereportedly recombinant proteins which resultedarsignificant increasén recombinant
expressed inZ. mobilis. Only in the case otelZ from E. chrysanthemi,  proteins production (up to 500%). Recently, multifunctional cellulolytic
approximately 35% of the endoglucanase was released into the medium in taezymes and chimeric cellulases such as the eogtimized CelExBR12
absence of detectable cell lysisr¢sticGoachet et al., 1989This probably ~ have been investigated to enhance endoglucanase, exoglucanase and xylanast
occurred because of the correct recognition of the secretion sigrfal of activitiesof E. coli (Ko et al., 201} Mufoz-Gutiérrez et al. (2012)sed the
chrysanthemby Z. mobilis(Jung et al., 2012 The b-glucosidase gene from autodisplay secretion system AIBA t o d i -glpcbsalase BgIT éromb
Xanthomonas albilineansr Ruminococcus albugas also expressed ifu Thermobifida fuscan the outer membrane of the ethanologé&nicoli strain
mobilis (Su et al., 1989; Yanase et al., 2l0Banase et al. (2009pund that MSO04. The recombinant strain showed cellobiase activity (@) and
the producedb-glucosidase was secretedtanboth the periplasmic and fermented 4@/l cellobiose in mineral medium irD& with an ethanol yield
extracellular spase andthe maximumb-glucosidase activitpf 11.2% was  of 81% of the theoretical maximum. lanother work, Lue et al. (2014)
detected in the extracellular space of the recombiZantnobilis. It is developed an ethanologenk. coli ZY81/bglB by integrating pyruvate
important to note that these genes could not support the growth afecarboxylase genedc, alcohol dehydrognase genadhB from Z. mobilis
recombinan. mobilison cellobiose as the sole carbon source. a n dgluéosidase genkeglB from Bacillus polymyxanto the genome oE.

In the next studiesnultiple plant celwall degradingenzymes were cloned  coli. The recombinant st r ai nglusokidaseend a
and expressed iZ. mobilis Linger et al. (2010fused twoAcidothermus  extracellularsoaceswith more than half irthe periplasmic space, and could
endeb-1,4-glucanase gene€l and GH12) with secretion ignals of two utilize cellobiose as sole d#n source for ethanol productig83.99% of
endogenous genes @. mobilis (phoC and ORFZM033}, and expressed theoretical yieldl
them in Z. mobilis. The expression ofGH12 with phoC secretion signal
enhancedhe activity obgrved in the periplasmic space by 26%, extracellular2.3.4.3.2.6. Pichia stipitis (Scheffersomyces stipitis)
space byl3% and cytoplasniby 61% The expression dE1 with the PhoC
secretion signal resulted ian enhancedEl activity in the extracellular P. stipitisis an ethanologenic yeasts which can ferment mannose, glucose,
medium contents (20%), periplasmic space (30%), and cytoplasm (50%and galactose, but it stamdut in comparisorwth S. ceevisiaedue toits
Ming-xiong et al. (2009geveloped recombina@t mobilisstrains cotaining ability to efficiently utilize xylose \(vatanabe et al., 201 Schuster and Chin,
four fused glucoamylase genes frém awamoriwith capability of direct  2013. P. stipitisis also able to ferment cellobiose, while neither can ferment
production of ethanol from 1.5% sweet potato starch. One of the recombinaatabinose.lt has been reported that this yeasuld produceover 60 g/l
strains showed highest glucoamylase activity (157 U/ml, in which about 80%thanol from xylose andould fermentellobiose almost as rapidly as glucose
of that was detected irxegacellular medium contents. The ethanol production (Jeffries et al., 20001t was previously shown th&. stipitis was able to use
by this strain was 14.7®ld (92.69% of the theoretical yield) more than that 88% of the available xylitol for growth. This yeast preferentially ferments
in the parental strain//u et al. (2014)used three native signal peptides of glucose when other gars are presen®(eez et al., 1996Nigam et al. (2001)
PhoC PhoD, and ZMOO0331 genes for constructiorof novel secretion developed a modified strain ¢f. stipitis grown on aciepretreded wheat
expression systems id. mobilis They fusedBacillus amyloliquefaciens straw containing 46.4% cellulose and%3hemicelluloses, and produced a
( B A A-xmylise gene with these signal peptides, and expréssedn Z. high yield of ethanol despitéeinhibition by toxc compounds resulting from
mobilis. The genetical |y engiamygaserfiesed wiht rtieipretreatmeptWasaé atgl. (@0lldeveloped mutant strains 6.
PhoDb s s iegtidea showed more hydrolysis of starch than the strainstipitis with higher ethanol production (4.3%) from 11.4% xylose compared

