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Abstract

The objective of tis study was to achieve efficient biofuel production from lignocellulosic
biomass through the development of a novel biomass pretreatment method in combination with
the metabolic enginei@ag of microbial strains for efficient conversion of biomass feedstock. First,
an innovative biomass pretreatment metwad developedsing acetic aci(AA) as the treatment
reagentonsideringts various advantages compared to the conventional ditidgoeetreatment
methodand the benefit of AA for biobutanol productjdghen, the hypebutanol producing strain
Clostridium saccharoperbutylacetonicuii-4 was engineered for enhanced acidssimilation
and acetondutanotethanol (ABE) production frorthe acetieacid-pretreated biomass; further,

C. saccharoperbutylacetonicumas engineered for enhanced production of isoprogautainot
ethanol (IBE; which can be used directly as a fuel sowatteer than ABEfrom the acetiacid
pretreated biomass.

For the biofuel production from lignocellulosic biomass, most biomass pretreatment processes
need to use some chemical reagent as the catalyst to overcome the biomass recalcitrance barrier.
Such reagents are usually severe inhibitors for the subsedieemsatation process. Therefore,
in many cases, the liquid prehydrolysates fraction (LPF) after the pretreatment is discarded, which
is a tremendous wasting of materials and leads to additional pollution. Biobutanol produced from
ABE fermentation processah been of great interests recently due to its high value as a biofuel or
biochemical. During the ABE fermentation, AA is produced and theassenilated as a carbon

source. Thus, AA is a substrate rather than an inhibitor for biobutanol productiois.stutty,



we employed AA as the chemical catalyst for the pretreatment of switchgrass which then be used

for ABE production througlsimultaneous saccharification and fermentation (S88) hyper

butanol producingC. saccharoperbutylacetonicuiM1-4. Throudy systematic investigation of

pretreatment conditions and fermentation, we concluded that the pretreatment with 3 g/L AA at

170°C for 20 min is the optial conditions forswitchgrass pretreatment leading to efficient

biobutanol production. Both LPF amsdid cellulosic fraction(SCF) of the pretreatment biomass

are highly fermentable. In the fermentation with the LPF/SCF mixture, 8.6 g/L butanol

(corresponding to a yield of 0.16 g/g) was obtained. Overall, here we demonstrated an innovative

biomass pretrément strategy for efficient carbon source utilization and biobutanol production.
ABE fermentation generally has two phases: in the acidogenesis phase, fatty acids (acetic acid

and butyric acid) are accumulated, while in the solventogenic phase, fatyaeeidassimilated

and converted into solvents. Therefore, the improvement of aeiglsimilation capability in the

Clostridiumhost can possibly enhance the solvent production. In addition, acetic acid is often a

significant component in the biomasspydrolysates after pretreatment (especially when acid

based biomass pretreatment approach is employed). Thus, the enhancement-akaaidletion

in Clostridiumhas practical significance for biofuel production from lignocellulosic bionkésg

we overexpressed key genes of the ABE fermentation pathw&saccharoperbutylacetonicum

to enhance the acid-sssimilation and solvent production. First, the nasiwkoperon ald-ctfA-

ctfB-bcd) was overexpressed under the strong constitutive thiotaseoper (Rh), generating PW2

strain. Fermentation results demonstrated that the a@dsimilation was improved in the host

strain and ABE production has been increase8ltd g/L (vs. 26.4 g/L in JZ100 strain as the

control). Although the ethanol plaction has been increased by six times, the butanol production

has not been significantly increasadhe engineered straiin order to furthedrive the carbon



flux from C2 metabolites to C4 metabolites and ultimate butanol produttierkey genes
includinghbd, thl, crtandbcd (expression cassette, or EC) in the butanol production pathway was
further overexpressed undek besides theoloperon overexpression as in PVg2nerating PW3
strain. Compared to the control, thetanol and acetone pnaction in PW3 was increased by 8%
and 18% respectively. The final total solvent production increased by 12.4% than the bantrol,
was 10% lower than PW2 (mainly because of the dramatic increase of ethanol production in PW2).
In PW3, bothsol operon and E were overexpressed wiB, which could lead t@ompetition
for the same RNA polymerasar the expression of multiple genes. To avoid this issue and further
improve ABE production, a new strain PW4 was constructed to expoesperon withPi but
EC with ferredoxin gene promoterk). The fermentation results demonstrated that, however, the
production of all the solvents in PW4 was actually slightly lower than those in PW3. Moreover,
we evaluated the effect of acetic acid concentrations on thensgdroduction in the engineered
strains, and the maximum level of solvent production was achieved when 4.6 g/L acetate was
supplemented. Therefor8SF was carried out with PW2 and PW3 using switchgrass biomass
pretreated with 3 g/L acetic acid (whichdsnup with approximately 4.6 g/L in the fermentation
medium). 15.4 g/L total ABE (with a yield of 0.31 g/g) was produced in both PW2 and PW3,
which was significantly higher than that in JZ100. This study demonstrated that the overexpression
of key genes foacid reassimilation and solvent production can significantly enhance ABE
production in solventogenic clostridia.

Acetone is highly corrosive to engine parts, and thus cannot be used as a fuel source. For this
reason, the acetone produced during AflBEnentation is often considered as an undesirable
byproduct. Biologically, acetone can be converted into isopropanol by the secondary alcohol

dehydrogenase. Isopropanol, and thus the isoprojmanahotethanol (IBE) mixture, can be used



a valuable biofule In this study, we attempt to metabolically engineer the hyi# producing

C. saccharoperbutylacetonicumi1-4 strain for IBE production. First, we overexpressed the
secondary alcohol dehydrogenassadl) gene from C. beijerinckii B593 in C.
saccharopdboutylacetonicunmon a plasmid, generating PW5 strain.hidG gene (encoding a
putative electron transfer protein) is right downstrearsaafhwithin the same operon in th&
beijerinckii B593 genome. Therefore, additionally, we overexpressatithydG genecluster
together inC. saccharoperbutylacetonicutno evaluate the effect ofiydG for isopropanol
production, generating PW6 strain. Fermentation results indicated that in both PW5 and PW86, high
levels of isopropanol were produced with no acetone produetas detected. Comparatively,
PW6 produced slightly higher isopropanol (10.2 g/L vs. 9.4 g/L in PW5) and total IBE. However,
overall the performance of PW6 for solvent production is very similar to that of PW5. To eliminate
the issue with plasmitlased ogrexpression such as instability and the requirement of antibiotics
for cell cultivation and fermentation, we further integratealdh or sadhhydG into the
chromosome o€. saccharoperbutylacetonicymnd generated strains PW8 and PAWOPWS,

there was & g/L acetone and 4.0 g/L isopropanol produced, while in PW9, up to 9.5 g/L
isopropanol was produced with only 0.4 g/L acetone was detected. This indicated that the co
overexpression ohydG with sadhthrough chromosomal integration had significant positiv
effects on the conversion of acetone to isopropanol. In order to further enhance the solvent
production, we additionally overexpressed in PW9 sk operon &ld-ctfA-ctfB-adc), the
expression cassette EtBl¢hbd-crt-bcd), orsolin combination with ECgenerating strains PW10,
PW11, and PW12, respectively. The fermentation characterization indicated that PW10 had
significantly elevated ethanol production, as well as 25% higher isopropanol with slightly

decreased butanol production, leading to a sigmtiencrease in total solvent titer (34.2 g/L vs.



27.6 g/L in PW9) and yield (0.48 g/g vs. 0.40 g/g in PW9). In PW11, the butanol production
increased to 17.9 g/L while ethanol production decreased to 0.4 g/L; hotevisopropanol and

final total solvet production vas very similar to that in PWh PW12, with the caverexpression

of sol operon and EC, the production of isopropanol, butanol, and ethanol increased to 11.7 g/L,
17.3 g/L, and 1.1 g/L respectively comparing to PW9, resulting in a sligigdse in total solvent

yield. Finally, SSF was carried out with PW9 and PW10 using the aaetikpretreated
switchgrass as the feedstock, and the final solvent titer reached 13.7 g/L and 16.2 ¢/L,
corresponding to the solvent yield of 0.27 g/L and @&Rin PW9 and PW10, respectively. The
engineered strains in this study (PW9, PW10, PW11) produced the highest total IBE that has ever
been reported in the batch fermentation with solventogenic clost@draresults indicated that

the acetieacid-pretreated biomass can be efficiently converted into biofuel using the metabolically
engineeredlostridiumhoss. Overall, this study demonstrated an innovative approach for biofuel
production by combining a tailored biomass pretreatment method and metalgilieegimg of
microbial workhorse for enhanced conversion of lignocellulosic carbon source for biofuel

production.
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[. Introduction

The finite nature of fossil fuel and the associated enviesmal implications provide an
impetus for alternative bibased fuels and chemicals from renewaédeurces. Solvents such as
acetone, butanol, and ethanol produced through solventogenic clostridial fermentation (and thus
this process is also termed as ABermentation) represent important potential renewable fuels
and/or chemicals. Biobutanol has been of particular interest because of its various advantages as a
biofuel and considerable value as an industrial cherloales & Woods, 1986As a fuel source,
butanol hasnany superior properties over ethanol, such as higher energy content, less evaporation,
less corrosive effect, not hygroscopic natsimilar feature asgasoline thus can be blendeat
any percentage blend gasolin@)d compatibility with existing inéistructurgPeter Diire, 200Y.

As an industrial chemical, butanol has been widely used in the production of polymeric plastics,
surface coatings/paintings, elastomers, lacquers and surface cleanser, and it has been used as the
diluent for brake fluid formulations and the solvent for manufacturing of antibiotics, vitamins and
hormonegGreen, 201}

In the ABE fermentation, conventional feedstock was exclusively fioased sugar or starch,
occupying 6880% of overall production cost, which made this fermentation process failed to
compete with the petrochemical indus{dpnes & Woods, 1986I'aconi, Venkataramanan, &
Johnson, 2009 Recently, the skyrocketing price of oil, the increasing concern about
environmentaproblems, the high cost of conversional starch (maize, wheat, millet, rye, etc.) or

swerosebasedmolasses) substrates and the advancement of biotechnology have led to a renewed



interest in biobutanol production with lignocellulosiased substratéS. Y. Lee et al., 2008
Lignocellulosic feedstock, which represents a cheap, abundantaedable carbon source, is
primarily composed of cellulose, hemicellulose and lignin. Lignin, ekokég with
hemicellulose through covalent and hydrogen bond, forms a-dmesnsional matrix, which
embraces the crystallized cellulose fibers andegatstthe carbohydrate from external degradation
(Badiei, Asim, Jahim, & Sopian, 2014Thus, a pretreatmeirocess is required to break this
matrix and improve cellulose bioconversion efficiency, and most of the known pretreatment
processes utilize chemical reagents (either diluted acid, alkaline or organosolv(Pasgaya,
Patakova, Branska, Rychtera, & Melzp2B15. These reagents, however, even at low levels, are
usually severe inhibitorgbesides the phenolic inhibitors generated from the degradation of
biomas$ for the subsequent microbial fermentation proce€Be€. Ezeji, N. Qureshi, & H. P.
Blaschek, 2007 Paulova et al.2015. In addition, significant level of acetic acid is usually
produced during the biomass pretreatment process, which is also a strong inhibitor, for example,
for the migobial ethanol fermentation proceg®8ei, Oh, Million, Cate, & Jin, 2015

ABE fermentation is a unique #phasic process, in which at the first phase (acidogenesis),
carbohydrate carbon sources are degraded into acids (mostly acetic aitddoidg) while at the
secondphase(solventogenesis), the acids generated from the first phase-assimalated and
converted into solvents along with additional consumption of carbohydmates & Woods, 1986
In this sense, acetic acid (and butyric acid) is a teatesrather than an inhibitor fokBE
production. Indeed, it has been reported by different groups that the supplementation of exogenous

2



acetate can efficiently improve butanol production and stabilize the ABE fermentation feess

K. Chen & H. P. Blaschek, 199€hih-Kuang Chen & Hans P Blaschek, 19€8 et al., 200Q
Therefore, if acetic acid is employed as the reagent in biomass pretreatment, this reagent along
with the acetic acid generated during the pretreatment can both be utiliZ&éEqroduction. In

such a method, no exogenous chemical reagent is icEddand thus can avoid its inhibition on

the butanol fermentation. In addition, the acetic acid (as a weak organic acid) pretreatment can
potentially generate lower level phenolic inhibitors when compared to the regular pretreatment
process (with stronghemical reagents involved) under similar conditions.

With acetic acid as the reagent for pretreatment, it could lead to even higher concentration of
total acetic acid. Thus, it would be beneficial if the acetic aci@ssemilation capability of the
butand producingClostridiumstrains can be further improved through metabolic enginedring.
Clostridium saccharoperbutylacetonicui1-4 (a wellrecognized hypebutanol producer; was
selected as the strain that | primarily work with in this studglventognic genes are organized
in a polycistronic solvent producingol operon consisting genes encoding NABpendent
aldehyde dehydrogenasald CSPA_RS27680), butyratetoacetate CoA transferase subunits
A/B (ctfA CSPA_RS27685;ctfB CSPA RS27690), and acat®tate decarboxylaseadc
CSPA_RS27695), among whictfA/ctfBare the major genes responsible for aciemsemilation
(Kosaka, Nakayama, Nakaya, Yoshino, & Furuka®007.

With the reassimilation of acids, acetoacetate is produced followed by being transformed to
acetone through the catalysis by acetoacetate decarboxatlgs€Ipnes & Woods, 1986Along
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with improved butanol production (with acids-assimilation), acetonproduction will also be
increased. Acetone is a valuable solvent; however, it (and thus ABE mixture) cannot be used as a
fuel source because of its corrosive naturep@ualuction of acetone therefore causes lower yield

of fuel alcoholsThere were recentlconsiderable efforts to convert acetone into isopropanol by
introducing the secondary alcohol dehydrogenasadl] gene into ABEproducing hosts
(Duss@aux, Crox, Soucaille, & MeynialSalles, 2013Y. S. Jang et al., 2013. Lee et al., 20)2
Isopropanglas a secondary alcohakelf is a valuable fuel sour¢as well as a useful chemical)

and thughelsopropanciButanotEthanol(IBE) mixture can be directly used as a fuel souftes

would simplify the downstream end product recovery process and can save a lot of energy.

The clustered regularly interspaceshort palindromicrepeats (CRISPR) and CRISPR
associated 9 (CRISPRas9) systens an RNAguided immune system in bacteria and archaea
that is able to recognize and cleave foreign invasive DNAs, such as phage or p(&meds
Lawrence, & Wiedenheft, 2013. Wang et al., 2015 The type HA CRISPRCas system
of Streptococcus pyogeneshich requires a matul@RISPR RNA (crRNA), d@ransactivating
crRNA (tracrRNA), and DNA endonuclease Cas9, has been engineered as aetlgérgenome
engineering tool for both eukaryotic and prokaryotic c@lleylinski, Le Rhun, & Charpentier,
2013. For genome editing in bacteridjg system is primarily functional as a tool for selecting
edited cells against needited backgrond cells thereby leading to high efficiency of genome
engineerindY. Wang et al., 2016 So far,CRISPRCas9based tools have shown their versatility
for gene deletio or insertion and have been reported as successfully utilized in various bacteria
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(Chung et al., 201AW. Jiang,Bikard, Cox, Zhang, & Marraffini, 2013. Wang, Dong, Wang,
Tao, & Wang, 2017Y. Wang et al., 2015 with attractive features such as ease of usdy hig
efficiency, strong adaptability, and multiplex targeting ability.

Research objectives

Based on the background information discussed above, the first objeesyto develop a
biomass pretreatment method using acetic acid as the treatment reagents\iamgrassvas
used as feedstock. It can be pretreated under relatively mild condiretreatment will be carried
out in Parr reactor with different acetic acid concentrations and pretreatment tempefégres.
pretreated biomass will be charactetizgy quantifying the sugars concentration and levels of
representative inhibitors, and the fermentability of the pretreated biomass will be evaluated by
batch fermentation witke. saccharoperbutylacetonicuNi-4 in order to systematically evaluate
the acet-acid pretreatment.

The second objective of this stuakasto developC. saccharoperbutylacetonicufinom N1-4
(HMT) type strain)strains for enhanced acetic acidassimilation and improved biosolvent
production through metabolic engineering. The wrsie(ald, cftA/ctfB andadg operonwas
overexpressed based on plasmid. Moreovitre cassette EC including thiolasehl(

C S P A_ RS 0 3h@deogybutyryt8oA dehydrogenaséfd CSPA_RS02150), crotonasert(
CSPA_RS2130), and butyr@loA dehydrogenas&¢dCSPA_ RS2150), were also overexpressed
on a plasmid to enhance the conversion of ac€yA to butyrylCoA and improve bigolvent

production.



The third objective of this studyasto further engineeC. saccharoperbutylacetonicuta
efficiently convert acetone produced from native ABE pathways into isopropanaetbedary
alcohol dehydrogenasesgdl) genes fromC. beijernckii NRRL B593 was chromosomally
integratednto the host strain to convert acetone imgopropanol using CRISRRas9 system. In
addition tothe sadhgene, théhydG gene encoding a putative electron trangi@tein was also
integratedtogether becausehé hydG gene consists of operon with tleadh gene in the
chromosomef C. beijerinckiiNRRL B593 Thus, the effects dfydG(in combination withsadh)
for the conversion ofacetone to isopropanalas evaluatedAfter obtaining the mutants,
fermentation opmization will be performed using the pretreated biomass from the first objective.
Overall, this study was to achieve efficient biofuel production from lignocellulosic biomass
through the development of a tailored biomass pretreatment method in conmbindkiothe

metabolic engineering of microbial strains for efficient conversion of biomass feedstock.



