WO 2011/ 123154PCT/ US2010/ 057111 METABCLI C EVOLUTI ON OF ESCHERI CHI A CQOLI
STRAI NS THAT PRODUCE ORGANI C ACI DS CROSS- REFERENCE TO RELATED APPLI CATI ONS
(1) This wppbicasisan clains the priority of the U S. Precrdisemalos7iil
Application Serial No. 61/281,483, filed on Novenber 18, 2009. GOVERNMENT

SUPPORT (2)..Thi s invention s nade with United ates_gover nrre support
ander a MR FABOLUETEROLSION DIUE SR ERIRAEA SORIGT B AIRE

Nunber DE- EE0002878/ 001. ThRrOPI I GRS IOWETDSENt has certal n r| ghts in
the invention. BACKGROUND OF THE I NVENTION (3) A 2004 U. S. Departnent of

Energy report entitled "Top val ue added chem cals from bi omass” has
identified twelve building block chem cals that can be produced from

renewabl e f eedstoc cks are
1, 4-di acids (succi lr<uéc g?ﬁkﬁﬁﬁlﬁ%ﬁgg?‘ﬂ?ﬁe&? ; %9}5‘3# ran d| car boxylic acid,

3- hydr pr d C

"t aconi S5 b ARG SaS AR bliEuATU ety S BB Ap b ATSEAECNG: )
and xyl41r2d1/483ahledionNoven(bdy 18B@0OLAI ng bl ock chem caI s are nolecules with
mul ti ple functional groups that possess the potential to be transforned
into new famlies of useful nolecules. These twelve building blocks can be
subsequently converted to a nunber of high-value bio-based chem cals or

materials. (5) Many natural GoevBRRMENS SUPPORED from bi ol ogi cal
fermentative processes such as dicarboxylic acids, am no acids, and diols

have fyogz) omié ugfeﬁu&as wal ahaddr @itk Uidiedal Stafe@rgop@ﬂmm lsa@onomlc@a@ edmetcal
synt heS|s of ynmers. In the recent years, the effici

o S faoTh e 158 DR o @d@hémaaohwu@baﬁplaﬁr%?@@ammle Fhsy
| ndust ry ole uSAOENAS RSTR,EL AN HEAT) HaARhaped through genet ic

mani pul ations ucing i'ndustrial chem cals through
bi ol ogi cal fernentative process is stl Il very high. At present the

bi ol ogi cal fernentative RNGESREYNBOH FAEANRAUGTIN of industri al

cheni cal s use

(003) A 2004 U.S. Department of Energy report entitled “Top value added chemicals from
biomass” has identified twelve building block chemicals that can be produced from
renewable feedstocks. The twelve sugar-based building blocks are 1,4-diacids (succinic,
fumaric and maleic), 2,5-furan dicarboxylic acid, 3-hydroxy propionic acid, aspartic acid,
glucaric acid, glutamic acid, itaconic acid, levulinic acid, 3-hydroxybutyrolactone, glycerol,

sorbitol, and xylitol/arabinitol.

(004) Building block chemicals are molecules with multiple functional groups that possess
the potential to be transformed into new families of useful molecules. These twelve building
blocks can be subsequently converted to a number of high-value bio-based chemicals or

materials.

(005) Many natural metabolites derived from biological fermentative processes such as
dicarboxylic acids, amino acids, and diols have functional groups that are suitable for
polymerization and chemical synthesis of polymers. In the recent years, the efficiency of
microorganisms for producing monomeric chemical compounds suitable for industrial usage
has been significantly increased through genetic manipulations. However, the cost of
producing industrial chemicals through biological fermentative process is still very high. At

present the biological fermentative processes for the production of industrial chemicals use



WO 2011/ 123154PCT/ US2010/ 057111 purified carbohydrates such as gl ucose and
corn starch as the source of carbon and thereby add cost to the

f er ment atwoeopviedesgs for produci ng i ndustrial chem cal sPCT(USpo10los71eDSt of
the fernmentation process for producing industrial chem cals can be
dramatically reduced by ysing lignocellul osic bjonmass as the source of

car bon T e GasbehrgARASH : aspglae_ &nﬁL‘iO_&héféth 11Be PRUTEF Bhasbon 3 Herb ai ned
from a JayEBgto He RAMRSS ol RGLMNIFRFrRBEING YhdER ch&Sicdyes, food processing
wast es, wood, and wastes fromthe paper "and pul p I ndustry. Bionmass consists
of roughly 40-50% of hexose sugars (sugars with six carbon atons) and

10- 30%(0b6)pEricossst Sifuthesfetiati@ation Wrdddss forepednbian iatew®ll. chbhtcdiexasebesugar s
are known in the art as C6 sugars. The pentose sugars are known in the art
as C5 sliganticallyweduspgd by ypieed lignogellplogisobiomass gsi Be nspuegei af sagpog| @ she

m xt ur r toi : . af ahin nd

gal act qenerHER ok IS LRGeS SRRSO il A i B e o
of 1 ndustlndiak agheartiuedlrssithaes cfobe procdesnel wpeck, wiobh, gndrveasgdsfeads ehegmpar @miur ce
of carbon for thei.r growh and nmetabolism For exanple, the E coli strain
desor | BB oS Bipmis fonnish of F%@?%%ﬁﬁ‘?ﬁe%tj_: hexpIccHEHEd PSP SENERBd wi t h
gl ucose;@sq\tdg 190HPS Bf Bént&%rsg &ts (s [)gﬁr ByittAld ce?rB&%tBn@. e gl WodQhd he
producti on ‘of succinic acl scri eé by Jantama et at (2008a; 2%08b) and

i n t he kmobiniishkedaP@T (Batugmts. Appbéntesei sopsrs osknon@ 008 /262 A% dursaVdhen

W02010/,115Q67 i ni mal. medium but . still i |
anot her SOt hetegliipae Srtet giet T mighraon Sdus ot TS s tiEan: ors
Wi th t hgIRR] drbbioded nhAGNCGRAI Jatheflsé | BbwEREN SdhBerdf intthtRlbhiprd @By feoul d

be grown in a mxture of sugars derived from hydrolysis of |ignocellulose.
The i nvbepmdyctinnvel idilesdioalohericalsnivhdaen devetmmiot evithhpurprighicosr gamianes eff r eady
optim zed. to.produce specialty. ingustrial, chem.cal,. t.0.use. a.m xt of C5
and O Sihgnr PR Byt PRI UIURpE PO st g BECH G bt BB A U S )
The abiRatdry Nof 71208, 567 Q563Qr @Ebinsdiuintsuy plemidtict ivatieglgtga s tii ssutdeafeashy i s
limted by the existence of certain biochemcal re ulatorg systens. These
bi ochemhedl- crlgtiratisty2 sefubies thg pRAvctioneof siccinpran degqribsd hxJantamashet i ¢
basi s. r r I rough
gonet ] AZ00RE BEpiIR R APER ROl PR NER S e VDRI T LATE b 2

gr own 1WQO20h@di 2067aantai giongoy lautdsmabmedinen dbae stédl$ rédueres @lircose of anathbion.
The presence of glucase . in the grow dj um suppresses .t he. use of ot her
sugar s SURATEES ReoiqUreeRf cEaear tl@ps%@fi B¢l Tibaieoraimmy g e R fsprods
consumpi @i fchehRels a?‘hgg{ Sffie it %éumydegﬁﬁwn% REALASE FUABArs dRMvidBSR

m croorgani sns i s WO 2011/ 123154PCT/ US2010/ 057111 initiatéd only after

gl ucoséyidmlyhe ofr bgrdeeheldselnlhasinbedors f bdvey dsomemred. nkithal ph esabiendre

related to carbon i

tilization,in industrial, K m.croorganis is referred to
as. cat ABSTATETE Aery APUPIEET SRR g bRl K el Tpg g mixture
M Cr OOrFay HIACE Qugdts dekized fibM 1idkd194i86f lighsgangose eRdasckcd and C6 sugars
through a relief of catabolite repression during the production of
industrial chemcals in a coormercial scale would be critical to | owering
the co f 4.ndyst.rial, chem cal s prod d ferment ation. . (:9).
M er oot BTG €T ER T RGNS Fue TS R B s imisd Wocat e
in the thytapiasel ¢f oawi asécheilieul Meglilatvral syste@dr Theandehtmical fredulatvhyt hi n
three major categories. The | argest graoup of sugar transporters in bacteria

i s knovwystges Avrthith fheaniseptial cslls have(angrmptie pass Fdforsheve heent Madi9RYCreopIS es,
t he ABG,LJL ﬁg#§t i f ATP for every nol ecul e of sugar
transpg%%g &ﬁﬁgé t eegggﬁgp?%?mggkﬁgﬂkﬁkgl is an ABC transporter for the

transport of xylose, a pentose sugar, into the cell. AraFGH is an ABC
transporter for the transport of arabinose, yet another pentose sugar.

(10) The second type of bacterial sugar transporters are grouped under

Maj or RA08) ilnanory Gegreindfigiriill micfdES)nisy g growheén MRS Ewyaontairang ghicosy s,
two different cq%e oriesfof trgﬁsgorter zrg recogBized. NF%.incIudes H+-

| i nked ByHFGrT &8 SRyce of carpqmy d5© QiSO LIRS BSPT BRI B MFINT PRI EPY. The
uni por ttRé is@lof thdiPduafsamil Ei ol and dthér §ieics UFaindistansRdrboraidlsde Note
require a nol ecul e of ATP for every nol ecul e of sugar transported into the
cel | . Toasumpies- oleatbenpesapy Bcai 3 X1esc 8 RpHSAGHEY ?mtﬁhmesrnw@%a@%w e of
a facilitator. The 1-1 - synporters require an extracellular proton for

every sugar nolecule transported into the cell. The GalP protein in E. col
is a synporter for the transport of galactose, a hexose sugar, into the
cell. GalP is a very well characterized synporter with 12 trans-nmenbrane

| oops. GalP is also reported to have the ability to transport gl ucose
across the cell nenbrane. AraE is a proton-linked synporter for the
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phosphoenol pyruvate (PEP) catal yzed by the PTS drives the transport and
phosphoryl ati on of WD 2011/123154PCT/ US2010/ 057111 gl ucose and ot her
sugars amsoreswul28ss4i n the formati on of phosphoryl ated segams2@aspyr uvi c
acid inside the cell. PTS generated pyruvic acid is apparently not recycled

t o PEP .under, aerobi.c cuylture conditions ere glucose | § the sol urce of
car bon.lnﬁéteﬂePPfypﬁﬁtawéf@%% ix e £Eeihy o Masndegt ity bf)%ﬂ“?lﬁgairgkﬁ cycl e

to car bprnsh&ndelatdd ]lcféyca];%’h ﬁm@za%ﬁrigpﬁapﬁstﬁm &Y&&gfrgglglgagk lqs ffey! 8 4f

gl ucose, a nolecule of PEP is consunmed. In ternms o ul ar bi oenergetics,

t he tr aatpolite rofressiqyaorsliaixiogyhvtiPTS methahtoemelrge inmtrenrgansmsrcoardige the