expessingtheot her two signal pepti des. tdthetparentcstain (3udo)alm theexhedperiments,rbyaseqéntialicultevation U
amylase activities of the strain containifigoDwere also higher. of the mutant strain in the medium containing 2% xylose afiétoSethanol,

they selected a novel strain with high tolerance to ethanolaamtbility to
2.3.4.3.2.5. Escherichia coli produce4.4% ethanol from 11.4% xylose.

Xylose redutase is known as a key enzyinebioethanol produan from
E. colihas extensivglbeen used as a valuable model organism for genetidignocelluloses It was previously shown that intercellular redox imbalance
studies and also a host for production of numerous commodities. Bgaused bythe inclusion ofdifferent coenzyme speaifito xylose redutase
expressing. mobilisfermentation genes, pyruvate decarboxylase and alcohoand xylitol dehydrogenaseould significantly reduce xylitol production
dehydrogenases, the sugars fermentation and ethanol poodalgtities have (Khattab et al., 2001 Recently, a novel strictly NADPidependent xylose
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reductase was constructedRn stipitisusing sitedirected mutagenesis. This summarized list of different studids, which these technologiegereusedto
strategy resulted iran effective recycling of cofactser between xylose achieve ethanol productidrom starchy feedstocks by CBP systems.
reductase and xylitol dehydrogenase, which subsequeedyced xylitol There are a few studies reporting single native microorganisitis
accumulation i{hattab et al., 2071 In arother attemptHugheset al. (2012)  efficient CBP ethanol production capability. For examplkamoto et al.
using U\AC irradiation could develop sonfe. stipitis mutant strains with ~ (2014) recenty reported that a naturallyccurring Basidiomycete,T.
high growth rate on xylose/glucose substrates and higher ethanol productierrsicolor, was capable to produce ethanol directly from starch, and the
rates under anaerobic conditions compared to the industBalcerevisiae  ethanol yield wasecorded a0.49 g ethanél g starch which was superior to
strains used for ethanol productidn.an investigation\Wongwisansri et al. ~ that of a recombinant starehilizing strain of S. cerevisiae(0.31 g/g)
(2013 expresseda gene encodi n g-xylosidaser fromt o(Sheyecl mttal. 200)aln anothe study, a native whiteot fungusTrametes
Aspergillus spin methylotrophic yeasP. pastorisKM71. The recombinant  hirsutawas used as CBP microorganism for direct ethanol production from
strain showed high yiesdof secreted enzymeK{/Kn =198.8mM' s § at starch and some other sugars. This fungus was capable of directly fermenting
60°C and pH 46 . 0. T h e -xylasidase shdwedéedr sybergism  starch, wheat bran and rice straw to 9.1, 4.3 andy/B.6thanol (89.2%,
with xylanase for hydrolysis of xylan &t vitro and SSHn vivofermentations  78.8% and 57.4% of the theoretical yield) without acid or enzymatic
by P. stipitis hydrolysis, respectivelydkamoto et al., 20)1