Il Literature Review
[I.1 Clostridium solventfermentation
[1.1.1 Background

Because the world supply of fossil fuels is limited and will eventuailydaneet the global
demand for energyemendougesearch around the world has focused on the production of
biofuels such as ethanol and butanol obtaining from renewable res@uceshi, Saha, & Cotta,
2007). n-Butanol (butanol hereafter unless otherwise indicated)linear four-carbon alcohol
with a formula of GHeOH, which can be useds a valuable &l source.Becauseof the
longerhydrocarborchain andbeing fairly nonpolar, butanol is moresimilar togasolinethan
ethanol It has been demonstrated that butanol can be applied directly in regular vehicésengi
withoutany enginenodification(Jones & Woods, 1936Butanol has a relative lower Reid vapor
pressure, seven times less than ethanol and 27 times less than gasolimgeitsafer to handle
andespecially when used in hot area and hot wedgthedersen, Anderson, Wallington, Mueller,
& Nielsen, 201). Because of the less corrosfeeture, butanol can be delivered through existing
gasoline supply infrastructure while ethanol must be transported via rail, barge or truck.
Moreover,butanolcontains more energyer unitvolume than ethanol and almost as much as
gasoline (29.2 ML for butanol versus 21.2 MU for ethanol; and 32.0 MU for gasoline) Table
Il -1) (Peter Diire, 200Y. In this sense, butanol is considered to be the next generation biofuel
after ethanol, and a fuel source much superior over ethanaild3ets use as a promising biofuel,
butanol can also be used as a valuable chemical feedstock for many industries. For example, it
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was recognized as an excellent building block for synthetic rubbdrit can also be used as a
paint thinner, solvent in @ing applications as with lacquers, ambiemted enamels, and as a
component of hydraulic and brake fluigs-S. Jang, Malaviya, Cho, Lee, & Lee, 20Tashiro,

Yoshida, Noguchi, & Sonomoto, 2013

Table Il -1. Comparison oproperties of butanol, ethanol and gasoline

Gasoline Butanol Ethanol
Molecular formula C4-C12 C4HoOH C2HsOH
Octane number 80-99 96 108
Density (g/mL) 0.720.78 0.81 0.79
Air fuel ratio 14.6 11.2 3.0
Boiling point (°C) 25215 118 78.4
Energy content (MJ/L) 32.0 29.2 21.2
Water solubility (%) at 28 <0.01 9.1 100.0
Reid vapor pressure (kPa) 60-62 2.2 16.0

Butanol can be producedfn either chemical synthesis approach or biological fermentation
route (S. Y. Lee et al.2008. For the chemical synthesis of butan@xo synthesis, Reppe
synthesis, and crotonaldehyde hydrogenation are the three most imptape¥ig. 11 -1). For
the biobutanol production throudermentationprocess, solventogent@lostridiumspp.,is the
most commonly usedorkhorse.The fermentation isermed ascetonebutanotethanol (ABE)
fermentation because odfs main products including acetone, butanol and ethanol. When
comparing with chemical approaches, there are several advafdagesnentation, incluahg

broad substrate utilization (such as agricultural wastes and lignocellulose biomass), simpler and



milder processedgess energy extensive and environmentally beriBmlan, 2014 Ibrahim,

Ramli, Kamal Bahrin, & AbéAziz, 2017 Y.-S. Jang, Malaviya, et al., 2012

Catalyst
A CH;CH=CH, ———— CH;CH,CH,CHO + Ch;CH(CH;)CHO

CO/H,
|—> CH 3CH ECHE CHQ OH

Catalvtic
Hydrogen ation

Catalyst
b CH;CH=CH, ————— » (CH;3;CH,CH,CH,0H + CHgCH(CHg)CHQOH + 2C0O,
CO/H,0

Aldol
Condensation Dehvdration

¢ 2CH;CHO —————= CH;CH(OH)CH,CHO — = CH;CH=CHCHO + H,0

Hydrogenation

CHgCHgCHQCHgOH o

H,

Fig. Il -1. Chemical synthesisf butanol. (a) Oxo synthesis, (b) Reppe process, (c) crotonaldehyde
hydrogenation{S. Y. Lee et al., 2008

The microbial fermentation production of butanol was first reported by Pasteur in 1861, while
it was only in 1905 that Schardingé&chardinger, 1905reportedthe microbial fermentation
production of acetone. Started from as early as 1910s, industrial production of butanol was mainly
based on the clostridial ABE fermentati@iones & Woods, 1986Between 1912 and 1914,
Weizmann isolated and studied sevestahins one of then was called BY and later named
Clostridium acetobutylicumrThis organism had many unique properties, inolgithe ability to

use a variety of substances and to produce high yields of butanol and §Getnel, 1928 At



that time, acetone was the primary intefedtile butanol was considered as a useless byproduct)
due to its application in theroduction ofcorditein the first World WarOver the history, mize,
wheat,andrye were all used for ABE fermentatiat that timg(T. C. Ezeji et al., 2007Till the
first part of 20th centuryABE fermentatiorwasperformedat a large industrial scale and ranked
second in importance only to aetiol fermentation. In 1945, it was reported that-thied of the
industrially used biobutanol was produced through fermentation in the United States &
Woods, 198k But later, this process lost competitiveness due to the increase of feedstock costs
and advancemenf the petrochemical industry. In recent years, however, the fluctuating price of
crude oil price and increasing concerns about environmental deterioration have renewed the
interest in biological production of butan¢S. Y. Lee et al.,, 20Q8Zverlov, Berezina,
Velikodvorskaya, & Schwarz, 2006
11.1.2 Microorganism and metabolism

Non-pathogenic solventogenic ctosglia are used as the primary workhorse #BE
fermentation they are rodshaped, spororming grampositive bacteria and typically strict
anaerobes. Solventogenic clostridia can utilize a large variety of substrates from monosaccharides
including manypentoses and hexoses to polysacchar{deses & Woods, 1986The welt
known Clostridiumspecies for solvent production inclu@eacetobutylicumC. beijerinckii, C.
saccharoperbutylacetonicymndC. saccharobutylicuniKeis, Shaheen, & Jones, 200Among
them C. acetobutylicumis often @ | | ed t he 0 We iag inwas appli@rigtaen i s mo
industrial Weizmann proced$sr ABE production; it is the most extensively studies with most
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genetic information availabldt has also been known for high level solvent production and good
resistance to lignocellulosic inhibitof¥'.-S. Jang, Malaviya, et al., 201ZC. beijerinckii is
another widelyspecieswith good performanceand genetic stabilityn solvents poduction.
Recently, &tensive transcriptional analyses and genetic studies have been performed, especially
for these two specig8riggemann & Gottschalk, 20Q9C. saccharoperbutylacetonicuNi-4
(HMT) can naturally produce very high levels of solvant possesses various advantageous
features This strain has been broadly studied on fermentation characteristics including the
desirable fermentation media and fermentation condit{@inem mun, Ishizaki, Yoshino, &
Furukawa, 1995S. Wang, Dong, Wang, et al., 2017

In all these solventogenic clostritlisirains the metabolic pathways are very simi{Reter
Dire, 2005). Typically, ABE fermentation by solventogenic clostridia is a uniquehaisic
process First, n theacidogenesiphase, carbohydrate carbon sources are degraded into acids
(mostly acetic and butyric acids), hydrogen aatho dioxide. Then inthe solventogenic phase,
the acids generated from the first phase awessimilated and converted into solvents along with
the additional consumption of carbohydrate, as shoviignll -2. During the acidogenesis, the
accumulatiorof acids in the fermentation broth imposes growth inhibition for the cells. Especially
at a low pH, the butyrate and acetate produced will present as the undissociated form and can pass
through the cytoplasmic membrane via diffusion. Inside the cellacttle will dissociate to form
salts and protons due to the internal higher pH. Thus, the proton gradient across the membrane
will be destroyed and cessation of cell growth witicur. By decreasing the concentration of
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acids, this effects mitigated dumg the solventogenesis phad¢addox et al., 2000Martin,
Petitdemange, Ballongue, & Gay, 198Buring thesgrocesses, the pH first decreases to lower
levels due to the accumulation of acids and then increases after solventogenesis iqdutiated

& Woods, 1986.

INADH, 2ATP

Glucose —L> Pyruvate

Ferredoxin
/- NADH.NADPH
NAD, NADP
ATP | Ferredoxin-H
Acetate # Acetyl-P -«———— Acetyl-CoA
ack pta
thi
‘\* CoA  NADH NADH
Acetone ~——— Acetoacetat Acetoacetyl CoA — Acetaldehyde ——— Ethanol
NADH ald adh
lrhbd

3-Hydroxybutyryl-CoA

l crt

Crotonyl-CoA

NADH
ATP f pea  NADE NADH
Butymte<L Butyryl-P -«————— Butyryl-CoA \’ Butyraldehyd;- Butanol
buk ptb atd bdh

Fig. 11-2. Metabolic pathways in solventogenic clostridia. Reactions which predominate during
acidogenesiaind solventogenesis are indicated by dotted and solid arrows, respectively. Thick
arrows indicate reactions which activate the whole fermentative metabolism. Gray letters indicate
genes and enzymes for the reactions. CAC and CAP numbers are the ORF mugé®sie and
megaplasmid, respectively.
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At the solventogenic phase, however, the-pratiuct butano(as well as other products)
alsohighly toxic to the microorganism. When butanol concentration reached a dexeinit
will affect the integrityof cell membranes and thus inhibit the cell in a manner dramatically
disrupting the membrar@ssociated functions, such as sugar uptake and solvents sy(fthesis
K. Chen & H. P. Blaschek, 1999.-S. Jang, Lee, et al., 201Bnes & Woods, 1986lt has been
reported thaC. acetobutylicunATCC 824 andC. beijerinckiiNCIMB 8052 can tolerate up to
13 g/L butanol(Tashiro et al., 201z3Tomas, Beamish, & Papoutsakis, 2pOwhen theC.
acetobutylicumATCC 824 cell was exposed to thatanol solution at the threshold level of 16
g/L, it was completely degenerated by the autolysin excreted by (t&eif Der Westhuizen,
Jones, & Woods, 1982Many groups had studied the genetic modification of the wild type strain
to enhance butanol tolerance. For exampléhe pGRCE1 mutant ofC. acetobutylicunATCC
824, the butanol toleranogas enhancedndthesubsequent butanol concentratwas improved
from the practical maximum of 13 g/L to 18.5 g/lLlomas et al., 2004 The mutant BA101
generated through chemical mutagenes(s. beijerinckiiNCIMB 8052 was able to produce 19
g/L of butanol with a butanol kerance up to 21 g/L in a batch fermentat{@K. Chen & H. P.
Blaschek, 1999 However overall,the relatively low concentration of solvents produced during
the fermentatn is still a major limitatiorfor the economically viablendustrial productiorof
this bioprocess

The detailed metabolic pathways in the fermentation with the model microorg&ism
acetobutylicumare shown irFig. 1l -2. The glucose is first metabolizeda glycolysis process
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with a conversion of 1 mole to 2 moles of pyruvate, with a net production of 2 moles of adenosine
triphosphate (ATP) and 2 moles of reduced nicotinamide adenine dinucleotide (NADH). Then
the pyruvate is catalyzed by pyruvate ferradooxidoreductasepfor) to produce acetyCoA

and reduced ferredoxin. During the acidogenic phase, acetate and butyrate are produced from
acetytlCoA and butyryilCoA by means of two analogous steps which firstly result in the
production of the corresponmdj acytphosphate and ATP by phosphotransacetylps® and
phosphate butyryltransferasptlf), respectively. Later, the acetate kinaaeK( and butyrate
kinase buk), which are analogous but distinct enzymes, mediate the formation of acetate and
butyrat, respectively. ButyrylCoA is formed from acetyCoA following a metabolic pathway

with four enzymes involved: thiolasehl), 3-hydroxybutyrytCoA dehydrogenasehifd),
crotonasedrt) and butyrydlCoA dehydrogenasd¢d) (Briggemann & Gottschalk, 20Q9ones

& Woods, 1986S. Y. Lee et al., 2008The onset of deentogenic phase involves a switch

the carbon flow from the acigroducing pathways to the solvgmibducing pathways. Acetate

and butyrate is metabolized by acetoa€glA:acetate/butyrat€oA transferasec{fA/ctfB) into
acetytCoA, butyrytCoA and aetoacetate. Then, the acetoacetate is split into acetone and carbon
dioxide by acetoacetate decarboxylasgc). The acetylCoA and butyrydCoA goes through two
different pathways. In one pathway, ace®gdA is converted to ethanol by acetaldehyde
dehydr@enase 4dhE) and ethanol dehydrogenasedifA adhB); in another, butyrylCoA is
converted to butanol by butyraldehyde dehydrogerediee and butanol dehydrogenaselQA,

bdhB. Among these enzymestfA/ctfBare genes responsible for acidsassimilaton (Kosaka
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et al., 2007, adcis responsible for acetone production, and the cassette EC, incthtjihgd,
crt andbcdare responsible for the conversion of ac&glA to butyrytCoA (Hou et al., 2018
The final end product ethan@nd butanol are mainly produced under the action of the
bifunctional protein AdhE (aldehyde/alcohol dehydrogenase).
[1.1.3 Clostridial isopropanol-butanol-ethanol fermentation

Even though the ABE fermentation has been performed worldwide at industteairstiae
past, it is currently considered adess economicht viable process than ethanol for biofuel
production with respect to carbon recovehe acetone produced during this process cannot be
used as a fuel due to its corrosiveness to enginetpattare composed of rubber or plagBc
Dire, 1998. Reducing acetone production has been an important objective of clostridial
metabolic engineerin@. Lee et al., 20)2Hence, it is desirable to suppress the formation of
acetone or to convert it into anotl@odud that can be directly used asual source

The attempt to suppress the acetone production by metabolic engineering have been
demonstrated to negatively decrease butanol production and accumulate the acetic and butyric
acids(Y. Jiang et al., 20Q9rummala, Junne, & Papoutsakis, 2D08s a defensive mechanism
against low culture pH, acetate and butyrate a@ssémilated byctfA/ctfBto acetydCoA and
butyryl-CoA, respectively, with concomité production of acetone bgdc Thus, acetone
formation is essential in the cell culture for cytosolic detoxification to increase the culture pH in
response to acetic acid and butyric acid to produce butanol and gflaaol, Tomas , Rudolph,
Papoutsakis, & Bennett, 200%lence, the conversion of acetone into anothersiugices more
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desirable instead of suppressing the acetone productitie metabolic pathway. Isopropanol,
as a simple secondary alcohol, sfsca higher energy density than acetone (23.9 MJ/L vs 22.6
MJ/L) and can also be used as a fuel additive for the preparation ed¢tayme gasolin@Peralta
Yahya & Keasling, 2010 SomeC. beijerinckiistrains such as NRRL B593 can naturally produce
isopropanol, instead of acetone, togethehwutanol and ethan@iu, Zhu, Yan, & Chen, 1997
The IBE mixture can be directly used as a fuel source, which could save tremendous energy for
the downstream recovery procebkwever, the IBE productiotiter (a total concentration of
5.87 g/l)and rate(a productivity of 0.12 g/L/hwith the naturalstrain aregenerally verylow
(Table 11-2). Alsono efficient genetic modificatiotoolshas been developéddr these strainso
far, which can be usdd furtherimprove thé& performancéDusséux et al., 2013

Hence, there is a strong interest to transftnm native ABE producers into efficient IBE
producers by i ntto-iodapgrn omga n dled 6matehwanye t hr ough
This has been demonstrated in several laborat(@@set al., 2012Dussé@ux et al., 2013y S.
Jang et al., 2093y overexpressing the secondary alcohol dehydrogenase (SAbbted by
sadh from Clostridium beijerinckiiNRRL B-593 (GenBank ID: AF157307.2) in the ABE
producing hosts. A summary of IBE production with various engineered solventogenic clostridia
strains from recent literatures is shownTiable 11-2. From these mailts, however, many
limitations still exist for these genetically engineered strains, such as low efficiency in converting
acetone into isopropanol, limited total solvent production, and genetic instability due to the
plasmidbased overexpression.
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Table Il -2. Comparison ofBE production in various native and engineered clostridial strains

Strains Ethanol (g/L) Isopropanol (g/L) Butanol (g/L) IBE (g/L) IBE vyield (g/g) Reference

Clostridium beijerinckiB593 (DSM 6423) - 2.2 3.7 5.9 0.30 (Survaseet al, 201
C. acetobutylicumMATCC 824ADH integration 2.1 2.5 10.8 18 0.37 (Bankaret al, 2015
C. acetobutylicumATCC 824 gadh 15 8.8 13.7 24.4 0.35 (Collas et al., 201
C. acetobutjcum Rh8 (psADH) 1.3 7.6 15 23.9 0.31 (Dai et al., 201}

C. acetobutylicunATCC 824 (pIPA3) 0.8 6.1 10.2 17.1 0.28 (J. Lee et al., 2092
C. acetobutylicunPJC4BK (pIPA3Cm2) 1.9 4.4 14.1 20.4 0.3 (J. Lee et al., 2092
C. acetobutylicumM\TCC 824mpb pCLF952) 1 4.8 14.6 20.4 0.33 (Dusséux et al., 2013
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Il. 2 Metabolic engineeringin Clostridium

Metabolic engineering lsabeen found its application insolventogenicclostridia for
investigating the complex metabolismmproving the solvent production, as well@stairing a
new productthrough introducing heterologous pathwaysarious netabolic engineering tools
have beerlevelopedor varioussolventogenic clostridigpeciegAl-Hinai, Fast, & Papoutsakis,
2012 S. Y. Lee et al., 20Q8r. Wanget al., 2013 However,compared tdhe model organisms
Escherichia coli, Saccharomyces cerevisiard Bacillus subtilis the development of genetic
engineering tools and metabolic engineering successes have lagged far(betept, Kim, &
Sandoval, 2018
Il. 2.1 Plasmid transformation

For the genetic manipulation of clostridial strains, often the most difficult stépestablish
an efficient methodor introducing foreign DNA into host cel[®lichael E. Pyne, Bruder, Meo
Young, Chung, & Chou, 20)4Thus, establishing a methodology for efficient transfer of plasmid
DNA into the hosis the premisdor Clostridiumgeretic modification. There are two primary
DNA transfer methods withi€lostridium: conjugation and transformatighichael E. Pyne et
al., 2014. Bacterial conjugation involves direct cédrcell transfer of plasmid DNA from one
donor species to the target, or recipispecies, while transformation involves the uptake of DNA
by competent cells. Transformation is more commonly employeclostridium due to its
technical simplicity, better reliability, independence from donor species, andstly high
efficiency(Purdy et al., 2002 There are two primargpproachetor transforming bacterial cells:
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heat shock and electroporatiorf-or Grampositive Clostridium transformation via
electroporation igenerally employed because of its high efficiency than $leatk approach
(Oultram etal., 1988. Due to the different features of the membrane among different strains,
there is almosho commonalityin transformatiomprotocolsthat can beppliedamongdifferent
species or strains without rigorous optimization.