Thereforg in cells grow er obij | | er.e.there..is a need, t.0o conserve
Ther oholfieis Spb uth Pt S dnf SRRt g e NEFPL SAE0STieh Bl R it Y

i ndust rgraddcyiol D8 fikduse® Thedlcals ihta tSmMeidl abAle would BB!caiiBalt tHEoR &P gHeh

ot her non-PTS sugar transporters not requiring a nolecule of PEP for every

mol eculc@sioff isduytiral chemispls prasicedbpiormenteden.. (12) The PTS is conprised of
two cytoplasm c conmponents named EIl and HPr and a nenbrane-bound conponent
Eli. E. coli contains at least 15 different Eli conpl exes. Each El
conpong009)i sMipesiiiend tka wugaars thpeughoa be &ff easpotdratonriid locatdiimshd Wwo
hydr ophobi ¢ i ntegral nenbrane donmains (C and D%&ﬁnd two hydrophilic, domains
(A and SBjorlasnas alamprnce d g insrobing st g rragsorkess Fdhyithinghreg rmype categiispor t
and ph i . . pro in.tr

hosphars s pADef as FaR Rt TODEAUIE R krosrBlONEP BIdAPELEE, ()
phosphatasgpronp As thimnphespipbesy et ABCHRmsporer erequiro a ode cailegar A TR fercwbiey.

(13) El is encoded by the ptsl gene. HPr is_e ed by the ptsH gene. The
G ubos Rl ol By fespe L REfisat cohe KA SomeAaS EaPoptin 6 Sis et

pr ot ei NEBMTELY xylkd A entERCALEH B B cHICRrH idRd ABE t rter for th
rrenbrane-nassoci g%’ed Q&ﬁ%t ein %%?Cée C engodeda by tlhe gene E)%nss%? e‘f’hgr P‘FS

medi at gthnspaybief aralEingysoydt apathebpentashisbgared by neans of nutating one of these
genes coding for the proteins associated with PTS. Functional replacenent
of PTS by alternative phosphoenol pyruvat e-i ndependent uptake and
phosphqoydatTHNseasid Wik icFDatient KAk trh@poftesWré @ebupBd Shadt Mol Facilitator

i nprovenents in product“%leld from glucose and productivity for severa

cl assesSuper andpo(MERs . Withim thany YRS t tweag deapenpsisrs, nivonhdifferentneaegarisd of ucose
upt ake, - ak; i \at ed; he
e S Bl S i S R L
i ndust ranaipbryersised whipediesi Telwipdrers @ aimglefacilhaogl for e negaacing@rf 01d @ ucose
per nease, a gl ucose uniporter, has beepn shown to substitute for the |oss of
PTS nedihtedig 4 oudeuliophtd P & @vemy mpleepls Q&Cv%llgare%%gg?cﬁﬁ%fth@a@b HKd gl k
genes s . : 4 A AL t +ucose
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syrrpoi tsgmtpbrrerstrhnmimp?aée?raoéllm! pimtoﬁsfen e\&msigasmoéwﬁ:rtra@bﬁmm thecealfl. cal p
repor ransport_ gl ycose in S- strain sigpificance .0

e at chregt b BdeBndic ol & oyBHLE OB THESTALLY $YAHOEhENPIRSE SHFanBh of
gal P gapecéin &he i@tasv-erw%ﬁtrehaﬂa&eﬁr%ar%n{kp@nw RUBND t&hg.\fﬁémqan@ﬂouﬁmﬁané W et

a/l.,2003). In the absence of a P i S necessary to achieve the

phosporajdoateportedfo havs e ubdise torvhespatteglbefsoragross thsagellemembranat AAgEyisal ysi s.

The expressi;o f the P.protein . in a.pts- stain can be achi eyed. ejther
by exprEQOTHGN e e gahdR Moy of ofulie RE Mo BBty Sl of
rel i eviXgEhetchepb @scbRMNinRéd Sydogial Rryenearyei 658y105. t hrough nutations in
genes coding for the repressor of the gal P gene such as gal S and gal R
(15) Besides reducing the energy cost incurred in the transport of sugars
into t el-.s, ' ' - & ' ' r a
prot ei 1OADE Syl P RFL iRt Beh BbleIB syl PSS RH A0 sIH

r epr essisqiiusel’e Gh khowh s nhovphbgphatdotpyrirvige: siambdhlydraeo plsosh hawrsp i dse asystem

utilization of all e.sugars present in the culture nmedium.including the
pent osdPARY ek ¥y 0§ H@‘%qr@gla%g ﬁ%?rﬂi]é@{-t% MUEIERNEROTh pYStpROT Mt |y itheioth e

utili Zat()vio_oghs%‘af tfan 'S sg%rﬁé YABCC PRSP AT ol YEQHRrs %l'f%.i:@o&?nsﬁ&ﬂeﬁy LRse by
an E. coli rain eon of PTS for ‘the transport of glucose. The pts-
mut ant refesredbhe tan-BpS akezas uganspobiyrsa ndranBES ofe chanplsospberyl agriodp yfram i t's

wild-type parental strain. In culture rown in mninal di ym suppl errent ed
wi th giiosdReRgln guxdis (PEP saiwrcd badhmBLE et e dnsngr g oty datiayot
arabi nose or xyloseutilization in the wild type strain. Under the sane
culture conditions, the pts- nutant c®-netabolized glucose and arabi nose.
However, glucose still exerted a partial repressive effect on xyl ose
consunption. In cultures growing with a triple m xture of

gl ucose- ar bi nose-xylose, the wild type strain sequentially utilized

o o o o o,



WO 2011/ 123154PCT/ US2010/ 057111 netabolically engi neered to produce organic
acids (Sanchez et al., 2005). Therefore there is an additional need to

achi eve tweahi128tsy to use nultipl e sugars sinultaneousPgTRiSLO10057111
conprom sing the gromh rate and rate of production of commercially

i nportant chem cals and chem cal . internmedjates. (17) The objective of the
presents vwgﬁﬁ aﬁﬂ%a%g%é FaBibt inchF &9%@ RS, 1@%;8&%?& ERPABIICof
producigag fisgle thevelispe geﬂgﬂd&ﬁrl%ﬁhvig hem &akshaktsitl) hdbdycRldeoSPERNSder

si mul t aneously wi thout reducing t’he productivity. The inventors have

sur pri sierplig cultieatcohdigdnsawherscgseost as thrakilagowice b wagmni Rathet,hgtruvate is

si nul t anepus cons mul tipl.e sugar hr ough et abol i ¢ .evol uti on. This
ot oces G e uBar oL Ty Bk BH A SRkt et oTRRaz bt 78 BRFonii € ©o
use muldvbl SingIAbRclet (ORIucakl @ChbREuIBMF PEP i SoRfuntidNah telay af telilgt i Cs
such as rapid growh, and the ability to produce specific industri al

chenmi cdligengtgctieimiks trnbpy ofisyedrs fuewah Blidng pr peasgy itagjveTecdshvETdPEs have

al so i qﬁ r&%llg ' Foqx/iﬁ‘ R, %blgeﬁgr?tv}l% é)ﬁl%lresisfao[lee\t%r;'t% c%lﬁkér% ¥heoéhotsgﬁoeg|oﬁoér&qfa%am sm
to use glucoge an xfiose rmu {aneously. ol e-'genone sequencl was used

t o i dendohfeyit Wivdingsetile forabk picdatticnof indtistdalnf edesultdheinitalgitCik desigubid &S t he
ability to use nultlﬁle sugars_sinul taneously in the production_of aqrganic

aci d. TeRlgye PeifthS whiateer ploadehnt sUgsy EARSPEHCTSI Ot RAWIEN a0 lgsainoldbB ferul

whet herg. L ﬁ%b&lbbf’g}g‘gr Hhid bﬁ&} &‘Pc?]ih Q@lﬁ.ose sugars and pentose sugars

si mul t aneously cou e acconmplis eg through a sinple genetic mani pul ati on.
The present invention related to nol ecular genetics offers the potential to

achi eve e ability to netapolize efficiently the entire range, of
b1 ormed0A (R b areBrPRast ohi¥s cviopl St codpanppeBuned EvER ok 4 dvi des
& genetmMARE-BAEHY RhpcAeh ENI 19 (5 THhHARGP SOl IEIRRRRN XhASesUBAAKE

that is not obligately coupled to the expenditure of phosphoenol pyruvate.
BRI EF SUlveRpomt THEpdCMNIUNETE Ghar (t210) toke iravspotnéxpécbrding tdiosiysivenhedict hat

the m croorgani sm geneti.ca i fi,ed and opt.imzed f reduci n

cormer dnaer PR BTG He T Bl e 3R o FP gt Al Y sBERITHER ot ac i ve
pr oces sjonthis MdgHER| argr @¥pdhsBREl fUM RO NkaisporACandl PRGPRoBEatioRe of AHE GR g
carbon can further be netabolically evolved to use nultiple sugars

si mul t anelsadesy Eprefesioiianséery thecplidasphatousrque el 1 R phetcigr i Gl maptein
optim I I i . /057111
(21) " S REARE BB o ih bR B e (R E BRI RO S SRS 0 d
conferring to the m croorgani sns produci ng organi c acid through

; . ns ) ; |
er nentgi3y %lll% Qf&dsd Bg ?%e?kl' deh¥. His ¥ %ﬁcd@égﬁg%%egptg‘y ﬁe.@he??%&e-%gcﬁ&“ es

si mul t aneously as a sour of " carbon for t rowth and gani c acid
pr oductEIbnomplexics catedt fhectevbensistyef ofo divéngopesteins namulenEl ™ teocpdeditiyde a

col 1 ol oBF Oy RT 61 0 0o OrB5 e P F e (RS, Bhvp St @sth i Tzt on

of the proaRam@f sl ahndjcst 8MObsLAIERitdOLE RaRhe of REuthiify 08¢ 88M &R enes

genetical ly nodified and optim zed for producing organic acids from glucose
t o acquiodimgt fiee thebproteing assoqizted mathddES. aHungiontlorsplasergent f ATHubY alerousiey .