Genome shuffling is known as one of the most widely used genetic Another methodology for ethanol CBP production from starchy materials
engineering methods for rapid improvement of microbial strains to be morés the co-culture systemTran et al. (2010used ceculture of a high amylase
industially acceptableBajwa et al. (2011produced two genorsghuffledP. producingB. subtilisand aC. butylicumstrain to enhance ABE production
stipitis strains with improved tolerance to hardwood spent sulphite liquorfrom cassava starch. After fermentation optimization, the mixed culture of
These strains could completely utilize glucose and xylose in differenboth strainsshowed arincreasd amylase activitypy 10 folds, and enhanced
hydrolysate, includingsteampretreatd enzymaticallyhydrdyzed poplar ~ ABE production rates by um 5.4 and 6.5 folds from soluble starch and
hydrolysate, stearpretreated poplar hydrolysate and mixed hardwoods pre cassava starch, respectively, compared to those of the single cultGre of
hydrolysate, and could produce 0-331% (w/v) ethanol. Recentlyzhi et al. butylicum Lee et al., (2012used a cemmobilization system for direct
(2014)improved the ethanol productivity of xylosermentingP . . s byi p iethana production from sweet potato.th@r work, the saccharification and
genome shuffling. Using this technology, they could achieve a geneticallfermentation conditions were optimized for coimmobilization of
stable and higlethanolproducing P. stipitis strain which could ferment saccharolytic moldsA. oryzaeandMonascus purpureQswith S. cerevisiae
xylose and producelfblds more ethanol (2.6% v/v) than the witgpe strain ~ The maximum bioethanol productiachievedwvas 4.08% (v/v), and ag¥ of

(1. 7 %) haffetmentaio® 6 0.41 afte 9 d of fermentationrwas recorded when thratio of A. oryzaeand
) ) M. purpureuswas &1:2.
2.3.4.3.2.7. Flammulina velutipes The most recent efforts have been devoted to achieve €B#&hol

F. velutipesdue to its fermentative abilities, high ethanol tolerance, highProduction from starchy materials by genetic engineering or mutation
conversion efficiencies of glucose, mannose, sucrose, fructose, maltose, éﬂ&aec_jl_ng of yeasts@ble 7). Up to now different amylase genes have been
cellobiose to ethanol, as well @sability for lignin degradation is considered 'dentified and solated from different sourcesd transferred to the laboratory
as a potential CBP organism. Disadvantages of this fungus are inability @d industrial yeast strains to enhance CBP. The transferred genesdnclud
ferment galactose and pentose sugars to ethanol, and long time fermentat}gfi Wild type and agon-optimizedglucoamylase (GAland U ‘amy | as
process §chuster and Chin, 20).3To improve the pentose fermentatiate ~ (>0L0 €t al., 1994, 2004; Nakamura et al., 199Urai et al., 1998; Kondo et
in F. velutipes recently for the first time, the putative xylose isomerase () & 2002/Eksteen etla 2003; Shigechi et al. 2004a Khaw et al., 20068,
gene fromArabidopsis thalianavas cloned and introduced info velutipes. Yam.ada _et aI._,_ 2009. Favaro et al, 2010a,b2012_c). _These genetic
The results confirmed that the putative gene was successfully expregsed inManipulatios critically increased the ethanol productiorttie CBP system
velutipesas axylose isomerase, and the transformants could produce mork-420-559 ethanalg of consumedsugars.

ethanol from xylose compared to the paaestrain (Machara et al., 2013b U'ge”_ et al. (2_0_02)1esigned a recombinaﬁ_i cerevisiaestrain YPG/AB
expressind. subtilisUamylase and\. awamoriglucoamylase as separately

2.3.5. CBFin starchy biomass (amylolytic yeasts) secreted polypeptides. Fermentation of the new strain in a batch abatéad
fermentor system under controlled conditions imedium containingtO g/l