The presence of highly &ee restrictiommodification (RM) systems is the most probable
factor responsible for hinderirtge electretransformation. If improperly methylated plasmid is
used to transform even highly competent cells, few or no transformants will be olftaified
Mermelstein, Welker Bennett, & Papoutsakis, 1992Before attempting to transform an
uncharacterized strain @flostridium it is necessary to assay crude cell lysates for the presence
of Type Il restriction endonucleases by incubation of the active lysate in the prexence
unmethylated plasmid DNA. Once the RM systems is identified, efforts can be made to protect
the recognition sequences via methylation on transforming plasthiddermelstein &
Papoutsakis, 1993The development of an affent DNA methylation system was an important
step, which can be performadvivoby expressing the methyltransferas&irtolicloning strains
or, ideally,in vitro if the methyltransferase is commerciadlyailable For example, it has been
demonstrate that manyClostridiumspecies produce isoschizomers of Ehecoli Dam (DNA
adenine methylase) RM syste(Roberts, Vincze, Posfai, & Macelis, 2Q14#hile most common
laboratoryE. coli strains are Dain Thus, the DamE. coli hosts can be selected to prepare the
restrict plasmid DNA and such barrie@nthus beovercome. Mermelstein and Papoutsdkis
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Mermelstein & Papoutsakis, 199B e por t ed t hat met hyl ation of

methyltransferase (encodedBysubtiisp hage G3 Tl ) pri or yredocedor ansf ot

prevents the degradation of the transforming plasmid DNA by the attack of a strong restriction
system Cac824) present irC. acetobutylicum

The physical barrier imposed by the Graositive cell wall is another factor responsible for
hindering the transformation of plasmid DNA to a recipient @&line & Aachmann, 2090Since
the cell wall is continuously remodeled throughout the course of bacterial growth, the growth
phase of cells at the time of harvest is often critical and it is usually optimal to use mid
logarithmicphase cells for electrivansformation. The struatel and density of the cell wall can
also be altered by the formulation of the growth medium and iagshith appropriate
electroporation buffer, including the pH and buffer type and strength, in addition to the presence
of cellwall-disrupting agents andgsociated osmotic stabilizegsune & Aachmann, 20)0For
example, 10% glycerolodutions can be efficiently used to electrotransform the plasmids.for
beijerinckii, while the HEPES, MOPS and SMP buffering systems have been showgdode
for the permeabilization of othelostridid strains(Klapatch, Guerinot, & Lynd, 1998lakayama
et al., 2007 S. Wang, Dong, Wang, et al., 201 Despite the plasmidased overexpression
strategies had been widely useddlostridiumgenus, many limitations still exist, such as the
instability of plasmid vector anithe requirement of antibiotics for the cultivation to maintain the

plasmid
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[1.2.2 Genome editing technologies

For modifying genes on the genome, success itimologous recombinatiohas been
demonstrated in solventogenic clostridia strains. Homologous recombination achieves genetic
modification througheitherthe 6 s i -0 g b e sneeghaisndin which an integrated plasmid
serves as an insertional mutagenthd d o u b | e mecharsssio wheech an introduced
alternative allele is exchanged with the wijghe allele(Briggemann & Gottschalk, 2009The
former type of mutant is inherently unstable, while the latter type toa®p difficult to isolate,
partly because the use of negative selection markers.

In solventogenic clostridia strairthe retrohoming of Mobile Group Il introns has been widely
used for genome modification in clostridldeap, Pennington, Cartman, Carter, & Minton, 2007
Y. Wang et al., 2013 This technology works by inserting an intron into chromosomal DNA
throudh the plasmiebased monocistronic expression of a ribonucleoprotein complex comprising
RNA in a lariat configuration (acting as a ribozyme) and an intracoded protein (IEP). The
Mobile Group Il introns are minimally dependent on host factors, as th@_tEZin the model
system based on thactococcus lactikl.LtrB intron) performs multiple activities: maturase for
facilitating RNA splicing, endonuclease for cleavage of the DNA strand opposite the RNA splice,
and reverse transcriptase which uses mtRNA as template to insert DNA into the host
chromosome. The host DNA repair machinery replaces intron RNA with DNA, completing the
insertion(Joseph et al., 20).8The term Targetrgrwhich is based ofroup Il introns was first
usedto refer to targete@roup Il intronswvhen the L1.LtrB intron was further modified to include
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a retrotranspositioactivated selection marker (RAM, often an antibiotic resistance gene),
providing a means to select for successful targeting e{&htsng, Karberg, & Lambowitz,

2003. TheRAM is inserted into the domain IV of the intron inactivated by the insertion of a
Group | intron which is self catalytically spliced out of mMRNA in an orientation dependent
manner. The marker gene and group | intron are oriented in the opposite direattbrthat it is

only spliced out of the L1.LtrB mRNA, and a functional marker gene can only be expressed after
successful chromosomal insertion occurs. ClosTron was developed as an adaptation of Targetron
technology for efficient gene targeting specilfican Clostridiumspecies. The original ClosTron
plasmid, pMTLOO7, tailored the commercially availaBlecoli Targetron vector, pACD4K, to

include standardized genetic parts such as promoters, origins of replications and RAMs suitable
for efficient gem editing inClostridium (Heap et al.2007. It has been employed in targeted
gene disruption across tl@&#ostridium genus includingC. acetobutylicumC. beijerinckii, C.
botulinum andC. difficile (Joseph et al., 20)8Even though these systems have been widely
usedthey have several drawbacks. First, its efficiency heavily relies on the precise prediction of
insertion sites using a specific algorithm; Second, the perturbation achieved with TargeTron is
virtually merely an insertioivased disruption, but not a trudeten, and its capability for gene
integration is very limited; moreover, the intron insertion is not stable and may be spliced back
out by the introrencoding proteirfHeap et al., 20Q7Y. Wang et al., 2013 Thus, a facile and
efficient method capable of performing precise, scarless, and stable genome manipulations is
desirable to carry out efficient metaboliayameering on solventogenic clostridia.
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Fig. Il -3. CRISPRCas9 usedor genome editingn Clostridium spp. and its mechanism of
selection. G.O.I: the native gene of inter@stseph et al., 20).8

Il. 2.3 CRISPR based editing

The clusteed regularly interspaced short palindromic repeat (CRIS&R) CRISPR
associated protein (Caw Cas9 system is an RNAjuided immune system in bacteria and
archaea thatan efficientlyconfers resistance to foreign genetic elements such as plasmids and
phagegSorek et al., 200)3Recently, he CRISPRCas9 systerhas been engineered as a cutting
edge genome engineering tool for both eyktic and prokaryotic cell§linek et al., 2012S.
Wang, Dong, Wang, et al., 201Tn this systema mature CRISPR RNAIrRNA) and the trans
activating tracrRM complex are co-processed together to make a dual tracrRIXRNA,
directing the Cas%iucleaseto the sitespecific DNA sequence with the protospaadjacent
motif (PAM). Recently, the CRISPRas9 system frorBtreptococcus pyogené&gpyCas9)has
beenexploited for genome engineering warious organisms, including for examphsth the
GrampositiveS. pneumoniandLactobacillus reuterandthe GramnegativeE. coli (W. Jiang
et al.,, 20130h & vanPijkeren, 2014 In the case o$pyCas9, the PAM consensus sequence is

NGG, providing many possible target sit@ghylinski et al., 2018 By delivering the Cas9

23



nuclease complexed with a synthegRNAI nt o a cgerome cantbe cutataldésided
target siteallowing existing genes to be removed and/or new ones adddethegene editing in
bacteria, his system is primarily functional as a tool for selecting edited cells againstited
background cells thereby leading to high efficiency of genome engine€mgtic mutations
can be introduced through ntwomologous engbining (NHEJ) or homology directed repair
(HDR) by providing a DNA editing templatéisu, Lander, & Zhang, 20)4The endonuclease
activity of Cas9 can then lead &aouble strad breakage (DSB)So far, CRISPRCas9based
tools have shown their versatility for gene deletion or insertion and have been reported as
successfully utilized in various bactestaaing(Chung et al., 203 %V. Jiang et al., 201%. Wang,
Dong, Wang, et al., 201¥. Wang et al., 2015 with attractive features such as ease of use, high
efficiency, strong adaptability, and multiplex targeticapability. The use of CRISPKas9
represents a major advancementlostridiumgene editing ascatessand markerlessditsare

enabled.
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Table I1-3. CRISPRCas9 based genetic editing and gene repressiBlostridiumspp (Joseph et al., 20).8

Species Homology arm Transformation Editing Cas9 promoter Gene targeted Desired edit Reference
length (bp) Eff. (CFUEkg)  efficiency (%)
C. acetobutylicum 664 NR 100 tet(inducible)  upp DNM (Waselset al, 2017
500 NR 100 upp 66 bp del
1000 NR 100 upp 306 bp rep
C. beijerinckii 1000 NR 67 spollE pta 50 bp del (Y. Wang et al., 2016
1000 1.05*1C 80 bgalL pta 50 bp del
(inducible)
1000 3.94*1C 0 pta 1500 bp del
1000 2.92*1(% 87 pta 1614 bp del
1000 NR >99 pta SNM
1000 NR NR spollE Spo0A 262 bp del (Y. Wang et al., 2016
C. autoethanogenum NR NR >50 tet(inducible)  caethg_0385  del (Nagarajuet al, 2019
NR NR >50 caethg_05552 del
C. acetobutylicum 500 0.2 100 thl cacl502 rep wi/trunc. (Bruderet al, 2019
1000 0.38 100 cacl1502 rep wi/trunc
1000 0.4 NR cacl1502 repw/Pthl::afp
C. ljungdahlii NR NR 100 ptb pta 1000 bp del (H. Huang et al., 2026
NR NR >75 adhE1l 2600 bp del
NR NR 100 ctf 1200 bp del
NR NR >50 pyrE 570 bp del
C.saccharoperbutgketonicum 1000 1.5*10 NR bgalL buk del
N14 (inducible) (S. Wang, et al., 2037
1000 1.6*10% 75 pta del
C. pasteurianium 1000 2.6 100 thl cpaAlR 567 tp del (Michael E Pyneet al, 2016
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In severalClostridiumspecies, the CRISRRas9 system has been used as a cogptection
tool to select for homologous recombination mutéBtsider et al., 201,6H. Huang et al., 2016
Nagaraju et al., 20165. Wang, Dong, Wang, et al., 2Q1¥. Wang et al., 2005(Table 11 -3).
Because&lostridiumspecies lack of efficient NHEJ systems, a Ga@liated chromosomal DSB
results in cell deatfir. Xu, Li, He, Van Nostrand, & Zhou, 20L7Thus, to select for successful
homologous reambination events, one can selectively eliminate-edited members of the
population by targeting the wild type sequer(€&y. Il -3). However, there are still some
limitation for genome engineering irClostridium using CRISPRCas9 For example,
simultaneais constitutive expression of the sgRNA and Cas9 protein often resulted an fiew
transformed colonies in the presence of a homologous repair donor vector, as DSBs result in cell
death before recombination can oc¢Bruder et al., 2016Qi Li et al., 2016 Nagaraju et al.,
2016 S. Wang, Dong, Wang, et al., 201 This can be addressed by placing Cas9 expression
under the control of an inducible promoter, such as lactose pro(Sotéfang, Dong, Wang, et
al., 2017Y. Wang et al., 2016 Another strategy is to use a tptasmid system, where the donor
DNA and sgRNA are introduced separately from the Cas9 gene. This nretigices two
separate transformation eventshich avoids the transformation of very large plasnfitfasels
et al., 201). Wasels et al. reported successful recombinants were isolated at a rate up to 100%
with commonly observed efficiencies of greater than 50% by using thethodsClostridium
genome engineering has made much progress recently in the development of synthetic biology
tools, although it still lags behirather modebrganisms (e.gE. coli).
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Il. 3 Chemical compositionof lignocellulosicbiomass
Feedstockd typically the greatestaction of cost iPABE fermentation. Thus, employing the
cheapest feedstock and reaching the theoretical maximum conversion to solvent will result in the
bestABE production economicsn the early twentieth century, the feedstookthe commercial
ABE fermentation were primarily foedased starches from maize, potatoes and wheat, or sugars
from molasseg¢Jones & Woods, 1986However, these foedased starches have a number of
probl ems and the most cont enventaremodicedsliteetly i s o6f
from food crops, the rise in demand for feedstock has led to an increase in the volume of crops
being diverted away from the global food market. This has been blamed for the global increase
in food prices over the last couple yéars(Y.-S. JangMalaviya, et al., 2012 It had been
estimated that the cost of fobadsed feedstock accounted for@&@ of the total production cost
in the commercial proceg$aconi et al., 2000 Therefore, the resurgence of thisgacess for
ABE production depends largely on the availability of Jomst and abundant feedstocks.
Lignocellulosic biomass is an attractive renewable energy feedstock supplies, due to its
abundant availability domestically and globally. It is superiather feedstock due to two major
reasons: (1) it has no competition with famgpplies and (2) it shows the desired physical and
chemical properties suitable for production, harvest, handling, storage, and transp@#dsion
2014). The estimated amial potential availability of biomass in the U.S. is more than 1 billion

tons by 2030 and the annual worldwide production #5Q0illion tons(DOE, 2016.
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The precise chemical composition ajribcellulosic materials varies on the types of species,
sources, and even parts of a gipdemt In general, it is mainly composed of cellulose-50046),
hemicellulose (180%), lignin (1635%) and a small amount of extractivess@b) (Table Il -4)

(Balan, 2014Biswas, Uellendahl, & Ahring, 20)5Cellulose and hemicellulose are polymers of
carbohydrates and their building blocks are monosacclsagdeh as glucose, xylose, and
mannose. Lignin is a polymer of complex aromatic alcohols. All these components are bundled
in a recalcitrant form. Depending on the species, the chemical compositions could exhibit
significant variations, especially on therhicellulose and lignin content. Generally, the forestry
biomass contains higher lignin content while the agricultural residues and herbaceous biomass
are richer in the hemicellulose content. Moreover, even within the same type of lignocellulose,
the chential composition could also be different as determined by the age of plant, growth

conditions, climate, et¢Bensah &ensah, 2013

Table Il -4. Chemical composition of selected lignocellulosic biomass (dry weagis)(Biswas
etal., 201%

Lignocellulosic biomass Cellulose, % Hemicellulose, % Lignin, %
Corn stover 37142 20i 28 18/ 22
Sugarcane bagasse 26 50 24i 34 10i 26
Wheat straw 31144 22124 161 24
Hardwood stems 40i 45 18140 18/ 28
Softwood stems 34i 50 211 35 28 35
Rice straw 32141 15 24 10i 18
Barley straw 3340 20i 35 8i 17
Switch grass 33146 221 32 12123
Energy crops 43 45 24i 31 19712
Manure solid fibers 81 27 12122 2113
Municipal organic waste 211 64 5122 31 28
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Cellulose as the primary constituent in biomag30-45 wt% of dry biomass)is a
polysaccharide polymerizing with glucose as its monomer, which condenses thr¢Ligh
glycosidic bonds. The molecular of cellulose has a linear, unbranched structure, which consists
10,000 to 15,000 glucose units, anddlegree of polymerization (DP) could stretch up t®Q@
(Harmsen, Huijgen, Bermudez, & Bakker, 2D10he individual cellulose molecules are linked
together to form elementamnicrofibrils, in which aggregated by intermolecular hydrogen
bonding into larger subunits called fibrils. It is reported that the -amehiintra molecular
hydrogen bonds remained robustly stable until subjecting to severe conditions at 320 € and 25
MPa, at which the fibers started to -deystallized into amorphous forigDeguchi, Tsujii, &
Horikoshi, 2008.