(23) In,one enbodi nent. of the present inwvention, .an E. coli bac iym
Loo) bl PBPPhoEAAR TR Rohdie PIFART bnd "W Dol dpvi iR LBBTHY B,

of car hequlies iABsighiatintahlpyorvhweth pduseyridiiohDRIcoisy peS paddustigiay fas a
source of carbon while naintaining the same rate of organic acid production
and r etssveirhdassereofdagabalité y to use gl ucose as a source of carbon.

(014) With the decrease in the PTS-mediated glucose uptake, other systems for glucose
uptake can be activated to assure the continued availability of glucose within the cell for the
production of the industrially useful chemicals. For example, the g/f gene coding for glucose
permease, a glucose uniporter, has been shown to substitute for the loss of PTS mediated

glucose uptake. Similarly the over expression of ga/P and glk genes are reported to enhance



(24) In a preferred enbodi nent, the present invention provides an E. coli
bact eri um capabl e producing organic acid in a mninml growh nedium

si mul t anew02by/13isng nore than one type of sugar. (25) pPCm/usedtoasather
preferred enbodi nent, the present invention provides an E. coli bacterium
capabl e, of producing organi.c aci.d in. a nmnjinal ow.h iumusin | ant
hydr ol YB&ERCPSTCHRiHCTd) Hqﬁﬁlz}@éﬁ?lﬁmlbgﬁ o it e AL &%@g gsow}egp%ﬁger & bon.
(26) | nhy GhtaROBE BARCBELHAILES KBROIGARMasHech REOPELESE RhndBVELIRB in B E.
coli bacterium produci ng succinic acid using glucose and xyl ose

si mul t arecstrsiny Thesipnifivirdedf GalR2Ficdiatedyghucoan optake ispvefeacedely dnifodithme tite of
the present jnvepti an. coli_bhacterdu roduci ng syccinic acid.in a

i i e GRS Rea e nghpranmgaro U B PR FrRGH Py rEeRt o bel o
hydr ol ygadm®3).s iptvikiesce MO PALLGIR 3 RARGs1R2 QdRERSHS ThosfotPhtid6f Bicesent
invention is especially useful for produci gﬁ@hl ghly purified organic acids
in a vedlycospsiolesuicelalpigdt pamerder inter ey dibe gixpeessipr phrihet GalP \peotpnon s s
using 1] ce oSl i I t i

or ecant /P AOER s BhEy PN B Sl ekl ke RIROEL o GPRREhET R e b o
mul ti pltsy megarod reliovitg the equisdsionyf the gin® @ehe rupiatsingththighgamatorsadigeges or
non- PTS transporter proteins in addition to reducing the activity of a gene
codi ng dmedonths renressaseldhs SeERRE BHChRsErS Yf@H Rt r ansporter. (30) In a
nore preferred enbodi nent, a m croorgani sm havi ng PTS sugar transporter

Wi th reduced activity and a nutated form of gal actose synporter is

provi dgdl5) (BbjdeAdaivtingriht ciaatyynndsgesirod it Hiesranapendf orgawiihto the cdiwe theeadi | y
apparent fromthe ensuing .descriptign. BRI EF DESCRI PTI ON. HE DRAW NGS
(32) FIgfroductipy,o Flirghe BOGF §918 qﬂ&ﬂ%»&?&% PIUFIAZSIPCHECEW tgg)lTiE 1S XA al

sal ts nEgbn SMPRISITRRL RBrdMbibA wWhTEHM 108Ewo 1B aNBRIAE LIRSS #fahb Rl Mt for
a total period of 168 hours. The xylose utilization shown in solid circles

st ar t editdizationdoO@] Heuugars peespami tbe chljurammédrenaadeding thehpertesstaadihekossel |

i opertiBrec s Bl 7l LT AR AR aFaltFORT o ey AT 5™

squar escoapeidingeduci® wnthiRsc AR k§los@b$ an FNew strdin BRI bERTS far @cthfsgoanges
in the concentration of acetate, pyruvate and nmalate in the nedi umduring
the cowfsbucepe. g8 phpurusanswas ablesauatakesugars by a non-PTS mechanism as rapidly as

its wild-type parental strain. In cultures grown in minimal medium supplemented with
glucose-xylose or glucose-arabinose mixtures, glucose repressed arabinose or xylose-
utilization in the wild type strain. Under the same culture conditions, the pts™ mutant co-
metabolized glucose and arabinose. However, glucose still exerted a partial repressive effect
on xylose consumption. In cultures growing with a triple mixture of glucose-arbinose-xylose,
the wild type strain sequentially utilized glucose, arabinose and finally xylose. In contrast,
the pts~ strain co-metabolized glucose and arabinose, whereas xylose was utilized after
glucose-arabinose depletion. As a result of glucose-arabinose co-metabolism, the pts™ strain
consumed the total amount of sugars contained in the culture medium 16% faster than the

wild type strain.

(016) A pts- mutant strain with the capacity to co-metabolize glucose and xylose would
cause further increase in the rate of consumption of sugar in the medium leading to an
increase in productivity. Thus there is a need in the art for a microorganism that could co-
metabolize glucose and xylose since these two sugars represent the predominant sugars that
are present in the raw cellulosic hydrolysate. Moreover, it has been reported that the

elimination of the ptsG gene function could decrease the rate of growth of microorganisms
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(33) FIG 2. Fernentation profile for KJ122 strain of E. coli adapted to
nmet abol i ze xylose in mneral nmedi um suppl enented with 8% xyl ose.

Fer ment atworrowzre3tsarri ed out for a total period of 168 IroWrus2010l0871Xy| ose
utilization shown in solid circles started around 72 hours acconpani ed by
an increase . in the bacterial .cell densit asured i r of. an increase
in opt iBHROUYEALY Pg}gla?er@,@@ PRAYtToWRaT A a&l&éﬁém hea doel S5 HBeeie herd B
succi nahe, &RMGRNtHa] 116 hcAROWNhE RLARY 1t REURLRDIC ST S HaRURR]y’ %ithBH S-

Al so shown in the figure are the changes in the concentration of acetate,
pyr uvatenmpnemsaigathe growthhistenadi tam oiuptiodyctioneoicaummmercafly iB®otrianirchemfcals

f er ment at,i n..V%%%OllLl 3154PCT/ US2010/ 057111 (34) FIG 3. Fernentation
profilémPS R ‘%@?QF Sof E. coli in mneral medi um suppl enented with 8%
xyl ose. The fernentation profile was nonitored for a period of 120 hours.
The xylose utilization shown in solid circles started around 30 hours
acconpdAl'dd Big a@ncqtiveraddbe prasenthavadionev¢saio wetabolgeHy icvglvawaistposghnisms: er ms
of an i i {.cal j. a i L e
nr asar e pioudRE R 1o Rt Btol BBt R DpRRRRS il By 7
30 hounsgithodt sedustngvihe iproduevity. gTHeeinaeotshigave angBdln iddadfied agrasasatoron of
acetate, pyruvate, and malate in the nediumduring the course of 120 hours
of fer rfd#liag jngigroorgagismsythaf synulfangeysiye cansumey wlfﬁﬁ@épg%ré rtfEnehtneAbYiE Ki122
and T +r adrf: I : i [ tar ) tal
per od P S by of Ricabally Gy HAF AR 1 RS RIS RS shi B bE0
xyl ose.milhpleglugae sathotit hfifading @any af its bogmabghasacthesticaarhian rglidigoseh, and

concentrati.aon i s shown by.open squares.. The xylose util.ization as shown by
2 decr dASIOIIHY R yrRUEC SeRrUin AR 8 S RO BYeE e € FEATL GAPHIES T nor ease
in the succinate concentration in the fernmentation nediumis shown by solid

squar es he..change in.the cell depsjty as,neasured .by.optical, density at
590 AP g REEstr Sa SR BRI ooVt at o ol Bn iy o

ci r cl esmicAlo@ansdove uk® ghicosty 88d ayRsé BenlhasdRs. IWhélbe:cE6ME 8B Ucatin@ Ny &f
acet at e, ruvate and mal ate during the course of 144 hours of

f er nentwed Enidentifyghe gangtic modeicstipp ghap corfeisiia Mremicepretnisias Biiabiley to use

[ Canor By HeAIB et P RN 8 e S ARSI e Carried out for a

period of 168 hours. The xylose utilization as measured by a decrease in
the conges) r@idrad M praeRSRivERicH MM olilll BRI Bheh! ddubfEr whbict BRY SARE {o"
succi nate ‘concentration in the fernentation nmediumis shown by soli'd
squar esutiliak bothdieawse ugartshaed pegtosesugas siheltaltande sould behecaupicbed thaoughn of

pyruvate, acetate, malate and |actate in.the um during the caurse of
b ot SR HeQr s RPRI BHOR Thryrerspsn R GL AR tt PRI HPopetef TS
strai n Rfenfial ©PAchidvB tRe ABIAHUD GORbAIAI dFHCcIBA N 1Y GRS RinBO A ¥ IS E-derived
Fernmentation was carried out for a period of 120 hours. The gl ucose

utilizaveon Ber thedyolr Barchiheaprawst ewsetiom provedeglaugastc @pproeeit Fatdchieving t he
medi um .S shown i.n_open . squares. . The .xyl o utilizatio neasuf.ed by a
docr oast TR L0 SRAMSHIER TP i nBR So el AR L 5 s TRRSURR S

ci r cl ephodfteadlaniaeatd) the bacterial cell density as measured by optical
density at 550 nmduring the course of 120 hours of fernmentation is shown
by open circles. The increase in the succinate concentration is shown in
sol d squares. Also shown in WO 2011/ 123154PCT/ US2010/ 057111 the figure are
the changes in the concentration of acetic acid, pyruvic acid and malic
acid during the course BRIEPGUMM RBOH EHRINMVAYEDON (38) FIG 7.