As the ethanol production from lignocellulosic materials has noh bee initial starch supplemented with 4 g/l glucose resulted in 15.6 and 47.5 g/l
commercialized yet, currently, bioethanol is being produced from molassesthanol.Khaw et al. (206a)developed four types of cedurfaceengineered
and starchy grains using industril cerevisiastrains. In addition to starchy S. cerevisiae strains displaying glucoamylase. These includedwo
grains (wheat and corn), some starchy feedstocks, such as wasted croglucoamylasalisplaying norflocculent yeastthat coulds e ¢ r -entylase U
cereal bran, potato peedsid brewery spent grains, have been proposed foiinto the culture mediupandc o d i s-amylasg onlihe cell surface, amab
low cost production of bioethandB¢thast et al., 2005; Favaro et al., 2012a, flocculent yeast counterparisr direct ethanol fermentation from raw corn
b, 2013; Schuster and Chinn, 2).1Fhe process of starch conversiomoin  starch. They showed that glucoamylakeplaying norflocculent yeast that
ethanol is a costly and tir@onsuming process involg milling, starch  couldsee e t-aenyldderesulted in thenaximum ethanol yield of 0.18 g/g h
hydrolysis into glucose, yeast fermentation and alcohol distillation stepdn amother study, it was shown that by increasing the capability of flocculency
Furthermore, to achieve high ethanol yield, it is necessary to cook starchy of armedy e a s t s-amylase hnd glucoamylase, the ethanol yigls
materials at high temperatureScfiuster and Chinn, 20)L3So, the main  decreased during the direct atiol frmentation of raw starcfikhaw et al.,
bottle neckof this system is thaS. cerevisiaestrainsare notcommonly 20068). Nonethelesspne may find itmore preferable to us¢he flocculent
capable to produce amylolytic enzymes required for starch utilization, angleast becausedébuldbe recovered without centrifugation.
therefore, cost and energy consuming enzyme addition and ccsikipgare Kotaka et al. (2008¢ould transfer and display 3 different glucoamylases
needed for ethanol production from starchipmass. To overcome this geneson the celtsurface of sake yeasB. cerevisiaeGRIF117-UK and
problem, it was proposed to express statgiurolyzing enzymes in a laboratory yeasS. cerevisiaedT8-1. They confirmed that the recombinant
fermenting yeast to achieve liquefaction, hydrolysis, anthdetation by a  strain GRi117-UK/pUDGAA, displayingglaA gene fromA. oryzaproduced
single organismA CBP process for raw starch conversion to ethanol can savethe maximum ethanol concentration of 18.5g/leafd8hwhen the liquefied
on the arglolytic enzyme consumptions and also excess energysrfeed starch was used as substratesugi et al. (2009éngineered th&. cerevisiae
cooking, pumping or stirring of the starch slurfagaro et al., 2010a, ban Kyokai (strain K7) to displayRhizopus oryzaglucoamylase on the cell
Zyl et al., 2012 Schuster and Chinn, 20186rgens et al., 20}4ldeal CBP surface for direct ethanol production from hydrothetyaptetreated and
yeast is a microorganism producingdfmient quantities of amylase to ensure cellulasehydrolyzed cassava pulp, @ abundant starchy bgroduct of
full hydrolysis of high concentrations of starchy grains or feedstocks astarch manufacturing. The engineered strain (K7G) could ferment
moderate temperatureghile converting simple sugars to ethanélg( 3). hydrothermdl/-pretreated cassava pulp starch withthe addition of any
Different technologies have been used to achieve CBP ethanol pooduc amylolytic enzymes, and produced ethanbP1% of the theoreical yield
from starchy materials, including native single microorganisms;uttare from 5% cassava pulg-urthermore,Yamada et al.(2009eportedsimilar
systems, mutation breeding and genetic engineeriadple 7 presents a  efficiency when they constructeda recombinab yeast by mating two
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Fig.3. An ideal microorganism with minimum requirements for consolidated bioproce§SBIg) of lignocellulosichiomass. This ideal CBP microorganism
should be capable of expressing and secreting several glycoside hydrolase eStgme} bydrolyzindpoth cellulose and hemicellulose to soluble sugarsp

2), processively metabolize soluble sugassep 3), prducingbioalcohols $tep 4), and finallyshould havea high tolerance against lignderived compounds
and the biofuelproducedStep 5). Abbreviations: CL, Cellulose; HC, Hemicellulose; CB, Cellobiose; GL, Glucose; XY, Xylose; CT, Cellobiose trarGporter;
Glucose transporter; XT, Xylose transporter; PS, Protein secretion system; IG, Intradefill@osidase; XG, Exoglucanase; EG, Endoglucanase; HS,
Hemicellulase; EX, Extracelluld-glucosidase; TCA, Tricarboxylic acigmthway EMP, EmbderMeyerhd-Parnas metabolic pathway; ED, Entimudoroff
metabolic pathway; PPP, Pentggdesphate pathway; ND, NADH/NADPH; AA, Amino acids; AC, Acetyl coA; BF, Biofuel; Pierlic transporter; LP,

Lignin-derived products; ACM: Aromatic compounds metabolisnhyay; SEP, Solvent (Biofuel) export pump; SDP, Sugar degradation products; MTF,
Mutated transcription factogndROS, Reactive oxygen species.
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