Hemicellulose as the second major component in bionfa8s30 wt% of dry biomass)s a
northomogeneous and branched polysaccharides madéagase (Bglucose, Dgalactose and
D-mannose), pentose {kylose and Larabinose), acetyl group and uronic acidsg(@curonic
acid and Dgalacturonic acidGio et al., 2010). Unlike cellulose, hemicelluloses generally
occur in the érm of heterepolysaccharides with branches and result in a lower DP of
approximately 10€200. Hemicellulose found in hardwood trees and herbaceous biomass is
predominantly xylan with some glucomannan, while in softwoods it is mainly rich in
galactoglucomanan and contains only a small amount of xyl@io et al., 2010). Due to the
randomlyamorphous branched structure and low DP, hemicellulose is highly susceptible to be
hydrolyzed by acid or cellulase enzyme.
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Lignin, as the major nenarbohydrate component in biom#$68-30 wt% of dry biomas) is
a complex copol ymer of t hree phenybdumapk opi oni
coniferyl and sinapyl alcoholn contrast to cellulose, lignin forms a thhéienensional network
randomly crosdinking with hemicellulose through the covalent anddifogenic bonds. This
crosslinked network forms a matrix and embraces the crystallized cellulose fibers, protecting the

fibers from beingenzymatically omechanically damageiHarmsen et al., 20)0As shown in
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Fig Il -4, the microfibrils contain alternating phases of highly ordered (crystalline) and randomly
oriented (amorphous) cellulose embedded in a matrix of hemicellulose. The cellulose and
hemicellulose fractions are covered in an amorphous ldy@mnin (Mosier et al., 2006 Thus,
the presence of lignin and hemicellulose makes the access of cellulase enzymes to cellulose
becomes difficult, reducing the efficiency of the later hydrolysis and fermentation process.
Therefore, a pretreatment processecessary before hydrolysis and fermentation based on the
lignocellulosic materials. Because lignin is more abundant in the woody biomass than the
agricultural residues or herbaceous biomass, woody biomass is more recalcitrant than the grass
or agricutural residues and thus requires more harsh pretreatment conitionar & Wyman,
2009.
Il .4 Bioconversion oflignocellulosic biomasdo ABE

A multi-stage bioconversion process needed to convert lignocellulosic biomassthe
advanced ABE product. These processes include (1) pretreatment to disrupt the recalcitrant
structure of lignocellulosic bioass and make cellulose accessible to hydrolytic enzymes, (2)
hydrolysis to hydrolyze the carbohydrate polymers to fermentable monosaccharides, (3) ABE
fermentation, and (4) product recoveRy. Il -5). As compared to other fermentation feedstocks
like commercial glucose and starch biomass, lignocellulosic biomass required extra pretreatment,
hydrolysis and detoxification processes for sugar production before fermentation to biobutanol

production(Mosier et al., 2006
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[1.4.1 Pretreatment

The overall purpose of pretreatment is to break down the shield matrix formed by lignin and
hemicellulose, to disrupt the crystalline structure and reduce the degree of polyorerati
cellulose. This process a crucial step for overall process in cellulosic biobutanol production
because it is one of tleost costlyprocessing steps and the challenges has been widely reported

(Balan, 201). An effective pretreatment process sldoga) maximize the digestibility of
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carbohydrates in the subsequent enzymatic or acid hydrolysis; (b) minimize loss of cellulose and
hemicellulose composition; (c) maximize the production of other valuabjgachicts, e.g.

lignin; (d) minimize the toxidy to subsequent enzymatic hydrolysis and/or fermentation; (e)
minimize the operational cost for capital and operational; (f) be scalable to industrial size; and (g)
minimize solidwaste residueHumbird et al., 2011lbrahim et al., 201;7/Mosier et al., 2005
Peraltayahya & Keasling, 2010 Lignin starts decomposed at temperature higher than 220 C,
while hemicellulose at 180 € and cellulose at 280(Bahrin et al., 2012 A high denaturation
temperature needs high energy input, makes the pretreatment become a tedious process, while a
low denaturation temperature cannot disrupt the shield matrix effici&ulfar, however, none

of the pretreatment technologies haaenpletelysatisfiedall these listed criteria. Hence, more
research efforts are required to improve the pretreatment for lignocellulosic biomass.

Over the decades, various pretreatment teciyned have been developed, which normally
can be categorized into fowategories physical, physica&chemical, chemical and biological
methods. Physical pretreatment methods include comminution (including dry, wet, and vibratory
ball milling), grinding, clipping, irradiation or combination of them. The effects of physical
pretreatment involve the reduction in the particle size, the degree of crystgtiolit;merization
and the increase of accessible surface area for the cellulase efrayma & Wyman, 2009
Mosier et al., 2006 However, this type of pretreatment is lightly used as a major industrial option
due tohigh equipment and energy cost. Phystbemical is thenethod in combination djoth
chemical and physicgbrocess The widely investigated processes include steam explosion

33



(autohydrolysis or with addition of S§) ammonia fiber explosion (AFEX), ammanrecycle
percolation (ARP), liquid hetvater pretreatment (LHW), supercritical Fluid (SCF) Pretreatment,
CQO, explosionand microwavechemical pretreatmefiTaherzadeh & Karimi, 2008Depending

on the pretreatment reagents, chemical pretreatment can be categorized atkaltidorganic
solventbased. [fferent types of chemical pretreagmis have different effects on the change of

the structure of lignocellulosKumar & Wyman, 2009 Mosier et al.,20095. Under acid
catalyzed pretreatment (using mineral acids such8©OkIHCI, H:PQy, and HNQ or organic

acids like fumaric, maleic, and acetic acid), hemicellulose is solubilized to monomeric xylose
leaving the cellulose and lignin behind. The pratment under alkaline conditions are typically
characterized as lignin degradation and remd@alan, 2014 Kumar & Wyman, 2009
Organosolv pretreatments employganic solvents like methanol, ethanol, acetone, ethylene
glycols, and tetrahydrofurfuryl alcohol at either neutral or acidic conditions to extract
hemicellulose and lignin portion from biomagkai, Tu, Li, & Yu, 2019. lonic liquid
pretreatment has been advocated as a green method to fractionate carbohydrates from lignin
through dissolution cellulose portion of bhiass. However, the cost of ionic liquid and catalyst
required for pretreatment are major bottlenecks preventing commercialization of this technology
(Cruz et al., 2013Qiang Li et al., 200p Biological pretreatmenis to effectively degrade lignin

but very little cellulose in biomass by using the microorganisms like brown, white, aratsoft
fungi (Sanchez & Cardona, 20P8hese processes are operated at mild conditions and require
low capital costs when compared to expensive reactor systems required for physical/chemical
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pretreatment processes. However, the biologicatess is a relatively slow process requiring
several days to pretreat the biomass. Furthermore, the sugar conversion after the microbial
pretreatment process is lower when compared to chemical pretreéBuer& Cheng, 2002

Among these pretreatmerdtegories, chemical methods #remost widely used methods in
industy because of theeasonable high yield with low cost and short reaction time. And among
chenical pretreatment methods, a@dtalyzed pretreatment is one of the most widely performed
for lignocellulosic biomass and used for ABE fermentat{dn Ezeji, N. Quresh & H. P.
Blaschek, 2007Ibrahim et al., 201;/Nanda, Dalai, & Kozinski, 2004 The detailed features of
acidcatalyzedpretreatments methods arsalissed below.

Treatment of lignocelluloses with acid to break the matrix of biomass has received
considerable research attention over the years and nearly commercialized in a wide variety of
biomass typegDigman et al., 20L,0N/yman et al., 2011J. Xu, Thomsen, & Thomsen, 20Q9b
Based on the acid concentrationsidecatalyzed pretreatment can be divided into concentrated
acid pretreatment (300%) and dilute acid pretreatment (@%). The advantages of
concentrated acid pretreatment at low temperatur€Cdincludes low temperature treatment,
low production ofdegradation products, and the capacitglitectly saccharify the cellulose and
hemicellulose portion from various types of lignocellulose into sugars without subsequent
enzymatic hydrolysi¢Balan, 2014 However, thecorrosion of equipment, acid recoyeand
neutralization waste when acid is not recovered appear to beajbelimitation in this method.
(Harmsen et al., 201&umar & Wyman, 2008
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In contrast to the concentrated acidsyte acid pretreatment at high temperature {200
€) has become a state of the art technology for pretreating any lignocellulosic biespassally
for herbaceous and aguitural lignocellulose, such as switchgrass, corn stover, and rice/wheat
straws (Harmsen et al., 201(Mosier et al., 2006 This type of pretreatment significantly
improves the hemicellulos hydrolysis to fermentable sugars and dissolving lignin with less
degradatia. It results in high recovery of the hemicellulosic sugars in the pretreatment liquid,
and in a solid cellulose fraction with enhanced enzymatic convertifilgyrasco etlg 19949.
Unfortunately, dilute acid pretreatmeaiso hasome drawbacks, such as the reactor needs to be
resistant to the corrosive acid especially at elevated temperature, gypsum will be formed during
neutralization after treatment with acid, anddagagent left in the prehydrolysates are usually
severe inhibitors for the subsequent microbial fermentation procgkigson, Alriksson, &
Nilvebrant, 2013
Il .4.2 Detoxification

During the pretreatment, additional inhibitors can be generated from the degradation of the
biomass in prehydrolysates. Furan aldehydes and aliphatic acids are carteotgdradation
products, while lignin is the main source of phenolic compounds, as indicated by guaiacyl (4
hydroxy-3-methoxyphenyl) and syringyl {dydroxy-3,5-dimethoxyphenyl) moieties found in
many phenolicgJisson et al., 2013 The phenolic compoundse known to increase biological
membrane fluidity and can cause loss of cellular integrity, thereby affecting it ieéective
barriers and enzyme matric@deipieper, Weber, Sikkema, Keweloh, & de Bont, 199%hey
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were found to significantly affect both cell growth and ABE productio@lo&tridium(T. Ezeji
et al., 2007. In addition, significant level of acetic acid is usually produced during the biomass
pretreatmenprocess, which is also a strong inhibitor, for example, for the microbial ethanol
fermentation proceq¥Vei et al., 201k

Several methods can be taken to avoid problems caused by inhibitors. One way is to genetically
modify the microorganisms adaptive to theitoanvironmenor to improve thestrain tolerance
to lignocellulosic hydrolysateslt has been achieved by overexpressing homologous or
heterologous genes encoding enzymes that confer resistance towards specific i(hibieda
et al., 2007Cerisy et al., 20%/Gorsich et al., 20Q85uo et al., 201 2Petersson et al., 20DAn
NADPH-dependent alcohol dehydrogenase (ADH6p) was identietreporteds one of the
key enzymes responsible for HMF and fudl reduction inS. cerevisiae The further
overexpression of the corresponding ADH6 gene generayeasistrain with at least -4old
increased HMF uptake in defined medium under both aerobic or anaerobic cor{@&tersson
et al., 200%. It wasreported that &. beijernckii NCIMB 8052mutantstrainC. beijerinckii IB4
that can tolerate to high level of inhibitaras screened by loenergy ion implantation and used
for butanol fermentation. Evaluation of toxicity showtbat this mutant had a higher level of
tolerance lhan parent straifor five out of six phenolic compounds tested (the exception was
vanillin) (Guo et al., 201R

The other way to solve this problem caused by inhibitors is to detoxify the pretreatment
prehydrolysatesThis includes techniges of physical, chemical and biological treatment to
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remove or modify inhibitorgJdhsson & Marti, 2016; Mosier et al., 2005Nanda et al., 2004
Physical treatments, which include evaporation, steam stripping, solvent extraction, aqueous two
phase extraction, absorption (activated carbon) and supercrigigia, Inormally tend to remove
the inhibitors rather than modify their chemical structures. Chemical treatments, which include
alkaline detoxification, detoxification with reducing agents, ion exchange and chemical
extraction, are mainly conducted to corviehibitors into less toxic compounds. Biologically,
many fermenting microorganisms are able to detoxify weak inhibitors such as aldehydes and
carboxylic acids. This type of detoxification method is mainly dependent on microorganism
types, the inoculatiosize and the chemical structure of the inhibi{@dsneida et al., 2007

Activated carbon adsorption Among those methods, activated carbon adsorption is
inexpensive, easy totiegrate into the process, and able to remove inhibitors seledtidlyu
et al., 2015 Miyafuji et al., 2003 Solange In Mussatto, es, Roberto, & es, 2@dlange In&
Mussatto & Roberto, 2004This method has been studied in detoxification of prehysiavds
due to their excellent absorptivity. With the high degrees of microporosity, it can improve the
fermentability of prehydrolysates by removing furans and phenolic compounds but nangeduc
the fermentable sugar concentrations. It was reported thatthoval of phenolic compounds
was dependéron hydrolysate/charcoal ratimeatment timend treatment temperatui®olange
In Mussatto et al., 2001By increasing the treatment temperattoe activated carbgnt was
found to increase the adsorption of phenolic compounds and furans thesiriorease in the
hydrophobicity(Miyafuji et al., 2003. Moreover, it is also &tactive since activated carbon can
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be derived from biomass char, a low value byproduct of the thermochemical conversion of
biomass through pyrolysis.
[1.4.3 Enzymatic hydrolysis

Pretreatment process disrupts the recalcitrant structure, fractionatesrireomponent, and
enhances biomass digestibility for downstream processes. However, the key issue of the
biorefinery has not been addressed until the carbohydrates of lignocellulose are decomposed into
fermentable sugafgagensen, Kristensen, & Felby, 200Thus, the next step of degradation of
lignocellulose into fermentable sugars is hydrolysis which is normally done by enzymes.

In comparison to other hydrolysis metho@sg. concentrated acid hydrolysjsgnzymatic
hydrolysis has several key advantages, such as lower corrosion, mildeioopeaaiditions,
higher sugar yields, lower energy input and lower level of inhibitory prodiieiserzadeh &
Karimi, 2007. Cellulases and hemicellulasese usually used to hydrolyze cellulose and
hemicellulose into fermentable monomeric sugars. The commonly used hydrolases include exo
1,4-b-D-glucanases (CBH), endh4-b-D-glucanases (EG), 1#D-glucosidases (BG), endo
1,4-b-D-xylanases, 1/ 4-D-xylosidases, endad,4-b-D-mannanases, and 1H4D-mannosidases
(Jagensen et al., 200:7These enzymes work synergistically to hydrolyze polysaccharides into
monosaccharides by creating new accessible sites for each Oibtgmal conditions for
cellulases have been reported as temperature -6040 and pH 45, while @timal assay
conditions for hemicellulases are often simi|&faitan-Alfenas, Visser, & Guimaras, 2015
Typically, three steps, namely, transportation of enzymes from bulk solution to the substrate
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surface, adsorption of the enzymes to the substrates, hydrolysis of the polysaccharides into
subunits, and desorption of enzymes and products back to the bulk solution, are involved in the
process of enzymatic hydrolys{8Valker & Wilson, 1991 As a result, biomass sugars are
releagd by hydrolyzing the cellulose and hemicellulose. Enzymatic digestibility is often
correlated with the characteristics of lignocellulose (such as chemical composition, porosity,
degree of crystallinity and polymerization, accessible surface area, suhamge, etc.), the
enzymerelated factors (such as specific activity, nonspecific binding;peoducts inhibition),
hydrolysis reaction conditions (pH, temperature and agitation speed), a(daetcet al., 20Q7
Jagensen et al., 20Q0Baha, Iten, Cotta, & Wu, 200%aherzadeh & Karimi, 20Q7However,
the intrinsic problems associated with enzymatic hydrolysis are long hydrolysis time, expensive
catalyst, and engroduct inhibition(Balan, 2014Ja@gensen et al., 20Q7aherzadeh & Karimi,
2007).
I1.4.4 Microbial fermentation

In terms of the methods fdiermentation of lignocellulosic feedstocks into butanol by
Clostridiumstrains, mainly three process concepts have been developed: separate hydrolysis and
fermentation (SHF), consolidated bioprocessing (CBRY simultaneous saccharification and
fermentaibn (SSF)YBalan, 2014Taherzadeh & Karimi, 20Q7Tengborg, Galbe, & Zacchi, 2001
Walker & Wilson, 1991

The SHF, which is the most traditional methimd biofuelsproduction is atwo-stageprocess
in which the hydrolysisof biopolymers to sugaendsugarfermentatiorare conducted separately.
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The optimal conditions for most of commercial enzyme (SPEZYME® CP or Cellic® EEC
are at the tempature of 5045 € and pH of 4.66.0, whereas mos§tlostridiumstrains have better
solvent production perforrmae at temperature below 36 and broth pH of 6.5#(Baral et al.,
2016 T. C. Ezeji et al., 2007 The main adantage of SHF is that both hydrolysis and
fermentatio are performed at their optimabdnditions.The major drawback of SHF, however, is
the accumulation of sugars in hydrolysis step may causpreaddict inhibition to enzymes which
will decrease the sugagield and the slow rate of enzymatic hydrolysis and fermentation process,
which largely compromises the overall bioconversion yigldpfsson, Bertilsson, & Lidén,
2008.