Si de- by-si de conpari son of succinic acid production by TG00, W37 and
KJ122 strains of bacteria in the growh nedi um contai ni ng 4% xyl ose and 7%
gl ucose. The fernentation was carried out for a period of 120 hours. The

i ncr eag020)n Wheagonaoenteratiyohsaivesdatbatnthe naictabrgamisnh gedeticatbn tatdifom aneldi um
wWith TAHQO .(sol.id circles), KJ122 (sol..d triangle),.and WE37 (inverted

i angl 8 mieh RarsrGrUENE SbimmIEE Mgttty FBRTHELEE PBnGr 2agd RBERL S (30)
FIG 8. fohdRaR¥ pPddss AU 0RoRth SHGGhNdhtAfing cRICBHUL! thO Solk¥e JiPRn WG37
and KJ122 strains of bacteria in the gromh nmedium containing only 10%

xyl ose.cafHerthesr e meiticbivaliyasvaued fcedscomultipy sugapsesimutansoudl Gs otousce dthe

i ncrease ,in thF confentr tiong%£ %yccinic acidkfn %h%.fegnentation medi um
wi th TEABETCEEIG BHREripedy o PTG PTRE A NG AONdHE Wes7 (tri angl e)
strains of E. coli was nonitored for a period of 120 hours. (40) FIG 9.
Si de- by-si de conpari son of succinic aéid production by TG00, W37 and
KJ122 strains of bacteria in the growh nedi um containing only 10% gl ucose.
The fernmentation was carried out for a period of 120 hours. The increase in
t he concentration of succinic acid in the fernentati on mediumw th TG400

17" A NS 7 N R AN ey o, Y



(41) FIG 10. Gowh Profile KJ122 and SI014 strains of E. coli in a growth
medi um cont ai ni ng xyl ose as the sole source of carbon. The bacterial growth
was noni twoediyn3tser s of optical density at 600 nm f or paTiuse@b/opani od 97
hours. KJ122 strain of (solid circles) showed only a very slow growth. On
the other hand, SI014 strain (solid squares) showed a fast growmh within 27
hours foll owed by a sl ow decrease in the cell density. (42) FIG 11.

Profil qoapr Xw A56bjutdd dtht PestidinSHffohNBLRoNHOdURLHOD (1Y cdiddARe @ eheS! 014
strains of° E. coli “in a nmedium containing Xyl ose as the sole source of

car bon.miTherganiisosse predubing avrigamc weesd reasgh ddrmiantatiee ngroodss athd eabilggiste iise t he

xyl ose concentration in the nmediumfor a period of. 97 haurs, . Xyl ose

i Vs dERBRERR st robieBn AT b A Sy M bt Pl HRE R Whpar e
to the oryds Qcldt blddadidon Ys KddBdr Sbjediive 0Fhé Pré&sehCliBlntic Md lR6Vide at he
succini c production with SI014 strain (open squares) was nuch faster when
conpar darmentatioa prasessnihat aupduqss duiglet yields 3f rRERE g¢idai ysigopen edliukdses) . WO
2011/ 1%13%?0‘155@-@/ US2010/ 057111 DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS
(43) Th sent invention provides a process for the production of organic
acids in coomercially significant quantities fromthe fernmentation of
carbon conpounds by reconbi nant m croorgani sns. Mire specifically, this
present invention provides the m croorgani snms suitable for the production
of orgdf22) akifchttreradubd ifventientsathe walipstonessthe Pharesd of motagalid sndutodn tohe

resent invention possess the. ahility.tp use multiple sygars in the.
s mentcablsdhe mioBRARER dsnctsh R madlatd aid Sufiert R ot SER phehale eids
quant i ti&@a gRfcoQr AR GErAGE dbility hise Rkt ARG Perthsct dibdrs RI®ARAEosVeNt i on are

the m croorgani snms suitable foor the production of “succinic acid through
fermentative process. Al though the present invention provides a process for

the pro ti.on _of succini i.d in comerciall igni.ficant quantities from
the carlef dBnBLsBUSipRal AF hEaPRySROBRPRLE. e Zo Pl b 2B’ &°

t eachi ngsdingd foihraRld iy aRUI@N wathexlesidalal ¥ sapRbicTabientio niddolindyst ri al
production of a nunber of other chemcals. (45) For the purpose of the
descri pvrbisd &3 uteriddifioasldypes af pagarias g sovise of edrbwvAde aefitEHPMZchssasaiic be
used. : I i I jcal ctured
st ng (dreri BB GBlon B S hE MABIH | IETLER SR ER e SRR L1
not limted to, ethanol, butanols, |actate, succinate, fumarate, nalate

t hreoni ne, nethionine and |ysine. Since organic acids can exist both as
free acids and as salts (for exanple, but not limted to, salts of sodium
pot assi(024) ragnesifanpd calbodumntatheopicsent iohdmionderovslas faat £, celartotwaum,

bi car bont et . chem cal .pames.such as succinic acid, fumaric acid, malic
oot qapsite Polting orniaisid Rot Tt BRMETN Ryer hiou s GE i {o

i ncl udeyney e dthagdi ee acid and any salt thereof Likew se, any salt, such as
succinate, fumarate, nalate, aspartate, etc., shall be nmeant to include the
free acid as well. (47) The present invention conbines the technique of
speci fi enetic nodifications with the process of netaboli.¢c evolution to
obtai n QPR BRG ARhRT M e be AL RESSE: TR BT L4 o
succi nitacReuth paRELCHT ProdudBhgr orgBi@er @i Gn G Mibifmat gRcwihi aiddium tlidgnplasy al

salt mediumw th a carbohydrate substrate. WO 2011/123154PCT/ US2010/ 057111
hydrolysate including lignocellulosic hydrolysate as the source of carbon.

(026) In yet another preferred embodiment of the present invention, an E. coli bacterium

producing succinic acid using glucose and xylose simultanecously is provided.

(027) In yet another preferred embodiment of the present invention, an E. coli bacterium
producing succinic acid in a minimal growth medium using plant hydrolysate including

lignocellulosic hydrolysate is provided.



(48) As used in the present invention, the term"titer" neans the nol ar
concentration of particular conpound in the fernentation broth. Thus in the
f er ment atworropwiasess for the production of succinic aci @caasesidiosyito the
present invention, a succinic acid titer of 100 mM woul d nmean that the
fermentation broth at the tinme of neasurenment contai ned 100 mvbl es of
succinic acid per liter of the fernentation broth. (49) As used in the

pr esentpag)V efifd Rsent RS fRIs ¥hcRlally Js8h I drOdichfy lﬂgﬂﬂ?spu?ifﬁe@%?éah%c‘?ds
conpound produced per nole of the ?éedstock consuned during the

f er mentiataieny pestcfseiveThamer throwgh Hielogmsat Eerinvmapyaopressss fusmgtlignogallothset i on
of succiq’c acid using glucose as the feedstock, the termyield refers to
t he nuﬁB%?“%? nol es of succinic acid produced per nole of glucose consuned.
(50) As used in the present invention, the term"volunetric productivity"
refers to the anmount of particul ar conpound in grans produced per unit

vol ume (B29) dJni et ppefaer Ermig@,dlalevbltmtqsw ipyguigatnroyides ¢ anetbopforomakiggla 1h- 1
for sucgini of I - - L.Di id i c lated in
one 11 toierispedEinn it s HRTbR ety SRR SE b el of R BEMILRLET {1
t he presdilg fonuenPTOnrankftet prowring enalditicicloudésciidic aptvity ebdpag dodaige of
the gene as well as the upstream and downstream regul atory sequences. The
upst r edRY # BB RBPiIakdgyigh? PES sr&6 tRasRoFieed as the pronoter regi on of the
gene. The downstreamregul atory region is also referred as the term nator
sequence region. (52) The phrase "functionally simlar" neans broadly any
wi | d typa0)rinrumarteguicfoiéd smbodineat, agermeorgmisnmbavipg BT Sisngarftranspatey with
organisna tEat.hazﬁ&{biolo ical E%ﬂction that i.s ﬁgyévalent or simlar to
any wi 1"89495P AHH AR A BHatSRACTR LA REOSC GBS PRV ot ei n that is found
in the sane or a different organismby the nethods disclosed herein.
Functionally simlarity need not require sequence honology. Allele is one
of two @3DnorddifigratrsadybntERis o€ dhie noecrdfonawplarticcemt acadjbnepp&Eaghfrgenthehas
different .alleles,. A gene without any nutation is referred as a wild type
al | el e AEASASHHRIYY to a corresponding gene that has a mutation. (53) A
honolog is a gene related to a second gene by descent froma conmon
ancestral DNA sequence. The term honolog, may apply to the relationship
bet ween genes separateBRﬁﬁFﬂﬂﬁﬂﬂﬂBﬁﬂjﬁﬂngEE%ﬁéBﬁgﬁnéﬁsto the rel ationship
bet ween genes separated by the event of genetic duplication. Othol ogs are
genes in different species that evolved froma common ancestral gene by
speci at(032). INa.nBal Fermentatibio lpegfe rfet KiJn22 beaig asfeEf tolc in atinéral tdis medinse of
WO 2011/123154P§TL§F%910/057111 evol ution. ldentification of rthglogs IS
criti catrplsmenigt Wit €0 pwiase c EREReIEiogers qagfrd 9w or & tatdieyiod @E&é& YS-
genonesy i.at i ] i.gi: i b [ a
v ng s BB shitf 36 (B Bief DEUARGRIACP0 F00R @bl bRt
pr ocessndértaseas thel tmoteaalesllrdedsisomeadpardrin eernts@f ge netréase exoptanbdenity bt 330e

parent species. Paral ogs e genes related by dupli.catjon within a genone.
Or t hol 5% SRRYR{ih oPHb c8clie MnBERGH 1o EHBAERPCRTEHOR shP e B0,

par al ogg @&l ¥8ufe hBMG! I A8 sRWENIN the HpERLarR e EIRNBELH the cbh@nRhliE &Rl
one. (54) A gene or protein with "altered activity™ is broadly defined as
gene oracptatst pymivathand prabideivetbe medpias duraty the dodrbepdehdurs of frmaentatabl e
property when conpared to the relevant wild type gene or protein. The
altered activity could nanifest itself in a general way by increasing or
decr eagsg) tHIG. QL Ouknientaion péfilefibl KI EXICitradf oSHC&INAlabteR i@ eetdboiic Qflosche
strain containing the altered gene or protein. O her nmeasurable properties
i ncl uddn migerahpedpen sypmsmeded yithriy nwloset Fermeptatin mas catriedspid dof ¢ dotely of
an enzy i i I . an e . S ff1 0l trate
o 1o Surgd SRR e RIS, A NAKIR P AN BRI L tol 75 RS TS
expr esicosmpaneal by e gickake anthefbageriel @Xpicasisy meadunstein teaid ofign moredsd inons,
etc. (55 ﬁi used in the ﬁresent invention, the termnutation refers to
genet i ©PHEY; dnsity jabrRs0 dvhehewn ik @Pg sEClehc TRUIMSEPHE Spinate SeRSsBratiotne,
UPS I AL 1A GH LAl Plqalce 8 ANbAQ SR BA MILPHIWALRTC FigGE At thd BRarENf
nmutations result either 1n an up regulation or a down Tegulation oOr

conpl ettbe icoiicbirgticonoDécetdie fyravese pnpiatate of thchmedipenduadihegroursand 6f8 t he
gene. R@ﬁ qﬁge nut at i ons are achi eved either by deleting the entire coding
regi on B HEC U9P- a portion of the coding nucl eotide sequence or by
introducing a frame shift nutation, a m ssense nutation, and insertion, or
by introducing a stop codon or conbin&tions thereof Miutations may occur in
the structural genes coding for the proteins directly involved in the

bi ol ogi cal functions such as enzynme reactions or transport of the organic
nol ecul es across the cell nenbrane. Alternately, nutations may occur in the

. I o, . o o o o



(56) "Mutation" shall also include any change in a DNA sequence relative to
that of the relevant wild type organism For exanple, a nutation found in
strai n KM020i1g12ar5¢ change in WO 2011/ 123154PCT/ US2010/ @6TAK2018/0DNAL
sequence that can be found when the DNA sequence of the nutated region is
conpared to that of the parent wild type strain, E. coli C, also known as
ATCC 8739. A nmutation can be an insertion of additional DNA of any nunber
of basqpf rA@r 32 rdeh&dRA BlofNFoPIT@EAB0 RYMRCHT . A288n ARl Medium
particular type of insertion nutation is a gene duplication. A gene can be
dupl i cauppletmgntad spting“nedes. Hhe dtimentitios\peolilc was mpiitthied e ssparovdofc by of
the gene can,be | ocat.ed adjacent tqg.the . original co or a gene c be
dup! P cdrut” By Guledt FHRGHRMsBERT iy 4 SR Ao BB 0 i Je SFERERJane can
be | ocainafc@isedn $hd Bactdtial B&l GaRATEndafREd iBteths bAM inlF@be tnheptiRhll @nbid) atcOpy .
A nmutation can be a change from one base type to another base type, for
exanpl &5 nahghnya hrapen giclas diienecrease an gieainaisecopeidtatipn shayel ingsoHa squaes of
genet | Co%bm%ed%%ﬁﬁd 90 hofid R?soas\}%%%%flﬁee ﬁ%ﬁ@%‘ &0 tﬁ:eh&ﬁggess g %Qﬁdéﬁga?%ndofc‘)ded
for by @ codon), a nonsense (Which changes a codon rnto s?op codon), a

f r ameshicttate( phriuelite] S1danalite S thci medion diehg thcadunt of 100 hb@s obferas@gon.hat i s
not a nultiple of three and which changes the reading frane and alters the
am no acid sequence that is encoded downstreamfromthe nutation, and often
introd ] i . - i.on

(i ch P89, - BHRTLIRIDS ShER iAol hyiel 25 A TGl D Thf

del et edlhe fefrbaitatéon” wed momitd@tlifond totsl perivdt &t 14dnhdunatThedifresmsatanpinediomy pe

that is substantially identjcal _.to that of a deletion of an entire open
¢ eadi ngOtR MM SHESFENERalere gRieIitore pRHAUPR Ad ShAVLPY 2 decreaedb elicats i vi t y

of the HaEGYANbn 4EBRBwWn bPBbesquidsaMhe Xyfosd WAlIGHRA SAHSR YPASRASRORE
contains one or nore nutations. (59) AS used in this invention, the term

" exogenolest coscantreiéordscdhown by anlid kacles Thelirgaise inthcanceivatcwongenttetionvad from
outside, of. a cell is i.ntroduced into.the host. picrobial grganjsm .ln the
case ane(BRHen HhediEe Matii by el G ol chotas: i Hirech] AFBIVAY cel 1
the i ntrhegdukahynosiaal demetytht H5Y Iﬁfﬁ|(ﬁﬁ‘iﬁh@-@om’@§l©pqﬂﬂiei&hrspd)ﬁ&ﬂﬂlgnt@tﬁqﬂ@y get
integrated into the host chronosomnal . The exogenous nucl eic acid coding

for a phoweiby apay ciseles. rilseshavenin figuses de the chepgisan theeganceniragian ok peesafsi bl e
for m w0l S LRI AL Ao iEURN9E RoSHER cameRT,ARE er and term nat or
sequené’s. ternativve Y € exogenous nuclerc acrd nol ecul e may get
integrated into the host chronbosomal DNA and may be under the control of

t he host requl ator equences. WO 2011/ 123154PCT/ US2010/ 0571 0) The
gl el t

11 (
term " df3®) kraf fegmenfation Pk deiosuicd rgngetialhds W&aﬁsﬁtcéﬁ@d’;ﬂ?ﬁé"@n
wi thin I %ﬁg%, Ly o) het i pvity,
t he tefﬁpﬁgggg%%gﬁgnz?efergqégggﬁaagﬁ%gﬁ y tﬁ@%U??QFE%%gég@%g%Fﬁ§%w¥ﬁb host
r ef er ene® armganius for dleziodadirl 68 hoems. Bleg xflose witaaidregs redsormd] bygodesraase in
het er ol pgous encodi ucl.ei.c acid that expresses the referenced activity
F ol | ovi G oP R BRI G IR AOHE HOCUTITE | 5 MGt SHECITA EMECRECIB o
aci d cqfitng réfentutibh Gh&iifimi 8 AN Blesbifdr QRatle AR BhoWRER B2 Rburt Dge the
m crobial organism it is referred as honol ogous DNA. |f the hucleic acid
der i vechimganmthdicohemngmatiomd Cpyabyvaie, asgteisi melatd and; Igctatefie theguedasmidatiag theogous
DNA. Irresgegﬁé%g of ffe nq;yre of the DNA, whether it is honol ogous or
heteroﬁ@&g g PP Rt FOYEE8E°  nto a host cell, the DNA as well as the
activity derived formthat introduced DNA is referred as exogenous.
Ther ef ore, exogenous expression of an encodi ng nucl eic acid of the

i nvent i @37)c dA Git6- [FeseeragtiomaroBle AoV R etrenariohaied aridnpdHs! wyeisng heddi ng
| . . ) . n . . H . H | n

e, PG apg PR SRR LB 5 PR VARG L GRSl

subst anitiliahtictedsayiedtiredts bégirdasd ingthefghansd taceltaitionrin dfc madidmdekhowmino a

medi um both a C5 sugar, such as xyl ose, arabinose, ribose, etc., and a C6
sugar, GBRAUECTIThe sElese wiilizaiigr as mgatused 'as%,ﬁe%?aé.e n h5erylass sopgsmiratian g own
in a megi WLk AL HORh3h BoliPeiRURS TR0t SORRIRALLAL QN RhsiBPidmaatR 4 a 6
sugar . T%e ne??&%(xrna?ﬁ}nd both a CSggnd a C%esugar caﬁaﬁe nage F?%%
puri f i egtisalglensity ar S50t noaturioe thkecoursdof F2Hnhaurbiod fassntatidr of shostneby ofdd2) A
nunber of . m croorganis i ncl.uding Escherichja coli, ,Ctrobagtor freundii,
G ucondBEI ol NOSEANG 1 o SHCRES CRRSEOED S SARKY Shoid St spar o

Achr onmobact er vi scosus, Achronobacter |acticum Agrobacterium tunefaciens,
Agr obact eri um radi obacter, Alcaligenesg faecalis, Arthrobacter citreus,

Art hrobacter tunescens, Arthrobacter paraffineus, Arthrobacter

hydr ocar bogl ut am cus, Arthrobacter oxydans, Aureobacterium saperdae,

Azot obacter indicus, Brevibacteriumanmmmonia genes, divaricatum

T Y T -~ " a o I T L



acet oaci dophi l um Corynebact eri um acet ogl ut am cum Ent erobacter aero genes,
Erw ni a anyl ovora, Erwinia carotovora, Erwi nia herbicola, Erwnia

chr ysant hegi2o11iA2amsebact eri um WO 2011/ 123154PCT/ US2010/ 0BZTAB2@e/08Tni num

Fl avobact eri um fucatum Flavo bacterium aura ntinum Flavobacterium

r henanug] Fl avobaﬁ)‘t: e{li um sewanense, Fl avgbacteri.ym breve, h({:I a&/obgct erium
meni ngdlepEME R Chaese L hesepncentigion of s nefly BYThBicqeHt fnd fglisAgida
opaca, dﬂ?ﬁ@&l@é Sukddas20 hBLRANPEARLHALEHCI nNatus, Proteus rettgeri,

Pr opi oni bacteri um shermani i, Pseudonbnas synxant ha, Pseudononas

azot of ormans, Pseudononas fl uorescens, Pseudononas ovalis, Pseudonobnas

stutzerl ,oP nas, aci.dovol ans, Pseudonona ci dol en n

Fest oot QP8I RS R ol SRS oR AL SR B 4P VBT BR  oc cus
r hodochg ps strivnQ @0 GRGENS iSthe ofdWAR hEHAR conrhRtifg a0 kplosPan X1 %G I&RE Orhe

Spor osar ci na ureae, Staphyl ococcus aureus, Vibrio nmetschnikovii, Vibrio
tyro gerercntaiion Wn@ﬁwgowef@ma aerioef 1 HbhywesTha vretoathe genqgatietson of

Ki t asat ria. par . ept 0 hcol op, . ept | us,
St opt o an il A b RAIERT PO RoRl: I RIEEY RSy biLRy

St r ept GRS 3T ginasiddeiiahge) ShtalBRIFEIYER $/aV hiogitoitcd or $Shdryat IR0 @Surs.