CBP is a rlatively new bioconversion strategy that allows the enzyme production, hydrolysis
and fermentation to biofuels occurring in one single process without enzyme adBdian,
2014. Notably, the production of enzymes used in hydrolysis is produced inirsitbe
fermentation vessel leading to significantly reduce the capital cost for operation and purchasing
enzymes. Since this process takes place in a single step, the choice of microorganism is of great
importance. The microorganism chosen must have estiymachinery to produce both a variety
of hemicellulases and cellulases as well as produce high solvent(fiteirm, Tom&-Pejq
Ballesteros, & Negro, 20)0However, few wildtype microorganisms are able to fulfill all these
functions and thus most of the cultures are recoamtistrains Additionally, this bioprocess
suffers from low bioconversion yield and excessive byprodi@ison, McBride, Joe Shaw, &
Lynd, 2013.
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SSF, which was first introduced by Gauss et al. in 1@&uss, Suzuki, & Takagi, 19),6
combined the two separate unit processes of enzymatic hydrolysis and fermentatmmeinto
single step. The sugars produced by enzymkiké€&immediately consumed by microorganisms
which minimizes the risk of contamination by other saccharolytic organisms and keeps substrate
levels low thus avoiding inhibition of both the fermentative organisms and thereddct
inhibition problem(Alvira et al., 2010 Balan, 2014 Additionally, SSF procedure would also
save substantial equipment and operation costdgdmbination of two separate processes into
one ste{Olofsson et al., 2008The challenge of SSF is the compromise on optimal conditions
for the hydrolysis and the fermentation, resulting in lowercifficy and lower solvent yields.
Moreover, die to the wateinsoluble property of lignocellulose, however, the SSF is limited to
work under relatively low solid loadings, resultimga dilute product concentration, which may

potentially increase the diffulty for products recover§f. C. Ezeji et al., 2007
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[ll. Development of an acetic acid pretreatment methodfor biomass
pretreatment and efficient ABE production from acetic acid pretreated

switchgrass withClostridium saccharoperbutylacetonicum

Abstract

For the biofuel production from lignocellulosic biomass, most biomass pretreatment processes
need to use some chemical reagent as the catalyst to overcome the biomatsneeabarrier.
Such reagents are usually severe inhibitors for the subsequence microbial fermentation process.
Therefore, in many cases, the liquid prehydrolysates fraction (LPF) after the pretreatment is
discarded, which is a tremendous wasting of maleand leads to additional pollution. Biobutanol
produced from the acetone, butanol and ethanol (ABE) fermentation process has been of great
interests recently due to its high value as a biofuel or biochemical. During the ABE fermentation,
acetic acid (AA is produced and then-essimilated as a carbon source. Thus, AA is a substrate
rather than an inhibitor for biobutanol production. In this study, we employed AA as the chemical
catalyst for the pretreatment of switchgrass which then be used for ABHcpowdthrough
simultaneous saccharification and fermentation (S8#) hyperbutanol producinglostridium
saccharoperbutylacetonicuiN1-4. Through the systematic investigation of the pretreatment
conditions and fermentation, we concluded that the @tetrent with 3 g/L AA at 170C for 20
min is the optimized conditions fawitchgrass pretreatment leading to efficient biobutanol
production. Both LPF ansolid cellulosic fractioSCF) of the pretreatment biomass are highly
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fermentable. In the fermentan with the LPF/SCF mixture, 8.6 g/L butanol (corresponding to a
yield of 0.16 g/g) was obtained. Overall, here we demonstrated an innovative biomass pretreatment
strategy for efficient carbon source utilization and biobutanol production.

Keywords: Pretreatment; Acetic acid;Clostridium saccharoperbutylacetonicunN1-4;

switchgrassacetone, butanol and ethandBE) fermentation; butanol

[1l.1 Introduction

It is a globally recognized that the energy crisis due to the exhaustion of fossiisfaebig
program that human beings are facing in the near future. The production of bioenergy from
renewable resources are considered as a promising solution to the energy issue as well as the
associated environmental problems. For the bioenergy produtiinocellulosic biomass is
widely considered as a sustainable feedstock because it is inexpensive, highly abundant and
broadly distributedT. Ezeji et al., 2007S. Liu, 2015. Prior to converting théignocellulosic
biomass into bioenergy through microbial fermentation, a pretreatment process is generally
required toovercome the biomass recalcitrance barriem. fost of the knowrpretreatment
processes, chemical reagents (such as diluted acid, alkaline or organosolv) are usually used as the
catalysts for breaking down the recalcitrant structure of the biofRassgova et al., 20)5These
reagents, even at low levels, are severe inhibitors (besides the phenolic inhibitors generated from
the degradation of biomass during the pretreatment) ®stibsequent microbial fermentation
processe$T. Ezeji et al., 200;7/Paulova et al., 2035In addition, sigricant level of acetic acid
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(AA) is usually produced by cleaving off the acetyl group in the hemicellulose backbone during
the biomass pretreatment procéb®lmerius, von Walter, Rova, Berglund, & Hodge, 2010
which is also a strong inhibitor, for example, for the microbial ethanol featien proceséWei

et al., 2015 With such problems, the liquid prehydrolysates fraction (LPF) after the biomass
pretreatment is usually discarded, which is a tremendous wasting of materials and leads to
additional pollution.

Recently, biobutanol produced framnewable biomass carbon sources through the clostridial
acetone, butanol and ethaf8BE) fermentation has been of great interest, because it not only
can be used as a valuable fuel source with various advantages over ethanol, but also has vast
applicatons as a chemical feedstock in many indus{Reser Diire, 2008 As a fuel, butanol has
comparable energy content as gasoline, which is much higher than ethanol. Compared to ethanol
(the wel accepted biofuel as an additive to gasoline), butanol is also less soluble in water, less
evaporative, and less hygroscopic, making it easier to handle and more compatible with the
existing pipeline infrastructure and regular vehicle engines. As a Ioioechle butanol can be used
in food, cosmetic, phamaceutical, plastic industiiester Diire, 200). ABE fermentation is a
unique biphasic process. In the first phase (acidogenesis), carbohydrate is degraded into acids
(mostly AA ard butyric acid, or BA), while in the second (solventogenesis), the acids generated
from the first phase are -gssimilated and converted into solvents along with the uptake of
additional carbohydrat@lones & Woods, 1986In this sense, AA (as well as BA) is a substrate
rather than an inhibitor for biobutanol production. Indeed, it has been reported by various
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researchers that the supplementation of exogenous acetate can efficiently improve butanol
production and stabilize the ABE fermentation pro¢€ss. Chen & H. P. Blaschek, 199€hih-
Kuang Chen & Hans P Blaschek, 19€% et al. 2009.

Therefore, if AA is employed as the biocatalyst in biomass pretreatment, this reagent along with
the AA generated during the pretreatment can both be utilized for biobutanol production. In such
an approach, no exogenous chemical reagent is udeal and thus can save cost and meanwhile
avoid its inhibition on the butanol fermentation. In addition, the AA (as a weak organic acid)
pretreatment can potentially generate lower level phenolic inhibitors when compared to the regular
pretreatment procegwith strong chemical reagents involved) under similar conditions. Thus, the
LPF from the biomass pretreatment with AA could be possibly utilized as the carbon source (rather
than discarded) for ABE fermentation, thus ending up with more comprehensiveffeent
utilization of the biomass carbon source and minimizing pollution.

Hildebrand solubility parameter is considered a numerical estimate of the interaction between
different materials, with similar values indicating good solubi{Byrke, 1984. For example,
solvents which display good lignin solubility have Hildebrand solubility parameter close to 11
(QuesadaMedina, LgpezCremades, & Olivare€arrillo, 2019. AA has a value of 10.1, and
therefore is conferred to be a very effective reagent for lignin solution and biomass pretreatment
(Pan & Sano, 1999Previously, Xu et alJ. Xu et al., 2009kreported that the pretreatment with
10 g AA/kg on raw corn stover at 195 € for 15 min resulted in xylose recovery up to 81.82% in
the prehydrolysatedn another report, the same research gr¢dpXu, Thomsen, & Thomsen,
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20093 reported that pretreatment of corn stover with combined AA and lactic acid yielded a higher
glucan recovery and the simultaneous saccharification and fermeri&&Bhled to a high ethanol
yield (88.7% of the theoretical yield based on pure glucose). However, to our best knowledge,
there was no research so far in which biomass was pretreated with AA and then used for the
downstream butanol production purpose liyrtg advantage of unique acidassimilation feature
of ABE fermentation.

Therefore, in this study, the objective was to explore AA as an innovative and efficient reagent
for biomass pretreatment, and meanwhile utilize the pretreated biomass for mbpradnction
We systematically optimized the conditions for the biomass pretreatBwhtthesolid cellulosic
fraction(SCF) and LPF were successfully fermented for efficient butanol production. In addition,
with the mixture of SCF/LPF, high titer aryield for the solvent production was achieved after
the fermentation. This study provides valuable references for developing an efficient, economical
and sustainable bioprocess for biofuel production fromvalue lignocellulosic biomass.

[11.2 Material and methods

[11.2.1 Feedstock, enzymes, microorganism anceagents

The Alamal switchgrassPanicum virgatumiswas provided by Ceres, Inc. (Thousand Oaks,
CA). Before the pretreatment, the biomass méked to pass through a 0.28ch screen and then
stored at room temperature. The content of glucan, xylan, and lignin in the untreated switchgrass

(in % based on dry weight) w&8.6#0.66, 19.20.32, and 20.04.15, respectivelyrable Il -1).
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Comparing with the wooden biomass, the herbaceous switchmoasass is less recalcitrant and
thus can be processed more easily under relatively mild pretreatment con@tatrasighlin &
Adams Kszos, 2005 The commercial enzyme cocktail Cellic CTec2 was aifsed from
Novozymes (Franklinton, NC) for the hydrolysis purpose. The enzyme activity was determined as
119 FPU/ ml using What man #1 {glucodidase aciiviypse3d3 as t
IU/mL using pnitrophenyib-D-glucoside (PNPG) as thesubstrate. Clostridium
saccharoperbutylacetonicum1-4 (HMT) (DSM 14923, = ATCC 27031was obtained from
DSMZ (Braunschweig, Germany) and usedA&E fermentation in this studyll other reagents
and chemicals were purchased fr@mgmaAldrich (St. Louis MO, USA), unless otherwise
indicated.
[11.2.2 Pretreatment

For the pretreatment, 200 ml stainless steel
the biomass slurry, which were heated up in the oven of a gas chromatography (GC; an old GC
has ber modified and repurposed for precisely heating up the rea(®al)apolu, 201p
Switchgrass (10 g) was loaded into the tubular reactor at a liquid/solid weigluf rdid.. Various
amounts of AA (0 g, 30 g, 70 g, or 110 g per kg of dry biomass, thus equivalent to 0, 3, 7 and 11
g/L) were applied for théiomass pretreatment at three different temperatures (150, 170 or 190
€) for 20 min After the pretreatment, tlgurry was immediately fractionated into a SCF amd a
LPF through vacuum filtration using a filter paper (Whatfha®rade 802 Fluted, size 82cm).
The SCF was washed with tap water (300 mL for each run) for five times and dried at room
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temperature. Then it is stored in a climate cabinet at 25 € and 65% relative humidity. The LPF
was collected and stored at 4 € until later use. All the expents were performed in duplicate.
I11.2.3 Detoxification

Detoxification was performed with activated carbon to the LPF to improve its ability to be
hydrolyzed and fermented in the following steps. Granular activated carbon with particle size of
20-40 me$ was used for this purpose. Before use, the activated carbon was rinsed with DI water
on a filter paper to remove the impurities and then dried at 45 € in an oven for an overnight. The
adsorbent was then loaded into the LPF at a ratio of 5% (w/v). Ttiarmiwas then incubated in
a shaker at 150 rpm of agitation and 60 € for 6 h to reach the adsorption equilibrium. The
detoxified LPF was recovered through centrifugation. Then, the pH was adjusted to around 6.5
with 5 N of sodium hydroxide. Microfiltradn (with 0.45¢ m f i | t er ) was t hen a|
the suspended particles inside. The chemical composition of the detoxified LPF was then analyzed.
[11.2.4 Enzymatic hydrolysis.

Enzymatic hydrolysis of the LPF was carried out by mixing 100x50 mM soditrate buffer
(pH 4.8) to make a total volume of 100 mL. The cellulase at a loading of 15 FPU/g glucan was
added, and the reaction mixture was incubated shaker at 150 rpm of agitation and 50 €
Samples were taken at various time intervals (0, 32624, 36 and 72 h) areentrifuged to
remove the insoluble materials (solid phase). The glucose or xylose yield (%) at the specific time
was calculated based on the amount of glucose or xylose in the liquid ahaggercentage of the
theoretical totasugars available in the origini@edstock. Each enzymatic hydrolysis was carried
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out in duplicate.
[11.2.5 Batch fermentation

TheC. saccharoperbutylacetonicurnlture wasmaintained in thglycerol stockat-80 €. To
prepare the seed culture, 1 mLtbé glycerolstockwas anaerobically inoculated into 100 mL
tryptoneglucoseyeast extract (TGY) medium containing 30 g/L of tryptone, 20 g/L of glucose,
10 g/L of yeast extract, and 1 g/L ofdysteine. The TGY culture was incubated in an anaerobic
chamter under an BCO»-Ha (volume ratio of 85:10:5) atmosphere at 35 € for 12 to 14 h till the
ODsoo reaching ~0.4S. Wang, Dong, Wang, et al., 2Q1which would then be used as the
inoculum for the fermentation.

When SCF and/or LPF was used as the substrate, SSF were perfBatobdfermentations
were carriedou i n 500 mL -MFCcShamghal G Xinsbiolog@a technology Co.,
Shanghai, China) with a 250L working volume.The modified P2 (MP2: by eliminating the
ammonium acetate within the P2 medium) medium contains the following (in g/LP®&HO.5;
KoHPQ, 0.5; (NH)2SOQy, 2; MgSQ7H 20, 0.2; MnS@H 20, 0.01; FeS@H -0, 0.01; NaCl,
0.01; paminobenzoic acid, 0.001; thiam#rCl, 0.001; biotin, 0.0000For the fermentation with
SCF, pretreated SCF (based on the total glucose and xylose conceuntr@@og/L) along with
yeast extract (2 g/L), tryptone (6 g/L), aéP2 medium were mixed togethé&or the fermentation
with LPF, the MP2 medium along with yeast extract (2 g/L) and tryptone (6 g/L) was directly

supplemented into the LPF, making a findiwoe of 100 ml. The mixture was then fiksterilized

by passing through a VWR bottle top filtrati
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sterile serum bottle. For the fermentation with the mixture of SCF and LPF, similar as the
fermentation with PF, the MP2 medium along with yeast extract (2 g/L) and tryptone (6 g/L) was
firstly supplemented into the LPF, making a final volume of 100 ml. Then, the SCF (based on the
ratio of SCF and LPF after pretreatment from certain amount of biomass) was added.

For all the fermentatiorthe initial pH was adjusted to 6.5 with 2 N NaOFa generate an
anaerobic condition, oxygednee nitrogen was sparged through the fermentation broth starting
several hours before the inoculation until the cell culture initiggedwn gas production. The
Cellic CTec2 enzyme of 15 FPU/g glucan aative growing preculture (5% v/were added at
the same time to initiate the fermentation. Térenentatiorwas performed at 30 € with 150 rpm
agitation for 96 h with the pH contrelil > 5.0. All fermentations were performedriplicates.

[11.2.6 Analytical procedure

The lignin and carbohydrate composition of SCF was analyzed following the National
Renewable Energy Laboratory protocol (NREL/3F0-42618)(Sluiter, Ruiz, Scarlata, Sluiter, &
Templeton, 2006 The chemicatomposition of LPF was analyzed via secondary hydrolysis as
describd in the protoco(NREL/TP-510-42623)(Sluiter et al., 2006 The LH- was characterized
for the carbohydrateontent (oligosaccharide and monomeric sugars) and degradation products
(AA, furfural, HMF and total phenolic compounds (TPC)). The amount of oligosaccharides in LPF
was calculated by subtracting the monomeric sagatent in the LPF frorthe total monomeric
sugar content after secondary hydroly$ise TPC was determined using the Fdliiocalteu (F
C) assay(Ainsworth & Gillespie, 200). Il n brief, 100 €L of LPF,
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(vol /vol) methanol bl ank was added -Creagent 2 ml
by vortex.The t ot al vol ume was made to 1.1 mL by ac
tube andincuiae at room temperature for 2 h. Transfe
assay tube to a clear-9&lls microplate and read the absorbanceauh well at 765 nm using a
spectrophotometer Tecan infinite M100 pro (Tecan Trading AG, Switzerl&hd)calibration
curve was obtained in a similar manner to that described for samples using standards solutions of
gallic acid. The results were expressed as mg per gram of dry materiaf (@wW)g

The sugar analysis was performed with Agilent 1260 Infinty HPLC system (Agilent
Technologies, CA) equipped with a refractive index detector (RID) and a 300 mnmxY (8d.),
9 em Aminex HPX87P column and a 30 mm x4.6 mm (i.dyard column (BieRad, Hercules,
CA). Nanopure water was used as the mobile phase at an isocratic flow rate of 0.6 mL/min and
the temperature was maintained at 85 € during the 35 minutes elttienermentation products
were quantified with thisIPLC systenanda Varian MetaCarb 87H Column 300 x7.8 mm along
with a 50x4.6 mm MetaCarb 87H guard column (Agilent Technologies, CA). 0.005Hvas
used as thmobile phase at an isocratic flow rate @ hL/min, and the temperature of the column
was maintained at 25 @uring the elution.