anfi bioticus, Streptonyces cacaoi, Streptonyces |avendul ae, Streptonyces
viri dochrono genes, Aerononas sal nonicida, Bacillus pum |lus, Bacillus
circul i | i_anm i cus TN j 0 f ' '

subtili 3 9’55?% d éu lsﬁ%etr@f St %ﬁf‘*%%?’é“n%f ﬁ%@%l 1 bt"%‘ggtu 8% I,ﬂ%g %ﬁ%’??%%‘@
freundiKJ12} stratwaatf e baatien aanmothie aglomithu e &enmr abntainiey casc eldS, Sddsroridid a

t yphi i um Sal nonel |. schfottrml.l(?r't da(bebsi | I a oxytoca, Klebsiell
pneunorFENgHate Ry drosrbriess o ot f peried of, 1 2hppws+ Bhe ‘Elﬁ@a%er BSERCONGIRHION.  The

r ecombi iafhicM&d QR BTG T RA! rﬁéﬂiﬁﬁbbvﬁhf@d}mdﬂ(@liﬁr SRELNH, KNVEN(inQ&&Y e
derived preferably fromthe Enterobacteriaceae famly. The preferred

m cr oortyamgleendWes Fe(twangé sfrainsrot Aecajiensy molswedfar etpctod Bf Withhaurs.
Providencia, Klebsiella, Ctrobacter and Serratia. The genus Escherichia is
nost preferred. Wthin the genus Escherichia, the species Escherichia coli
is part@ogse) ariq, Rredeby-side coRBdisda. oftRkcéinkt doad Pfodﬁ@tﬁtﬂbbﬁTQﬂOO,rmm ad
organic acids in significant quantities are well known in the art. For

exanpl J12Restrginss of Fogctarie Apghe caiewn nR@BIm ceantaningioonlz00@/0 gwgoE4 Phcovi des
acet at eRmaoT oy G5 ShriGP Ledst of Pl s TG0 p SORTRER 0P

der i vatsuv@sicaicidEn thelférnédhliost madinnmcwits MGAN0gEolideirdlé, K PdRu@tidngte)odnd acti c
acid. International Patent Applications published under_ the Patent

Cooper at o (nvesd,/ripgle) Wainratid) re8 948 mandoRe fgmem%qfel?()g%w de

m cr oor gani sm engi neered to produce succinate and nmalate in a m ni nal

m neral salt nedium containing glucose as a source of carbon in a

pH- cont(P41) ddbatlc hGrevtheProtd Kol 220 SI01A 12 ARCH/ &482 01 0/05¥thlrhedi(64) The

wld type E.. coli strains, obtained from.culture collections.such as the
Moo ( RBieiming oS AT tnleaotnr R crbay Heatereial SRt S roREadra and
subsequgnbliYal ekl bo@hhyofY Rt¥gRribe 99 hbaisNK 1 Bt ddiroMidIY ar1ehbianeed
ability to producé one nore organic acid in comercially significant

anmount nly @6&ry Bhev tasewith! gntiei ethed hanslh Gilokesedh (solid garmees) shewed nelesti ng"
as used herein .r rs to.the practice of alteri t he expression of one or
nore e 9/ W?‘H“?ﬁg“o}ﬁscf?%%‘?%"aﬁ?%ﬁﬂé’wt et%e&&%l %f%ﬂﬁieﬁﬁ%g t he genonmi c DNA or

a plasmd of the m croorganism The genom ¢ nani pul ati ons invol ve either
alterin addi ngldor renovi ng specific DNA sequences fromthe genom c DNA

The ger(g{@)c nildul Paetilsfer uyless wiHizatioe andhaucemaisrnrpdistion by Kd22iaga SENA
sequence. j nht he ;.genopmi. G: f .t 1.Cr O0r i ln t st
o of or Pl i U B e REBHEG TR s RS SRR RRE SR N, Th BRI
ar e acanitphtigheds bigasmeahs efms efroy dewgeSpéc tifd cylédNonegisanorsn theomedinm
genom c. DNA of the m craqorgani sps W thout introducing any foreign DNA

Cert aj rfobéﬁ%ftl?dc()ﬂ%t:"%?,a?fsrla%?sutw&zefé@w&t Q4 siee tjseL\@ 80yaes) dap ulifaieror a
gene cagihdohard Bahd LABALiIRAOSEHPKP n (BAYLAES). RniARL T QRcidfe 2
foreign DNAogg%fJence %F??O eﬁLle genong o]; t enngscr oorrga)ni sm%ﬂﬁ’n? the nost

pr ef er rppddietbo avithe$i0 1 4 btrathdopmesigartes) wyemiiclo faster vdhen tbmpdiied éal tlexogeinaus DNA
sequences, are ulti emgved fr t he genomi ¢ DNA of the m croorgani sm
S0 thataCtdr@O%C&%OB&ggQﬁ%ﬁ{fﬂPn??ﬁ% Céli‘fgegi)f the genetic engi neering process
woul d have no exogenous DNA in its original genomic DNA Various techni ques
necessary for acconplishing the objectwi ves of the preferred enbodi nent of
the present invention have been described in detail in Jantama et at

(Bi ot echnol ogy and Bi oengi neering 99: 1140- 1153 and Bi ot echnol ogy and

Bi oengi neering 101: 881-893). The published U S. Patent No. 7,629,162 and

~ 2 a2 o - o NSNS INA AN A A o - - .



WO 2011/ 123154PCT/ US2010/ 057111 phosphot ransferase system genes ptsH and
ptsG can be mani pul ated to conserve the energy in glucose uptake and

t her eby iwprzoue¢i2stse ef fici ency of organic acid producti @aTHS20006T0T gani sm
Thus by mning the data available in the area of mcrobial netabolic

pat hways, one c t e 0 0 of the

nmet abol i ¢ pathmg@ggghﬁéﬁﬁﬁﬁ%ﬁﬁpﬁhggéﬁfggﬁgﬁﬁgéﬁ{Eghﬂiéggg®ﬁ§tion of a
particular organic acid. (68) Besides the central netabolic pathways and
t he sugar uptake nechani sns, the carboxylating enzynes within the bacteri al

cells déd3al'Be breserdninpuitamneprovalcs mppweesst foe the pnehicaibi vd qrgadacicidsninof

organi c_acid.. The role of carboxyl.ati Z s.in the fernentatiye

o S cthoBfin il o 1 Bl GRG0 e RGN BiaT ol Fosh el oIS py
car boxyre@drhbig afiN £} 6®Sr @@ ONIdrd Qp Q@fiﬁé&gﬁt RO Predtht Hhventidat provadesCalel S.
The phosphoenol pyruvate carboxyl ase (PEPcase or PPC) carboxyl ates
phosphdBissporggitismasettde dirrife peodustion of peganemaed thrasl rewntatiyeipgoccrhe

mal i c I Vi ' [ - r ion of nalic
et d_andtranapsBLRS R Rafi RSByt oSS R b R e

car boxyhatfefigeremaynprdesMorathepytodvétien odrdoaydratdly( FYkiNicaat hoanltt as
pyruvic acid to produce oxal oacetic acid. The fourth carboxyl ati ng enzyne
known 42HH6&EpNoenol pyruvat e car boxyki nase (PCK) carboxyl ates phosphoenol
pyruvate to oxal oacetate with the production of one nol ecul e of ATP for
every nol ecul e of oxal oacetate produced fromthe carboxyl ati on of
phosphd@d44) Digclosdtie thspesedtanveiunipn @reethoimitioesancaroitatlatarrthe prozlyomoncan

al so be mani.pul at. appropriately in the bacterjial strains with the ability
fo° ot 10 ue B RaE IvaRBh el ardeety AR RaB GhS Iy b gr sk Prtales 3

fer mentabie i @8 YrdduRAoRof IsHASE ab Rl inYcoSiREMallG REIHIGAINE quardtBRY FHRAE the
phosphoenol pyruvate carboxyki nase (pck) can be genetically manipulated to

i mpr ovesattion ¢dnapounfls bar gronti¢ahyompdidicd rhacriboxtyding theitehcbingh eof thteresdntant age
in inproving the activity ofpck l.ies in the fact.that, this,enzyne ile

car boxy Ty Bt SR E e bR D ot o AN B Pt Rt
production of a nolecule of ATP for every nol ecul e of oxal oacetate
produced. An increase in the ATP yield would increase the growh rate of
the cel(045) Kordhe muposceet the desmitption of Hee prasany envisakort. dhe fadloweng definidons
succin%%glgggg%ption can be achieved by any nutation that positively

af fects %e ranscription of the pck gene. An increase in the |evel of PCK
activity can be achi eved by nmeans of expressing the pck gene in a multicopy

pl asm \CX%%Z)B My, 3yl \oE ii?(jlg[@a?ll?(rﬁs‘éful AP\ EarP HO %%Eacﬁﬁ@&’%%ﬁ WOl hS

known 11/ 123154PCT/ US20 057111 to 1 ncrease the gene' s expression.

Anot herinvayiohoEkmuplea®é sutte ceapicels shdndofbut ee pok ligeted twi tthamolt hetasab,| is

to integrate additional copies of t.he pck. gene i ng ty.ansposons...ln

bnot herTaRBOUCHBHE. GirHs DB RoT HoaRt Nl merRt THah v RISt She pok
gene caiid@ofieRk arRdadlis 2RI NG (fd SIRIRE, BltenRNimitkNaWnsaliQ sniRmas, t he

| evel of activity. An increased expression of pck gene can al so be achieved
ei t her Heyaspymatmagnesinm lselciwno raseenipegicblerige, swktgemntbonatehpicgduate cto),

meni pul it al ShmkNSuSeuLIANY lLTEALS. LOAL Jafie Jnevn Lo T alerach bt the
pronot et regl on ot “the péﬁ gene.” The gehe bg?nﬁ Tor % re&dﬁa’or Bro?eln of
t he pckn@iid@ineaandeysiy sHadldbOmede! &t REIUAE Bovie kieX o€ 36iddandNars0 @t WRYedfN
order to increase the expression of pck gene. A single point mutation (Gto
A t r anditkewise.aanypedh, tspeth as seepinad, fumpgate,omplate, ATIErEea cfc. cdddnbomepetktogene)
coul d HH&B&?&Ef&Q%cME@Q@&fiptio” of the pck gene acconpanied by a

correspondi ng i ncrease |1 n the phosphoenol pyruvate carboxyki nase enzyne
activity. A simlar increase in the pck gene expression can also be

achi evagehy BRNSEIARINTRNERHIAL BY LARiEERTSEOM DondRMmbARcRIAL Slifts
known to regul ate the expression of pck gene. P?l) he production of the

or gani cghapiatessyoftrhetalgdivetviobrioh yto @htgiim seriedshomeng bigh anéld ntiteaandeolomrfricr med

and quantifi.e usi.ng appropri.ate techni gues well known.in the art. For

el drodyshigty Bt e BB Hh Sad st e FinsoIRAR it e stReREsd gani o
aci d prgeiiedvitya tBosRkfE L@ nal-one. The HPLC technol ogy is also hel pful in
determ ning the purity of the organic acid produced by the sel ected clones.

(72) The m crobial organismof the present invention can be grown in a
nunber of different culture nedia well known in the field of m crobiology.
For exanple, the wild type and nutant strains of E. coli are grown in
Luria-Bertani (LB) nediumcontaining % (wv) tryptone, 0.5% (w v) yeast
extract, and 0.5% (wv) NaC . For the commercial production of the organic
acid using fernentative process involving genetically nodified

m croorgani smas biocatalyst, a mnimal mneral salt nmedi um suppl enented

—— S Y o N e



(73) Since the accunul ation of organic acids in the growh nmediumtends to
decrease the pH of the nedium it is necessary to add appropriate

neut ral i 2WoQoagestss as required to the culture nedi um Pha/yskhiofostihe

cul ture vessel can be continuously nonitored using a pH probe, and

appropriate pbase can, be added to. maintain, the of the romth medi u
S ound Gy f% ussd, inthe PERASHSIYetiogp e tFp %ﬁrn?%?a T BRICSRIRtE of

m cr Oblc%t%m%turt dnhouRgliHdgs feM?e@tétloK%othN%HQ% th@%&%nt%h‘%ees@&%eand
(NH4) 2 The bases suitable for this purpose can be used alone or in
conbi natrpdustion (Of 4ycciiie agidnagcalrdimg di thmfros’enmrwreotbmala gmomtdtacrlé t1§¢;lptpﬂ Hi¥ent ed

wth a carbon gaure The carb i the ent i on
et uddn BB OB T Tratn M TTBioRc HEE" B, IR ke afcmi Pttt R oLl
sugar s thivieesPfYeRefe a&ﬂtp@t@t%ﬁoftﬁ@@erﬁeheﬁb@%thThe carbon source can al so be
satisfied by providing a conbination of different sugars such as a

conbi nati on of glucose and xyl ose. The carbon source can al so be derived
from a (0¥9) Ay aiesl iafths tpagsett @K ehtiopndeetekul ‘Gsed” Tfers hy dho inoddssofopargaripd ex
carbohydrates such as starch and |i el l ul oses can be_ achi eved either by
usi ng tREWRELE REMUESd Pelomels: & s 5?(% §§@§8wede§ Viathc CHRIHYINE MEFSSknown

i n_the Ak in ThE BERHREVEDrGRLLAR BOYGecliBh ot*tﬁcautrg I ighe RARAUCL! B Of
organic acid using mcro fermen tron is I'1gnoce sf ydrol ysat e
der i vedeédsark} the tdrydyioldysfess ofthagumber dfunalks off sutanesicrd/prodsded per itode of

| i gnocel | ul osic hygrolysate may further be fractionated to yield a
hexose-BHOST FENUENS a pent ose-enriched fraction and those fractions can
serve as the source of carbon for the commercial production of the organic
aci ds b|a ferne tati on pro 0SS« The |i eIIuIQS| hydr.ol ysat e
can rurPREF AL S bsinel G50 sk R HEET v B PRRR S et Ry 1EIS

whi ch aarr@utloun@amune cb@pbend %aﬁmrmedu&ti por @h@bicAmepeRDhiS rtﬁneatmme a
certain concentrations. (75) The m,crobial strains obtained fromgenetic
engi nee‘tqhﬁgetﬁé\l’éo‘iuﬁ@"’é)’( ﬁé’é’@etf Q@ rgoLybe ferppuachic peiddvietld gncass thar §Qnglemaci ds.
However t I the their
i 11 £y E e aEicls QU ki She G P DRt Sh RS R b BB Bhti!
2011/123154PCT/U82010/057111 rate or their ability to tolerate certain
chemi cas1y M ARASRTROMCSAN RS, NCRrhr OB IANAGS! bS] fallfdIiBlusat & may
not be sui'table for using these génetical Py nodif roorgani smas a

bi ocat dhy gené as wle as ahearpsiredm rnndddmzt/mmamf regnkysmry cseqmndest hfleugpsticamge

scal e ferqentatlon progess net i caI%%qu croblaLTstralqi obt ai ned
f rom gefig" e el ML 1HAe° B%‘E%au%ffteyp @t E%l PT e CEs 1 ThHE 6?‘8% Wit i ve
cl one VtbgulamiaReldnGs a@et&f@f%m tRE teelylgiatﬁrlsequengwel . t he metabolic

evol ution, the selected culture is repeatedly transferred into fresh

m ni mal medi um for a period of time to achieve a clone in which one or nore
spont an@ss Thet pliraenSfuhbiddnalle climiled eluirsnigrosdll eyl wild rgsdllot snmitated IPRanot ype
that exhibits fast cell growth, rapid consunption of different carbon

sour cessCa¥asCe- §9PCt GAYEE- ﬁtﬂttmpfremswaweaeﬁ%n})haéh%wl@logl%h fupetjony that i er at e
t oxi c

pr oductii fr by {RiGE G RAT TR M Fu A0S DN B oot HEh G Uil Syl it
organias&mmdsntmusmmgothdﬁﬁﬁmahngmnmewghhtn@ﬂwdawMehmewhmmelpﬁu@nbmﬂselect
the clone. with the desrrable not m.cr obi anr ally
engi neetBHA! ésnsega%sqlarep%?ﬂw ﬁ@fgganﬁﬁeladr R TRt do RN af y
at t r actdo¥@endé 81 PafiRlifr 30k FABS Ng&téeftbtslcwfféteﬂt AIRfesS b@g@ﬁmﬂmeﬁt etlittiopl d of
that particul ar organic acid. tabolic evolution can be followed to evol ve
a st r aiiprafprirghasshoid typesilgieivflicoanmpgredwe h cavewopding gdndihathmsiamoutedsred r at e
for the production of that particular organic acid. A clone resulting from
the netabolic evolution showing a very good growmh rate in m neral nmedi um
suppl erf@Aded\ Worwleg s 5B rslstadcte beacorh aenchhys deent figrncyeamman apgeslel d of
t he de i I rain
of £ aon sedueRE e hanaBk, Raf SR e KARRuh S ech A S R T
KJ122 vmsthdesvienteol fpcoimtibherwo Ithe tylponishipCiadtveda géﬂearsepatrhlrecbuagrhthmﬁvbmtpd)fe
stages involving a conbination of bath genetic engineering and netabolic
evol ut igAct lqgrnmatj@hegrt?ogwgarr‘egrf}eﬁgn HRrtGIpsSics &@r \%01@?5} fieref COREHES

i ncl Ud'a%geslu%f ng‘XﬁUc&%Haﬁ nﬁtrgvbé%tho@%?&ah HEOHAC ARNBA S (ROkye Jior mat e
transporter 0CA), acetate kinase (ac , pyruvate-formate |yase (pflB),

met hyl gl yoxal synthase (nsgA), pyruvate oxi dase (poxB), propionate kinase
with acetate kinase activity (tdcD), &@-ketobutryate formate |yase (tdcE),
citrate lyase (citF), aspartate am notransferase (aspC), and malic enzyne
(sfcA) were deleted fromthe chronosomal DNA of the parent E. coli C strain
ATCC 8739 The genetlc nanlpulatlons done to E CO|I C straln ATCC 8739

b 17" A NS o, N ey .



al so include introduction of a stop codon and as a result, the open reading
frame codes for a truncated protein instead of a full-length protein. As
used in tWe2prielerst i nvention the termnutation al so i neCudsgooanges i n

t he nucl eoti de sequences in the upstream or downstream of the open reading
frame. The regjons.upstream and downstream of an open. readi n rame contain
sever al°P Pakdgpg}ﬁw@ep trHoleas iy emitisal tongelighic PFﬁ%&twa&aﬁdgﬁngrf@n@m@ssi on
of the &w% Sbqhchifdesbnnck NS QRARN S Blgihl B ned SFHGA! EHALRCGUMELIRG o N
these regulatory regions can alter the gene expression |leading either to an
up- r egubang ore oew dawirane ghd spetion frofm whiek if arnsst | An pardnbthhepropess gi lysldlsoy is a
nucl eoti de i sertgon or deuetio resuhiﬂn% in a fraq?s shift nutati g%

(80) BASSE DI RATWP SGTY GRCABE T TIMNE REIBF HESITE TRYRRY TSRO EHE aSe etic
nmodi fi gt H@;{S}l?caﬁ@@dizilﬂﬂntQ dehems] MHhbRIE it tthd isg@bi RAc@dn RENhOBuABdotheXOSE
sugars can be carried out in any bacterial strain already genetically

engi neevelitipar whdieasprapdegstdvely caewohactenm, gemdf thesiare related émgwi%m@l 08¢.-ng

gl ucose as the source of carbon. Alternately, the genetic nodification
required_for the sinultaneous utilizatign gf hexose and pentose sugﬁr can

be car riP&8H ohiEens Cn RPN With yilEerghastBityalls StaagiyndetHisd a8 engior dretyigethat

bacteri i L. - for S (o] ar
e | 2 APt 3 ek BB e @ imEMTbARERIS EYP P Bt REMOREINITE o
m cr oongdhitypm smetabiretefror Thhaltpreddwovitprowfl madest itsdf ircheyrhaal svayrbya
commerci al scal e., EXPERI MENTAL , SECTI Ceneral. remarks ﬂ§8}%} rain and

i nocul URFEFHRP LTSS NGRS BHOVE Taffopy CIECICALY RASURIWIREPOABEIOR OTAPS SR B,
ATgSA, DRRKBag MdelEed Aghd br pPeSRC, Oﬁ%fr(%ﬁéasﬁﬁﬁle%%geﬂti@s tiRGud, ®8€Rke not

i nvention. KJ122 was derived fromE. coli C (AT 739) strain through
genet i dimtadi fd eazyngn ectadtyd egbstiatee dpdsyficdianobime czyme, KR0S para2@08h)famd in

the International Rat.ent Applicatiaons bl.l shed under Patent Cooperatdon
Tr eaty VRS PR ALCT G 2Bt R TR RGBS sHar s <6Re Bt of
2010/ 1160&nzymb berdch@geesdios UsRIL &galatol ©F ?bﬁb exyredsiar @ldRe vedodsed R ms,