All of the analyses were carried out using SAS software (SAS Institute Inc, Carp-Majies

below the conventional 5% threshold were regarded as significant.
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lll. 2.7 Mass balance alculation

The recovery rate and solvent yield from the pretreatment were calculated according to the
literature(J. Xu et al., 2009b In details, the recovery rate (of either glucan or xylan) was obtained
by dividing the mass of glucan (or xylan) in both the SCF and LPF after pretreatment with the

mass of glucan (orykan) in the original biomass used for the pretreatment.
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The solvent yieldvas calculated by dividing the solvent of the generated in the fermentation

medium with the total carbohydrate added before fermentation
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[11.3 Results and dscussion
[11.3.1 Biomass pretreatment and composition analysis
Alamo switchgrass was selected as the lignocellulosic feedstock in ttys Biuicomparison
with the wooden biomass, it is less recalcitrant and thus can be processed easily with relatively

mild pretreatment condition@. Wang, Zhang, Wang, & Wang, 20165enerally, the biomass

pretreatment through the hydrothermal approach is carried out at temperatures between 160 and

230 € for a residence time of 260 minutes. One of the primary objectives for hydrothermal
pretreatment is to remove as much hemicedialas possible from the biomgés Huang &
Ragauskas, 20)3 Using AA as the chemical catalyst in the biomass pretreatment, the
recalcitrance of the biomass can be overcome at relative milder conditions, and thus lead to
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improved yield of sugars and biofuel production.

Pretreatment acetic acid concentration (g/L)
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Fig. 1l -1. Total biomass recovery rate in SCF and WAEh different pretreatment conditions.
The values represent the means of duplicated samples, and the error bars represent standard
deviations. Within each measurement, bars containing the same(lgipercase for LPF and
| owercase for SCF) are not significantly diff
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Table Il -1. The chemical composition of the raw switchgrass and solid cellulosic fraction (SCF) after pretreatment.

Pretreatment candition Composition of SCF (%)

(9 acetic acid/L) Glucan Xylan Carbohydrate Lignin
Rawswitchgrass 35.64.6 19.240.8 65.54.2 22.640.3
150€C 0 34.92.3 20.940.2 64.5£2.9 28.04.6
3 35.383.1 19.641.0 61.943.2 28.3#.9
7 37.140.7 19.34.7 63.84.9 29.24.7
11 35.7R.4 17.740.6 60.1+2.8 29.54.3
170C 0 44.5$.8 11.8#.1 62.643 31.14.1
3 45.141.9 10.74.1 61.941.4 32.44.3
7 48.212.6 7.580.7 61.782.2 35.04.7
11 48.840.3 6.74.9 61.3#.3 35.84.6
190C 0 45.341.6 15.540.3 62.24.1 29.140.5
3 44.612.0 15.140.1 61.4£2.3 30.50.4
7 45.712.1 17.240.3 64.841.9 29.640.4
11 44.54.7 15.641.3 61.74.4 30.3#.3

All results shown are average value tstandard deviations from duplicated experiments.
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In this study, for the pretreatment, 10 g oéd switchgrass (for each reaction) was mixed with
100 ml water, and then pretreated under four different AA concentrations (0, 3, 7, 11 g/L) at three
different temperatures (150 €, 170 €, 190 €; and thus totally 12 different pretreatment
conditions) br 20 min. The composition of the SCF of the pretreated biomass (as compared to the
untreated raw biomass) was illustrated Table 1l -1. In the raw switchgrass, the total
carbohydrate (cellulose and hemicellulose) represented approximately 65.5% (g/\wgme
below unless otherwise indicated) and the total lignin accounted for 22.6%. After pretreatment,
especially when the pretreatment temperature was above 170 €, the glucan content in the SCF
increased while the xylan content decreased significaithe total biomass recovery rate
decreased significantly from above 70 % to lower than 40% when the pretreatment temperature
was increased from 150 € to 190 THg. Il -1). At 170 €, when the AA concentration increased
from O to 11 g/L, the xylan contem the SCF degraded remarkably from 11.8% to 6.7%, while
the other components (glucan and lignin) increased slighdlé Il -1). At 150 € (the mildest
condition employed in this study), the residual cellulose, hemicellulose, lignin and total sugars
were almost unchanged compared to the raw biomass. On the other hand, the SCF composition
was almost not influenced by the increase of AA concentration under this pretreatment condition.
This indicated that 158C was not effective for the biomass pretrezim Whileat 190 €, most
of the components wearbonized due to this harsh pretreatment condition, as illustrated by the
low biomass recovematein Fig. Il -1, demonstrating that this high temperature was unfavorable
for the biomass pretreatment. Té®re, based on the SCF composition under various pretreatment
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temperature conditions, 170 € was likely the optimal temperature for the switchgrass pretreatment
in this study.

The composition of the LPF was presentedable 11l -2. At 170 € when no AAwas added,
a total of 15.5 g/L sugars with xylose (7.7 g/L) as the dominant component was detected in the
LPF.With the increase of AA concentration for the pretreatment, more sugars were released with
21.0 g/L (11.1 g/L xylose) was detected when 7 g/Lwals used. When 11 g/L AA was employed,
the total sugars decreased slightly possibly due to the degradation. It should be noticed that, with
7 g/L AA was used for the pretreatment, the majority of xylose was as the oligomef.{9ahd
with only a smallportion in the form of theanonomer (2.1 g/L). It has been reported that the
hydrothermalpretreatment (also called sdifydrolysis) works by cleaving off the acetyl group in
the hemicellulose backbone, and simultaneously releasing the polysaccharides amo e
LPF (Helmerius et al., 20)0This could be confirmed bja¢increase of acetate concentration in
the LPF and decrease of hemicellulose (xylan) content in SCF after the pretreatment as illustrated
in Table 11l -1 & Table lll -2. At 150 €, with the increase of added AA concentration from O to
11 g/L, the total suay in LPF increased from 7.5 to 12.7 g/L. For xylose, however, even when 11
g/L AA was used, only 3.6 g/L was detected most of which was oligomer. Therefore, again, these
results suggested that 183D was notdequatdor the biomass pretreatment. On thiees hand, at
190€C , the concentration of all the sugars in LPF (generated under conditions with various AA
concentrations) was very low, because most of released sugars were further degraded into other
products such as furfural and HMF(. 11l -1 andTable Il -2). The concentration of these side
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products (HMF, furfural and phenolic compounds) increased with the pretreatment temperature
and reached the highest at 180 Taken together, 17&@ was concluded as the optimal
temperature for the switchgraseepeatment, based on the analysis of both the SCF and LPF
compositions Therefore, for the following steps, the biomass pretreated &iCLEQith various

concentrations of AA employed for the pretreatment) was subjected to further processing and

fermentaion.
Pretreatment acetic acid concentration (g/L)
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Fig. lll -2. Carbohydrate recovery rate in SCF and LPF underCl péetreatment with different

acetic acid concentratiomhe values represent the means of duplicated samples, and the error bars
represent standard deviat® Within each measurement, bars containing the same letter
(uppercase for LPF and lowercase for SCF) are not significantly different at the 0.05 level based
on Turkeyds HSD test.
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Table Il -2. Chemical composition of LPF.

Pretreatment conditions

Composition of carbohydrate (g/L)

By-products (g/L)

. . Glucose Xylose Total Phenolic

Temperature  Acetic acid (g/L) Monomer Oligomer Total Monomer Oligomer Total Carbohydrate Acetate HMF Furfural compound
150€C 21601 1.84#0.2 3.80.4 0.10.1 0.70.1 0.8#0.1 7.50.1 2.240.3 0.2#0.3 0.20.1 3.8#0.1
2.240.2 2.16€.3 4.340.2 0.24.3 1.79€.2 1.940.3 9.84.3 3.940.2 0.240.3 0.240.1 4.040.1
2.060.2 2.30.6 4.40.4 0.240.2 2465 2.640.2 10.61#0.4 6.240.4 0.20.1 0.3€0.1 4.240.2
11 24460.1 2.790.4 5.160.4 0.3#0.2 3.440.1 3.61#0.3 12.740.1 9.740.8 0.3#0.2 0.6100.1 4.440.2
170€ 1.0#0.1 3.940.2 4.990.4 0.6:0.1 7.190.4 7.790.4 15.540.1 2.40.4 0.40.4 0.70.2 6.240.2
1.60.1 4.240.3 5.840.5 0.8#0.1 9.540.5 10.440.5 2040.1 4.940.6 0.590.5 0.8€.1 6.30.2
1.6#0.3 4.580.5 6.146.3 2.1€6.1 9.10.4 11.180.5 2146.5 7.840.6 0.70.3 1.39.2 6.440.2
11 1.840.3 4.040.6 5.840.5 2.79€.2 7.290.8 9.840.7 18.44.5 11.746.8 0.84.6 1.76.3 6.540.1

190€ 1.3#0.2 1.0#0.5 2.30.6 0.10€.1 0.10€.1 0.240.1 3.160.5 3.50.4 1.36.1 3.240.2 11.840.2
1.1€.1 1.00.3 2.160.5 0.1#6.0 0.1#6.1 0.240.1 2.840.2 5.3#0.3 1.44.6 2.940.3 11.940.2

0.6:0.0 1.240.3 1.840.2 0.13#6.0 0.16.0 0.260.0 3.0€0.1 6.610.0 1.3#9.5 2.640.2 12.340.2

11 0.3#0.1 2.16.1 2.40.1 0.1240.1 0.240.1 0.34#0.2 2.240.1 10.840.1 1.840.5 3.790.3 12.340.3

All results shown are average value tstandard dewviatfoom duplicated experiments.
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The recovery rate daflucan, xylan and the total carbohydrate from the pretreatment && 170
was calculated and illustratedfig. Il -2. For the glucan, only a small fraction was released into
the LPF, varying from 13.8% without AA added to 17.2% with 7 g/L added. Howmeee, than
75% of the glucan was conserved in the SCF. The total glucan recovery rate was more than 90%
for under all the pretreatment conditiohsthe opposite, most of the xylan was released into the
LPF, ranging from 40.3% (when no AA was added) t&658vhen 7 g/L AA was used). The
recovery rate of xylan in the SCF decreased with the increase of the AA concentration, from 37.8%
(O g/L AA) to 20.4% (11 g/L AA). These resulitglicate that the xylan recovery in LPF was much
more subjected to the influemof AA concentration. However, when the recovery rate of the total
carbohydrate was considered, it was not significantly influenced by the AA concentration
employed for the pretreatment, with a recovery rate of 6d68%% was observed within the SCF.
The recovery rate in LPF was only 16.8% when no AA was added, and slightly increased when
various concentrations of AA was employed for the pretreatriz@nti(l -2). Overall, these results
indicated that the concentration of AA employed for the pretreatraerit70 € did not
significantly influence the total carbohydrate recovery rate.
[11.3.2 Detoxification of LPF

During the pretreatment, hexose and xylose can be degraddydodxyl furfural (HMF) and
furfural (Jérsson et al., 2013 Additionally, lignindegraded compounds patrtially precipitate as
high-molecularweight insoluble particles with the other part dissolvedsakible phenolic
compounds in the LPF. As shownTiable Ill -2, generally, the concentration of HMF, furfural

60



and TPC increased with the temperature and AA concentration employed for the pretreatment.
Comparatively, the temperature played a more sigmficale than AA concentration for the
generation of these degradation products. Under the same pretreatment condition, the TPC
concentration was much higher than that of furfural and HMF.

Pretreatment Acetic Acid Concentration (g/L)
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Fig. 1l -3. Effects of activated carbaetoxification on composition decrease percentage of 170
€ pretreated LPF. The values represent the means of duplicated samples, and the error bars
represent standard deviations.

These degradation production (furfural, HMF, and TPC) are all common tonisidor the

downstream fermentation procgggnsson et al., 20)3As a preliminary test, we tried to carry
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out SSF wih C. saccharoperbutylacetonicuid1-4 for ABE production using the LPF as the
substrate. The results showed no cell growth and solvent production (data not shown). Based on
our previous experimentyao et al., 201), furfural or HMF at the level of < 3 g/L in the
fermentation medium does not have significant inhibitiorCoeaccharoperbutylacetonicufar

ABE fermentation, while the soluble phenolic compoundsgpmaric, ferulic acid, vanillic acid,
4-hydroxybenzoic acid, etc.) derived from lignin, are much nmxie. These phenolicompounds

inhibit the cell growth even at a very low concentration (< 1 g/L). The inhibitory mechanism of
these phenolic compoundisis been proposed as disrupting the function of cell membrane via
hydrophobic interactiofK. Liu et al., 201%.

To decrease the toxicity of LPF, a detoxification procedure is necessary prior to the hydrolysis
and fermentation. Various methods for the detoxification of biomass hydrolysates have been
previously eported including neutralization, oviming, evaporation, ion exchange resin
adsorption and activated carbon adsorptiinsson et al., 2003 Activated carbon has been used
as an adsorbent for hundreds of years in wastewater, drinking water, refinery waste, and chemical
clarification applications. Comparing to other detoxification methods, activated carbon adsorption
is less costly, easy to operate, and the activated carbon is easy to be regéh@sted et al.,

2013. Numerous studielsave reported to use activated carbon adsorption for the detoxification
on the prehydrolysates prior to the fermenta{l®arson, Young, Kamer, & Hanley, 200500 &
Hameed, 2010K. Liu et al., 201% and this method has been proven to remove phenolic
compounds effectivel{Larsson, Reimann, Nilvebrant, & Jéwsson, 199Bhus, activated carbon
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adsorption was applied in this study for the detoxification of LPF generated &tWifld various
levels of AA for the pretreatment.

As shown inFig. lll -3, after the activated carbon adsorption, HMF and furfural in the LPF
were decreased by 5060% for the LPF from all pretreatment conditions. Similarly, the TPC
concentration decreased by > 50%. This effectiveness of activated carbon adsorption on the
removal of these inhibitors has also been reported previ¢Bshgon et al., 20Q3.arsson et al.,

1999 K. Liu et al., 201%. It is known that activated carbon detoxifies the-py@rolysate by
physical adsorptioand such efficient removal of the inhibitors is probably due to the high affinity

of these compounds to the activated carf@®erson et al., 2005 A common yet unfavorable
feature is that detoxification will also cause the adsorption of carbohydrates. ReBigtdlin-3
showed that the decrease afigse, xylose and total carbohydrate was only around 8%, 9% and
11%, which was much lower than that for the removal of inhibitors. Additionally, the results also
showed that the adsorption of inhibitors and carbohydrates did not change remarkably Rt the L
obtained from the pretreatment with different AA concentrations applied. The adsorption has also
removed 6%21% unbound AA (with higher percentage of AA been removed when lower AA was
employed for the pretreatment). However, most of the AA is stilldefie solution, which could

be used as the carbon source for the following ABE fermentation. All these results indicated that
activated carbon adsorption is an ideal detoxification approach for selectively removing the

inhibitors while keeping most sugaand acetate in LPF.
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[11.3.3 The effect of detoxification on enzymatic hydrolysis
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Fig. 11l -4. Effect of detoxificatioron the enzymatic hydrolysis gfucan (A and B) and xylan (C
and D) in 17QC pretreated LPF substrateghe values represent the means of duplicated samples,
and the error bars represent standard deviations.

Enzymatic hydrolysis was carried out with an enzyme loading of 15 FPU/anglocboth the
detoxified LPF and undetoxified LPF, to evaluate the effects of detoxification on the enzymatic
hydrolysis. As shown iffrig. Ill -4, without detoxification, the glucaio-glucose yield reached a
maximum of 73.9% in the LPF without AA addemt the pretreatment, and a minimum of 56.4%
in the LPF when 11 g/L AA was used for the pretreatment. With detoxification, the maximum of

glucose vyield increased slightly to 77.7% in the LPF without AA added for the pretreatment, while
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a minimum of 58.5% (ao slightly increased from the case without detoxification) was achieved
in the LPF when 11 g/L AA was used for the pretreatment. For the-kyaylose hydrolysis
yield, neither the detoxification nor the amount of AA used for the pretreatment hanifiaasdg
difference. For LPF from all pretreatment conditions, the final hydrolysis yield of xylose was
around 78%. On the other hand, the hydrolysis kinetics were similar to each other as well for the
detoxified and undetoxified LPF from the same pretneait conditions. These results indicated
that detoxification did not significantly influence the enzymatic hydrolysis in term of the
hydrolysis kinetics or final sugar yield.
[11.3.4 Simultaneous Saccharide and Fermentation (SSF) of SCF and LPF

For the AE production from lignocellulosic feedstocks, SSF has been proven to be a preferable
approach with various advantages when compared to the separate hydrolysis and fermentation
(SHF). In SSF, the feedback inhibition of sugars on cellulases is mitigatedseeahe sugars are
consumed by the fermenting organism as soon as it is formed. On the other hand, the
saccharification (enzymatic hydrolysis) and fermentation are carried out in the same reactor, which
simplifies the operation and decreases the @ @stan, Shi, Tu, & Lee, 20)6Generally, for the
regular biomass pretreatment, the LPF which contains high levels of inhibitors (including the
chemical reagents for pretresnt and the degradation products from the biomass) is discarded
and not used for the fermentation. However, in this study, AA was used as the chemical reagent
which can be used as a carbon source for ABE fermentation, and also the biomass is pretreated in
a relatively mild condition. Besides, the atidsed pretreatment can help release large fraction of
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the hemicellulose into the LPF. Therefore, with the detoxification process, we expect that the LPF
(and thus the mixture of LRECF mixture) from this stly could be used for efficient fermentation
for ABE production. Thus, in this study, we carried out SSF using LPF, SCF ar8CPRixture
respectively for ABE production. An enzyme loading of 15 FPU/g glucan was employed for each
fermentation. A controldrmentationwas meanwhile performed using Avio@0 g/L) as the
feedstock. The fermentation was run for 96 h with the results illustratéd.ifil -5 andTable
" -3.

For all the fermentations, the reducing sugars (glucose and xylose) were completeiyed
by the end of the fermentation (data not shown). This demonstrated that the activated carbon
detoxification was very effective for removing the inhibitory compounds in the LPF and enabling
the successful fermentation (especially in the LPF anthikieire). In the SCF, 1.5t0 2.4 g/L AA
was detected at the end of the fermentatitable Il -3). The production of BA was generally
low, with 0.7 g/L (with no AA added for the biomass pretreatment) and 0.3 g/L (with 3 g/L AA
added for the biomass pretment) produced. While there was no detectable BA in the
fermentation with SCF generated through the pretreatment with 7 or 11 g/L AA employed. The
butanol production increased from 3.0 g/l to 4.3 g/L with the increase of pretreatment AA
concentration fron®-11 g/l, along with the increase of butanol yield from 0.15 to 0.25kgdar
correspondingly. The total ABE, like butanol, also increased with the increase of pretreatment AA

concentrationKig. Ill -5).

66



Table Il -3. Simultaneous saccharification andnfeentation of 170C pretreated biomasses

Pretreatment methods Starting sugars Acid (g/L) Solvent Yield (g/g)

Fractions Acetic acid (g/L) (g/L) Acetic Butyric Butanol ABE

SCF 0 20 2.440.2 0.7#0€.2 0.158 0.258

3 20 1.79.0 0.3#0.1 0.17 0.29

7 20 1.640.3 0.0#0.0 0.2¢ 0.3

11 20 1.540.1 0.0#0.0 0.2r° 0.3%

LPF 0 12.8 3.140.2 1.640.1 0.25' 0.33

3 16.4 4.54.1 1.840.3 0.25' 0.35'

7 16.4 6.940.2 1.640.3 0.1Z 0.2Z

11 14.9 11.140.9 1.240.4 0.07 0.17

Mix 0 50.0 1.740.4 1.640.2 0.14N 0.23

3 53.6 3.840.4 1.740.1 0.1¢ 0.26'

7 53.5 5.840.3 1.640.2 0.13 0.24"

11 52.1 10.540.0 1.140.2 0.08 0.16

Avicel 1.6 20 1.340.1 0.840.1 0.24 0.39

The data presentedesaverages of three independent analyses, and error bars represent standard deviations.

Values followed by the same | etter within the sameHSDé¢stti on a
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Pretreatment acetic acid concentration (g/L)
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Fig. 1l -5. Solvent production byC. saccharoperbutylacetonicuil-4 strain with pretreated
biomass as substrate. The samples were examined following 96 h of incubation at 30€C. The values
represent the means of triplicated samples, and the error barentgtaadard deviations. Within

each measurement in the same section, bars with the same letter are not significantly different at
the 0.05 | evel based on Turkeyod6s HSD test.

For the fermentation with Avicel (used as a control for the fermentation with, 3GFy/L AA
and 0.8 g/L BA was produced. While this BA level was comparable, the AA level was only about
half of that from the fermentation with SCF (with O g/L AA employed for the pretreatment). In the
clostridial metabolic pathways, other than glycaythe main route for energy (ATP) generation

is through the AA and BA production pathway. In the fermentation with pretreated biomass as
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substrate, the recalcitrant structure and some toxic substance after pretreatment will inhibit the
strain growth to eme extent. T@ompensate such inhibition and sustain the cell growth, the cell
will direct more carbon flow for the AA and BA formation to generate energy, leadititeto
increasegbroduction of acid (especially AA, because the AA production pathwayris efiicient

for energy generation than the BA production pathway). There was 4.8 g/L butanol and 8.0 g/L
total ABE produced in the fermentation with Avicel. The final titer and yield for the solvent
production were all higher than those from the fermentavith SCF Fig. Il -5 andTable Il -

3).

For the fermentation with LPF, the final AA concentration was kept approximately at the same
level as in the original LPF. This indicated that the produced AA during the fermentation has been
mostly reassimilate; however, not all the AA in the medium could beassimilated. The BA
production was at similar levels (from 1128 g/L) in all the fermentations with the LPF generated
in pretreatment with different AA concentrations. However, these values were ngaeh than
that from the fermentation with SCF. There was high level AA in the LPF (but not in the SCF);
the reassimilation of AA led to increased BA production. For the butanol production, the final
concentration ranged from 1.2 to 4.3 g/L depending iffierdnt levels of pretreatment AA
concentration, with corresponding yields varied from 0.07 to 0.25uggr. The lowest butanol
production (1.2 g/L) was observed at 11 g/L pretreatment AA concentration, while the highest
butanol production (4.3 g/L; casponding to the highest yield of 0.25 g/g) was obtained with
when 3 g/L AA was employed for the pretreatment. Similar as butanol production, the total ABE
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reached the highest concentration of 6.1 g/L (corresponding to a yield of 0.35 g/g) at 3 g/L
pretreatment AA concentration, while decreased to 2.9 g/L (a yield of 0.17 g/g) when 11 g/L AA
was used for the pretreatment. Based on the results from the fermentation with LPF, 3 g/L AA is
an appropriate concentration for the switchgrass pretreatment, whitth lead to the highest
solvent production in the following fermentation. This is different from the results for the SCF
fermentation (in which the solvent production increased with the increase of AA level used for the
pretreatment). This is because, & used for the pretreatment (along with those generated in the
pretreatment) all ended up in the LPF (but not SCF). For the SCF, the higher AA used, the harsher
condition for the pretreatment (and thus the best accessibility for the enzymatic hydnadysis a
microbial fermentation); while in LPF, when AA was too high (> 7 g/L), it will inhibit the cell
growth and fermentation (although it benefits at a lower concentration).

Finally, the SCF and LPF was mixed together and used as the carbon source $6ér. thete
end of the fermentation, there was still tremendous AA left depending on the different conditions
(that is the AA concentration used for the pretreatment). However, compared to the fermentation
with LPF, clearly under each condition, more AA Ihagn reassimilated. This is because in the
mixture more carbon source (sugars) was available, and thus led to more efficient AA re
assimilation, as well as high level of solvent production. However, the BA production was at the
similar levels as compardd the fermentation with LPH.he butanol and total ABE production
ranged from 4.2B.6 g/L and 8.3L3.9 g/L, respectively, corresponding to the yield of @0®H
g/g and 0.16.26 g/g, respectively. The lowest solvent production was observed whenAA g/L
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was employed for the pretreatment, while the highest solvent production was obtained at 3 g/L AA
for the pretreatment. When the AA concentration used for the pretreatmeBiigat 0the solvent
production with the SCF/LPF mixture was lower than thét WPF but higher than that with SCF.
However, when the AA concentration for the pretreatment was hidli /L), on the contrary,

the solvent production with the mixture was higher than that with LPF but lower than that with
SCF. Taken together, thesesu#ts demonstrate that when no A& g/L AA) was employed for

the pretreatment, the biomass recalcitrance barrier could not be effectively overcome, thus leading
to lower enzyme digestibility and fermentability of the SCF. While when high concentration (7
11 g/L) of AA was used, the degradation products as well as the high concentration AA in the LPF
will inhibit the fermentation. Therefor®, g/L AA was determined as the optimal concentration

for the switchgrass pretreatment for the ABE production purposgh C.
saccharoperbutylacetonicuMil-4.

On the other hand, a large fraction of the AA within the LPF has not bessirailated for the
biosolvent production. Therefore, metabolic engineering efforts are desired to enable the strain for
enhanced acicerassimilation for the fermentation of the A¥etreated lignocellulosic biomass.

[1l.4 Conclusion

In the present study, AA was explorasl a catalyst for efficient hydrothermal pretreatment of
switchgrass. The pretreatment biomass was further utiliggtleacarbon source for biobutanol
production througABE fermentation taking advantage of the acigassimilation capability of
the Clostridiumstrain. Our results demonstrated that the pretreatmen8with AA at 170°C for
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20 min is the optimized calitions for switchgrass pretreatment under which most of the xylan
was released into the LPF while most of the glucan was reserved in the SCF. After detoxification
with activated carbon, both the LPF and SCF could be fermented for butanol productioh throug
SSF. In the fermentation with the SCF/LPF mixture, 8.6 g/L butanol and 13.9 g/L ABE was
obtained, corresponding to high yields of 0.16 g/g and 0.26 g/g, respectively. The results from this
study demonstrated an innovative and efficient strategy for @mpsive conversion of

lignocellulosic biomass into high value biofuel.
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IV. Enhancement of acid reassimilation and biosolvent production in
Clostridium saccharoperbutylacetonicurby overexpressing key genes in the

ABE fermentation pathway

Abstract

Biobutanol produced through the w&hown clostridial acetonbutanotethanol (ABE)
fermentation process has attracted a lot of attention recently due to its value to be used as a biofuel
source or biochemical with various industrial applications. ABEéntation generally has two
phases: in the acidogenesis phase, fatty acids (acetic acid and butyric acid) are accumulated, while
in the solventogenic phase, fatty acids araggmilated and converted into solvents. Therefore,
the improvement of acid +assimilation capabilityn the Clostridium host strain can possibly
enhance the solvent production. In addition, acetic acid is often a significant component in the
biomass prehydrolysates after pretreatment (especially wherbasedl biomass pretreatment
approach is employed). Thus, the enhancement of aeiskimilation inClostridiumhas practical
significancefor biofuel production from lignocellulosic biomada this study, we overexpressed
key genes of the ABE fermentation pathway<lostridium sccharoperbutylacetonicuid1-4
to enhance the acid-4a&ssimilation and solvent production in the host. First, the natikgperon
(ald-ctfA-ctfB-bcd) was overexpressed under the strong constitutive thiolase progradigr
generating PW2 strainFermenation results demonstrated thidwe acid reassimilation was
improved in the host strain and the ABE production has been increa3gdi gL (vs. 26.4 g/L
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in JZ100 strain as the contyjoAlthough the ethanol production has been increased by six times
(4.9 g/L vs.0.7 g/L in the control), the butanol production has not been significantly incréased.
order to furthedrive the carbon flux from C2 metabolites to C4 metabolites and ultimate butanol
productionthe keygenesncludinghbd, thl, crtandbcd(expression cassette, or EC) in theamol
production pathwawas further overexpressed unéker besides theoloperon overexpression as

in PW2 generating PW3 straiilCompared to the control strain JZ100e butanoland acetone
productionin PW3 wasncreased by 8%nd 18% respectively. The final total solvent production

in PW3 increased by 12.4% than the control, but was 10% lower than PW2 (mainly because of the
dramatic increase of ethanol production in PWR).PW3, bothsol operon and EC were
overxpressed withPn, which could lead t@ompetition for the same RNA polymerase the
expression of multiple gene$o avoid ths issue and further improve ABE productionnew

strain PW4 was constructedeagpressol operon withPy but EC withferredoxin gene promoter

(Prax). The fermentation results demonstrated that, however, the production of all the solvents in
PW4 was actually slightly lower than those in PWRreover, we evaluated the effect of acetic
acid concentrations on the solvent pradarcin the engineered strainand thanaximum levebf

solvent production was achievethien 4.6 g/L acetate was supplemented. Theredoneltaneous
saccharification and fermentation (SSF) was carried out RWt%2 and PWa3ising switchgrass
biomass pretated with 3 g/L acetic acid (which ends up with approximately 4.6 g/L in the
fermentation medium). Results showed that 15.4 g/L total ABE (with a yield of 0.31 g/g) was
produced in both PW2 and PW3, which was significantly higher than that in JZ10Gst(dys
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demonstrated that the overexpression of key genes for aagsirilation and solvent production

can significantly enhance ABE production in solventogenic clostridia.

Keywords: acetate Clostridium saccharoperbutylacetonicuil-4; sol operon; expression

cassette EGycidre-assimilation; metabolic engineering

IV.1 Introduction

Lignocellulosic biomass is considered as the most promisingtérng feedstock fothe
production of biofuel§T. Ezeji et al., 200)f The homass typically needs to be pretreated prior to
subsequergnzynatic hydrolysis to monomeric sugars and fermentdatidriofuels. Pretreatment,
however, generateswide range of toxic compounds from the degradati@adifohydrates, lignin
and extractives, which may significantly inhibiticrobial fermentation. The nsb common
fermentation inhibitors in hydrolysate are furan derivatives (furfural ang
hydroxymethylfurfural), phenolic compousd (such as coumaricacid, ferulic acid,
syringaldehyde, and vanillin), and wea&ids (mainly acetic acid and formic acidinsson &
Marti, 2016). Among thes@legradatiorcompounds, acetic agitcesuledfrom the hydrolysis of
acetyl groups of hemicellulose, has b&eawn to be the most prevalent organic acid accumulated
in the hydrolysat of hardwoods and annual plants and is a potesgiadrenhibitor for various

microbial fermentation process (such as ethanol fermentattbryeas;.
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Bio-butanol produced from renewable carbon sources through the clostridial doetanet
ethanol(ABE) fermentation is of great interest, because it not only can be used as an important
renewable fuel that has various advantages over ethanol, but also has vast agpéisation
chemical feedstock in many industr{@s-S. Jang, Malaviya, et al., 2012 he ABE fermerdtion
was successfullgperatedn the industial scale for biosolvent production the early half oR0O"
century but it gave way to chemical solvent synthesis from petroleum for economic réhsmes
& Woods, 1986. Recently, the ABE fermentation receiveglived attention because of the
fluctuating price andimited availability of petroleumoil andthe surplus of waste lignocellulosic
biomass materials that can be utilized as inexpensive fermentation subd@@etey 2013
Among thewell-known solventogenic chtridial strains from species ofC. acetobutylicum, C.
beijerinckii, C. saccharoperbutylacetonicandC. saccharobutylicuirthat can perform efficient
ABE productionC. saccharoperbutylacetonicuii-4 (ATCC 27021 can naturally produce very
high levelsof solvent andbossesss various advantageous featufdsam mun et al., 1995S.

Wang, Dong, Wang, et al., 2017

Generally, ABE fermentation is a unique -phasic processin which at the first phase
(acidogenesis), carbohydrate carbon sources are degraded into acids (mostly acetic and butyric
acids) while at the seconghasgsolventogenesis), the acids generated from the first phase are re
assimilated and converted ingolvents along with the consumptionaafditionalcarbohydrate
(Jones & Woods, 1986In this sense, acetic acid (and butyric acid) is a substrate rather than an
inhibitor for biobutanol productianActually, the supplementation additioral acetate in
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chemically defind fermentationrmedium was found to increase and stabilize solvent production
by C. beijerinckiiNCIMB 8052 andC. beijerinckiiBA101 (C.-K. Chen & H. P. Blaschek, 199
ChinrKuang Chen & Hans P Blaschek, 199Bowever,such effects have not been previously
investigated or demonstrated @ saccharoperbutylacetonicubil-4. Furthermore, little work
has been done to d&op robustC. saccharoperbutylacetonicustrainsfor enhanced ad re-
assimilationand elevated solventgduction.

In C. saccharoperbutylacetonicuNi-4, phosphotransacetylagd) and acetate kinasadk
are responsible for the acetic acid producfiom acetydCoA and phosphotransbutyrylageh)
and butyrate kinas®(K) are for the butyric acid production from butybA. Solventogenic genes
are organized in a polycistronic solvgmrbducingsol operon consisting genes encoding NAD
dependent aldelaye dehydrogenasalfl; CSPA_RS27680), butyratcetoacetate CoA transferase
subunits A/B ¢tfA/ctfB; CSPA_RS2768&SPA_RS27690), and acetoacetate decarboxydase (
CSPA_RS27695), among whictfA/ctfBare genegrimarily responsible for acid rassimilaion
(Kosaka et al., 2007 Along with the reassimilation of acids, acetoacetate is produced followed
by being transformed to acetone through the catalys&ibyThe cassette EC, including thiolase
(thh CS P A_ RS 0 3nh@deoRybutyryt8oA dehydrogenasélfd CSPA_RS02150), crotonase
(crt CSPA_RS2130), and butyrloA dehydrogenasdo¢d CSPA RS2150), are responsible for
the conversion of acet@oA to butyrylCoA (Hou et al., 2018 The final end products ethanol
and butanol are mainlyproduced under the action of the bifunctioredtlehyde/alcohol
dehydrogenase (encodeddhb).
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To improve alcohol titers and butars#lective production, metabolic flux in the solventogenic
biosynthesis and flow of carbon pathways have been enhanoeglthmetabolic engineering in
solventogenic clostridial strains. [@. acetobutylicumthe butanol reached an extremely high
productivity (2.64 g I*h) in a longterm fermentation through overexpressingttiiectfA/Band
adhElgenes as well as knockingt theptaandbukgeneqS-H. Lee, Kim, Kim, Cheng, & Kim,
2016. By expressig the sol operon, optimimng the promoteof aad and ceexpressig thl, total
alcohol titers and butanddelectivity have been significantly increas@&lllers, AIK Hinai, &
Papoutsakis, 2009 ummala et al., 2003Houet al overexpressed the cassette H, Hbd crt
andbcd) as well as thadhEandctfAB genes fronsol operon inC. acetobutylicumresultingin
18.9 g/L of final butanol titer and 0.71 mol of butanol yield per mol of glucoesumedn batch
fermentation. Recently, i@. saccharoperbutylacetonicustrain N4, the overexpression ebl
operon increased ethanol production by 40@4th enhancedacid reassimilation and the
overexpressin of EC significanty increased the butanol production (by 13.7%) and selectivity
(73.7%)(S. Wang, Dong, & Wang, 2017

Previously, we have developed a biomass pretreatment method using acetic acid as the
treatment reagerdnd used the biomass hydrolysates for ABE production. However, in that
process, since elevated level of acetate is generated in the biomass hydrolysatessitlt in
incomplete acetate{@&ssimilation and potential inhibition for cell growth. Therefore, in this study,
our objective was to develop a robust strain with enhanced aagsmilation through metabolic
engineering, to boost biosolvent prodant from acetieacid-pretreated biomasa/arious key
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genes related to mcre-assimilation and alcohol biosynthesis pathsviagluding thesol operon
(ald-ctfA-ctfB-adg and cassette EC th{-hyd-crt-bcd were overexpressedin C.
saccharoperbutylacetonicuhl-4. Fermentatiorresults demonstrated that the engineered strain
have reinforced capability for acid-assimilation and solvent production, and can efficiently
convert the acetiacid-pretreated biomass into ABE.

IV.2 Material and methods

IV.2.1 Strains and growth conditions

Table IV-1. Strains and plasmids used in this study

Strains Description and Relevant Characteristics Source

. fhuA2 [lon] ompT gal sulA11l R(mat3::miniTn10-TetS)2 New England
E. COER2523 (NEB express) 4ol R(zgb210:Tn10-Tet S) e n d A 1114qi810 ( Biolabs
C. saccharoperbutylacetonicurr

N1-4 DSM 14923 (= ATCC 27021), wild type strain DSM
JZ100 N1-4 harboring pJZ100 This wokk
PwW2 N1-4 harboring pPW2 This work
PW3 N1-4 harboring pPW3 This work
PwW4 N1-4 harboring pPW4 This work
Plasmids
. (Y. Wang et al.,
pTJl CAK1 ori Amp Ermf 2013
pJZ100 pTJ1 derivate; Expression vector under the control of the This work

thiolase promoter (R
pTJ1 derivative; CAK1 ori AmpErnT::cassette E@hl hbd  (S. Wang, Dong, &

PSH7 crt bed) Wang, 201}

pPW1 pSH7 derivative; containg additionalPi-Xhol-T This work

PPW2 ggfég%% )derlvatlve; contaiimy additionalsol operon(ald ctfA This work
pPW1 derivative; containg additionalsol operon(ald ctfA .

pPW3 ctfB adc) This work

pPW4 pSH7 derivative; containg additionalPis-sol operon This work

All bacterial strains used in this study are listedable IV -1. NEB® Express Competer.

coli ER2523 (New England Biolabs Inc., Ipswich, MA) was used foonthg and vector
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maintenance. It was grown aerobically at 37C in the LiBiartani (LB) medium supplemented
with 100e g / ml of ampi ci | Clastndiurhsacolpajoperdigylaceterecdiidd .
(HMT) (DSM 14923 = ATCC 27021yas obtained from DSMZ (Braunschweig, Germany) and
grown anaerobically at 35€C in the tryptorgducoseyeast extract (TGY) medium containing 30
g/l of tryptone, 20 g/l of glucose, 10 g/l of yeast extract, and 1 gAayfsteing(Yao et al., 201}
30¢eg/ml of clarithromycin (Cla) was supplemented as neede@.feaccharoperbutylacetonicum
mutant selection and cultivation.

IV.2.2 Plasmidsconstruction

Table IV-2. Primers sequences

Primers SequewW8d)(56

YW32 GTTTTCCCAGTCACGACGTT

YW33 TTGCTGCTCATGCAGATGAT

YW1075 TCTATAAAATTTTAGGAGGTCAAACATGATTAAAGACACGCTAGTTTCTATAA
YW1076 TATCATAGTAACCTTTTTAAATCTTAATTTATATTATTTAAGGGAAAGATAATCATGTACAACC
YW1177 GTAATACTAAAACTGAATTGATTGG

YW1178 GTTATATCCCGCCGTCAACCACCATCAAACAGGATTTTCG

YW1179 CTGTTTGATGGTGGTTGACGGCGGGATATAACATGAGC

YW1180 GTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCG

YW2459 AAAGTTACTGTAGTTAGTATGGGACTTC

YW2460 AACAACTGGTATTAGTAATACTAAAACTGA

YW2491 AACCATCACACTGGCGGCCGTTTAAATATTATTATATGTGAGAAAAAATAAATTTG
YW2492 CTTTAATCATCTAGAACACCTCCTAATAAATTG

YW2493 GGTGTTCTAGATGATTAAAGACACGCTAG

YW2494 TTGGGCCCTCTAGATGCATGTTATTTAAGGGAAAGATAATCATG

The plasmids and primers used in this study are presenfEabie 1V -1 and Table IV -2,
respectively All DNA primers were synthesized dntegrated DNA Technologies (Coralville,
lowa). The plasmids pTJQ@Y. Wang et al., 2006and pSHAS. Wang, Dong, & Wang, 201Were

used as mother vectors for the recombinant plasmid constru€tenplasmid pSH7 has been
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previously derived from pTJ1 containing thepeessioncassette ECtll-hyd-crt-bcd from C.
saccharoperbutylacetonicurN1-4 (S. Wang, Dong, & Wang, 2017All cloning PCR was
performed using the higfidelity DNA polymerases, Phusion (New England BiolLabs Inc.,
Ipswich, MA), PrimeSTAR (Takara Bio USA, Inc., Mountain View, CA), or Phanta Max Super
Fidelity DNA Polymerase (Vazyme Biotech Co., Ltd., Nanjing, Chifidie thiolasepromoter
(Pmi) and terminator (thi) were amplified fromC. saccharoperbutylacetonicuNil-4 using primer
pairs of YW1177/YW1178 and YW1179/YW1180, respectively. After being fused together
through overlapping extension PCR (SBER) with primers YW1177 and YW1180, tig-- T
fragment (contaiing two BseR restriction enzyme sites in the middle betw®nandTw) was
inserted between thapa andBanHI restriction enzyme sites of pTJ1 through Gibson Assembly
(NEBuildef® HiFi DNA Assembly Master Mix, New England Biolabs Inc., Ipswich, M@)bson

et al., 2009, generating pJZ100. On tle¢her hand, the sani&-Tw fragment was inserted into
theXhd site of pSH7 through Gibson Assembly, generating pPW1sohgperon includingld,
ctfA, ctfBandadc(Kosaka et al., 20Q7vas amfified from C. saccharoperbutylacetonicuiil-4
using primers YW1075 and YW1076, followed by being inserted int@&®| sites of pJZ100
and pPW1, generating pPW2 and pPW3, respectively. To adboperon with the ferredoxin
promoter (R), two fragmets of Ry and sol operon were amplified first fromC.
saccharoperbutylacetonicui1-4 with primer pairs of YW2491 and YW2492 and of YW2493
and YW2494, respectively. Then the desirable Bol was generated through SR with
primers YW2491 and YW2494ollowed by being inserted into the Xhol site of pSH7, generating
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pPW4. All the plasmid constructs were verified through Sanger sequeeiiogmed by ACGT,
Inc. (Wheeling, IL).
IV.2.3 DNA transformation and mutant verification

The transformation ofC. saccharoperbutylacetonicumN1-4 was carried out with
electroporation following the protocol as previously descr{ge#vang, Dong, Wang, et al., 2017
Briefly, C. saccharoperbutylacetonicuiN1-4 was cultivated anaerobically at 35€C in TGY
medium until the optical density at 600 nm (§38) reached 0-8.0. The cds were harvested
immediately through centrifugation at 4,200 g at 25 € for 10 min. The cell pellets were washed
once with SMP buffer (270 mM sucrose, 1 mM Mg@hd 5 mM sodium phosphate, pH 6.5) with
the same volume as the original volume of the betteulture at room temperature and then re
suspended in 1/20 volume of SMP butter, obtaining the competent cells. Immediately,of.0
plasmid DNA was mixed with 406l of competent cells and transferred into a@oeled 0.2 cm
electroporation cuvettelThe whole mixture within the cuvette was theoubated in ice for 20
minutes. The whole process was carried out by transfernggthculture in and out the anaerobic
chamber to avoid exposing the cell to oxygen (the centrifugation needed to be performed outside
of the chamber). A Gene Pulser Xcell electroporation systemRB Laboratories, Hercules,
CA) connected to the anadio chamber was used to deliver the electronic pulse with the
following conditions: 1,000V of voltage, 2% of <capaci tance and 300 q
the cells were transferred into 1.6 ml of TGY and incubated at 35 C-#hZor recovery. The
recovered cells were plated ontoqwarmed TGY plates containing clarithromycin and incubated
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anaerobially at 35 €. After 1-2 days, Claresistant colonies would grow and were picked for
colony PCR (cPCR) to confirm the presence of plasmid using primer32Yand YW33 (for
pPW2) or YW2459 and YW2460 (for pPW3 or pPW4). The generated recombinant strains were
named based on the harbored plasmid @s saccharoperbutylacetonicuniPW2, C.
saccharoperbutylacetonicum PW3, C. saccharoperbutylacetonicumPW4 and C.
saccharoperbutylacetonicudZ100 (as a control strain).

IV.2.4 Fermentation

Batch fermentation was cardeout with a model solution containing 80 g/L glucose, 2 g/L
yeast extract, 6 g/L tryptone and fiksterilized P2 or modified P2 (MP2) medium. The P2
medium contains (in g/L): KHPQ4, 0.5; KKHPQy, 0.5; CHCOONH;,, 2.2; MgSQrH 20, 0.2;
MnSQH -0, 0.01; F&Qw/H 20, 0.01; NaCl, 0.01; qminobenzoic acid, 0.001; thiamrCl,

0.001; and biotin, 0.0000The MP2 medium is the same as P2 medium except that 2.2 g/L of
CH3COONH;in P2was replaced with 2 g/L (NHESQu.

To investigate theffect of acetate on tlelvent production in various strains, the fermentation
was performed in 250 mL serum bottlesth a working volume of 100 mL. Before the
fermentation, the stock solution of glucose, and that of myeadt extract and tryptone wdreth
set to pH 6.8, srged with N for 10 min and autoclaved at 121 for 20 min. After being cooled
down, they were put into the anaerobic chamber. Along with-BlenilizedMP2 or P2 stock
solutionswith different concentratioof sodium acetate, all the necessary coneptsiwere mixed
together to reach the designated composition for each fermentation. This included 80 g/L glucose,
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2 g/L yeast extract, 6 g/L tryptone, and various concentratioh.@g/L; there is around 1.6 g/L
acetate in the P2 medium) of acetate.ntaetive growing preculture (at @& of 0.8-1.0 grown

in TGY) was inoculatednto the fermentation with an inoculum ratio of 5% (v/v). Then all the
bottles were put into a shaker incubator and the fermentathsncarried out at 38 with 150
rpm agitaon without pH control. All the serum bottles wesept sealed during the fermentation
to maintain the anaerobic conditiohll fermentations were performed triplicates.

Largescale batch fermentation was performed in BioFlo 115 benchtop bioreac®ns (N
Brunswick Scientific Co., Enfield, CT) with a working volume of 1.5 liters. Model solution of the
same composition as described above was added into the reactor and then autoclaved. Oxygen
free nitrogen was flushed through the broth starting overnigat least several hours before the
inoculation (until the fermentation culture initiated its own gas production).

The cell culture was propagated anaerobically in the TGY medium until tke @Bched ~0.8.

Then the culture was inoculated into the react 5% (vol/vol) inoculum ratio to start the
fermentation. The temperature was controlled at 30£L€ and the agitation was maintained at 55
rom. The pH was controlled > 5.0 throughout the fermentation by adding 6 M Naédhples

were taken throughout thiermentation to monitor the cell density, sugar consumption, and
endproduct production. Each fermentation was conducted in duplicate. The pH profile was
automatically recorded by the NEEBoCommand software (New Brunswick Scientific Co, Inc.,

Edison, NJ)m real time throughout the fermentation.
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IV.2.5 Analytical procedures

Cell growth was monitored by measuring é&@Pwith the Ultrospec 10 cell density meter
(Amersham Biosciences Corp., Piscataway, Nd)Agilent 1260 Infinity HPLC system (Agilent
Technolaies, CA) was used for the analyses of sugars and fermentation endprodectstious
compounds were separated watWarian MetaCarb 87H Column 300 x7.8 mm along with a 50x
4.6 mm MetaCarb 87H guard column (Agilent Technologies, CA) and then deteittethev
refractive index detector (RID). 0.005 N&{ was used as thmobile phase at an isocratic flow
rate of 0.6 mL/min, and the temperature of the column was maintained at2sy the elution.

All the statistical analyses were performed using SABiversity Edition software (SAS
Institute Inc, Cary, NC)p-values of less than 0.05 were regarded as significant.
IV.3 Resultsand discussion
IV.3.1 Effects of sol operon overexpression on solvent production

As shown in Fig. IV-1, the kinetics for cellgrowth and sugar consumption .
saccharoperbutylacetonicuRW?2 are similar t&€. saccharoperbutylacetonicuid100.However,
interestingly, the pH profile of PW2 firstly decreased to around 5.5 and then increased back, and
further decreased again aftéd h. However, the pH never reached a point < 5.0 in the whole
processThe acetate level decreased from the very beginning of the fermentation, and leveled off
at 0.3 g/L from 36 h till the end of the fermentation. The peak level of butyrate produdd@vin
was only about 1/3 of that in JZ100, and there was no detectable butyrate production at the end of
the fermentation. These results about acetate and butyrate production indicated that PW2 has
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significantly enhanced acid-assimilation capability beaae of the overexpressionsul operon.
Significantly higher ethanol has been produced (4.9 g/L vs. 0.7 g/L in JZ100) in PW2. Also, the
acetone and butanol production in PW2 has been improved by 19.2% and 3.5% respectively
compared to the control. Overahe total solvent production was improved to 31.4 g/L (compared
to 25.1 g/L in JZ100), which was the highest among all the strains constructed in thig=gjudy (
IV -11). It is not surprising that the overexpressionctA/B and adc has led to significatly
increased acetone production. Tdié gene encodes an alcohol dehydrogenase; it has the activity
for catalyzing both ethanol and butanol production. The overexpressiad l&fd to six times
more ethanol production in PW2 than in JZ100, howevehutemnol production in PW2 was only
slightly increased. This might be becausd within the sol operon has higher specificity for
et hanol production rather than for butanol
efficientd padpowmeaiyneédedeferdhe cektd convernac&€yhA to ethanol
rather than to butyryCoA and further butanol.

Previouslysoloperon has been overexpresse@.isaccharoperbutylacetonicusniven by the
P from C. beijerinckiiNCIMB 8052, which ledd slightly decreased butanol production and
marginally increased ABE production compared to the control qigikVang, Dong, & Wang,
2017). In this study, we employdtie native B for the overexpression sbloperon and resulted
in enhanced butanol and much more elevated ABE production. This suggested that the native

promoter enabled superior activity of the overexpressed genethumna preferable option.
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Table IV -3. Summary of the fermentation results @rsaccharoperbutylacetonicustrains

Strains
Characteristics JZ100 PW2 PW3 PW4
Glucose consumed (g/L) 71.4#.(7 69.641.5% 69.74.22 69.34.1°2
Acetone (g/L) 7.34.6% 8.74.52 8.614.42 8.24.42
Ethanol (g/L) 0.74€.12 4.94.2° 1.24.12 1.040.12
Butanol (g/L) 17.140.6* 17.740.2 18.440.32 17.040.42
Final solvents (g/L) 25.146.8 31.440.7° 28.24.1%>  26.3#.1%°
Final solvent yield (g/g)  0.35#0.0%  0.45#.01° 0.41#€.01%° 0.38#.02°
Acetic acid (g/L) 0.54.42 0.3#6€.3% 0.3#.12 0.44.22
Butyric acid (g/L) 0.140.17 0402 002 002

All results shown are average valdstandard deviations from duplicated experimeMalues
followed by the same letter with inwoare not significantly different at the 0.05 level based on
Tukeybds HSD test.
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