(82) E. coli strain KJ122 is capable of fernenting 10% gl ucose in AML

m ner alt$redi a to produce 88 g/L succinate, nornalized for base addition, in
72 hours. AML nedi um contai ns WO 2011/ 123154PCT/ US2010/ 057111 2.63 g/L
(NH4) 2HPO4, 0.87 g/ L. NHAH2PO4, 1,5 nM MyS™4, 1.0 betaine, and. 1.5 ni/L
trace dVeMertSUseHha e PEcseRl WNEHICY. MieicHRdpalrlen sEcry t@cﬁ?@%l%wgﬂﬁcaﬂem

cont ai ned.t e 1ol ERIPABCHI: rchdfieOhhmce Ghdredh Zo@iboRP CLABK2M O- 1
g/ L QuCl2, 0.2 gftl A by ok gl T NEMDOA, share g/Le%ng? bt g/ L
MhC124 Hp@unsiTeen pigubitory megibe rhergeat notations tdsult sitheiimtaiup eeuddation.od awiopm:  1: 4
(6 N KOH .3.M K2CC3 1.2 N KOH,, 2, 4 M.K2CC3 83) I.n sonme experinents,
corn AL TR A IS ale}a@alfm%?t%l%fryissvﬁf%%%@eP&B?#%ﬂﬂ&lgc%?rﬂe SECEPF ng

i ndust ryhe JAAE M EATIRIR aRMadhRvkd @itN@aSt dfotinzaRd cidie cB@iﬁ% @%ﬁ@n bt theSzeA8or a

i nexpensi ve source of vitam ns and trace el enents. 84) Fernentati ons:
Fer mentmrtiamef \wee eodingr pusdcobiylc stehecike iy by iatrddussiy ABSUROLShIfl oudatginatée a
0l yeer gl 8598 kRl o8€ ket oR pIMESNER, ¥ SEALASETE SabBifiBu G Spoci ni e
aci d and stored i1t e 'B6C Y 8eler e 16 Kol S (57??{ el Om t he
pl at e Wantisny apgdc@frfin andstruvaabl @ined ceding €éd the ipAdteint lacEtBr Meokvad i the
vessel . The fernentation vessels have a working volune of 350 m. This
first foiplagiselfungipnaguch asrcaryme reastions ariensposieef the orgppicanolgadesaggoshdie used

to acc I a ' 3 I t i ML
rod am Spar Soiak A GRE TR Bab drElTRELR I AIRALBEC e HlCs

ot her wigetcinstweddh amtrohthatox pteksedofiht lrereslrad mgdonthic protaigs directlyZndolikéHnand
2.4 M . Th ermentation vessels were maintained at . a pH of 7.0, 37C
with 1?5%%@% Pﬁ&n&@feepmz%nwﬁw , Cqrneol B mrcr & VR gredpnts ate

i nocul r i . f . a
tarti g Boses e o daPo R R ARk e Bl RISt |
exper i rsmesilateryegeponducted in triplicate. The C5/C6 co-fernentation
experinment included 4% xyl ose, 7% gl ucose, 0.5% ar abi nose, 0.4% gal act ose,
and 0. 3% mannose (pure sugars) and was inoculated froma culture grow ng on
Xyl ose @86)t hevsakiBnT A0 sS N AR EhEn Q8H F BNAIE@fuencE@1469¢ € that of the
co-fernmentation was al so conducted with the m xture of 8% xylose and 1%

gl ucoseclevrdgdldtypepigaaims Kogceampladumueadion dound ip|sireiatkel IR tiheut chadgd 1 on of
inhibitors, with 1% acetate or with 0.1% furfural. (85) Cell growth: Cell
mass was estimated by neasuring the optical density at 550 nm (0D550) using
a Therno El ectronic Spectronic 20 spewstrophot oneter.



(86) Organic acid and sugar analysis: The concentration of various organic
aci ds and sugars were neasured by HPLC. Succinic acid and ot her organic

aci ds presenvin3tshe fernmentati on broth were anal yzed omCAgist@ntosi200 HPLC
apparatus with Bi oRad Am nex WO 2011/ 123154PCT/ US2010/ 057111 HPX- 87H
colum. Bi d Mcroguard Cation H ' S d as a guard colunmnn. The.

ot andartDN oroeHIES AR 578 e iRy Bhepared YA TITER Yulleuni@iegiorTe HPLC
col um GafRRdabULS: ¥Bde Tl dliledpatkuafCE. bl il G Bfdveh & AGCRO8MN9. A
concentration was used as a nobil'e phase at the flowrate of 0.6 m/mn.
Quant i frinefati¢ropance ammisertion o6 apdinerd DA DT doneulmpeneldsne paigs ethedleletadysalr pt i on
at 210 87) Metabol.i.c evol ution: l.Is fromthe pH cont.rol.l ed

Fer nent2Nont At PUTUEF RS TS iRiNs 1 &1 bt SAe S e B eRERUPRd st ool i
evol ut i plitARMINATEHM Ambes adpIsRtRChy ansportafecdulOatiatiBhal 2RBAO K REHil Yhel/ 100
of the volune of new nmedia, was added directly to pre-warnmed, fresh nedia
to a stsgeaidneproDshthcogeng. @B, baclasaled agdiachnt tepthsverisinadrophit a¢ aagene can be

char act gr i.st. . . . i | Wt o tr s_.applied
o 1 mpr el By Lo dRbab et of Vi hERc e B Eler e S kB R AT
bagasseiteSn tid @inoed thitodsstgarfrom kHesorigindtlcopy.da wditationican dewadiaggpromuct

that is typically used by burning for energy. This waste product is used as
the st M€i%eF fRe & peathrdiase yac ok pramarle gishaecHEem 28 3eRing Ked SWNIRGEPASE ose

fracti ' ' 21 d : : I : IS
i ed 15 - peE it Bl B RRRSELITRS 2 ity (e ERRBECTR PRIBNER | e
mat er i aloded farrlgat eddom), streasnse &ehwh schéiee pecadoavietodstBarcodonyi & Hradidshitfte

sul furic acid at. noderate tenper.atures. pical pretreatnment conditions for
il ute GG 8 aRURB AL CBEBOR OF Sy @ KBHSehtd Ariobd. MHBOl BoBEe and

t enper afMER chafghs 1eh3Orc iR @Smé 82HIAREE thd TRk abie sécfa@ﬁéep Ehat 9 €&n@BiddTel
reactor conditions to achreve nmaxi mum xyl ose yield wth m ni mal sugar

degr adatovawtreane fedvo he MBGae iadd gdivo eintrodudesa, stoB @CJom ddwhstireanm fiogs ithbe nt

time in_the reactor. (90) PCR an S ncing: A set of  t | P

speci 1 refehiePE e b rEd mem § NS Ehiis BedEontlsnid Phiioe gene
from TGARAet dedete®, and WE37 strains of E coli. The PCR was carried out

usi ng the standard protocol using 2phusion HF master mx kit from New

Engl and Bi ol abs. The PCR products were run on a 0.8% agarose gel to

determ t he.si f. th I e I r. . st rains
of £ oDt "8 BUEEulioh IR Lot Bb R Lo ARG Lol PR IASTB e 03 Dy
Tuft s Dbltha efuekrtitiog of an enfi@aipeh tryading Baaé ontheMilevaibAend e thaqaaoes allat a
were anal yzed using the Vector NTI software program WO

2011/ 17B85WPLIF/AgLy W@S?@iﬂaﬂtg% Construction of WE7 strain of E. coli:
WE37 stain of E. coli was derived from KJ122 strain by deleting the entire
codi ng region of the gal P gene. The gal P gene was deleted in two steps

i nvol vi(§8hohtmogatisis redioroi gratsnowhodergenbiae tomtsins shagemotdhreuigadbid. gene
sequence was replaced by a cassette containing an antibiotic marker and
sacB gene sequence. The reconbi nants were selected on a LB plate with

anti bi qpkg)y Aduidan 36is MEnBbRAARe tdre RBEIMBLO! IsGneAdSRll BedPdal £FRNKMIS rom

t he chronosonal DNA and the reconbinants were selected on a nmedi um

cont ai rirny astdtodwived iwnt olteidi o€ a gelbwi ingodured ingo shechass miaromelbgrgimsmplnat es
are highly enriched for |oss. of the sacB cassette.  (92) Ln t.h

const r 0% TR o ereecti, "ORpis hef eRER, FTRIRAE o {08 miab shiy 6 e by
PCR usiifigodited Ru¢IBRI:3id htayadidstad bin (il@dpedcht phshidoNhagligdetetiGié e
plasm d as a tenplate. The DNA fragnment of Ear_l-sacB cassette was introduced
i nto KiwshehsemgsamadDNA. g ¢xogpppuspackeicragid eqding for pametety manbe infodaced

sel ect 0 i G opf i png the
o mor ool o tPAsR b AR BB R ARL B R TS R YRS 5
gene amngdomeicg hivd termghaBGelpenc ey iAdrRsnatiecle, tirpixofdneds uatleig achiempletute msayd9a,
49b (Table 1) and cloned into pGEMI easy vector to produce plasm d pGAS8O.
Di | ut ecEhIEBHRARE ;1B @kﬁ host shigmesemyl PNA é%cf P8y besunder dhgycapteoligf the heide- out
anplifﬁ.gp&gﬁ, L8Rt he priners 50a, 50b (Table 1). The resulting fragnent
was sel Igdated to construct plasmd pGAM81. In pGM81 (Table 1), the gal P
gene was del eted. The DNA fragnent containing the gal P del eti on was
anplified by PCRwith the primers 49a, 49b and the plasm d pGA81 as

tenpl ate. The PCR product was introduced into Wa35 and the transformants
were selected on LB plates with 10% sucrose. Resulting clones were tested
for |1 oss of kanamycin resistance. Thewsfinal gal P deletion strain was
designated as WG37 and the specific gene del etion was confirnmed by PCR
using prinmers 49a, and 49b (Table 1). Exanple 1



C5 utilization (93) Escherichia coli strain KJ122 (E. coli C, Al dhA
AadhE, AackA, AfocA-pflB, AngsA, ApoxB, AtdcDE, AcitF, AaspC, AsfcA) was
abl e to gwowonemrstsiucal | y on gl ucose, xylose, and arabi n@se&/USIe/o08hjiect i ve
of the present invention was to grow the KJ122 strain of E. coli WO

p
2011/ 123154PCT/ US2010/ 057111 mi croaerohically in.a medi um contai.ni.ng both
nexose UAD ficFbe g@mé‘_ﬁg%?? S etr%oqgféﬁ@efld&ﬁﬂ‘ary;@m YRPEHEA! Yihinhee t o
use botyst e viRh LR RrSidkd RBRRYSh¥ic adi®ft), thOtdrin@lex SEMBEM REr{ @ranCo
utilization was conducted by aerobiTt growh on NBS m neral nedium pl ates
suppl ersstivigdthai ishnt29dustd spd dwehosTivéerpicatoaganien. €l icrsoutyatcen batfoBF@mplarani ght .
The col,oni es appearing, on the | ose ,pl at e re streaked on fresh pl.ates
for ¢ BB Rsraan 1ot Soatnen Biaf Wi ML Seicba (o nSPereeh bRy “Nes
M ner al foIB&HngNinwb &l tidPoixd teehost MeicBlal Dridndim t FahplntRicVeie damared «of f
and inoculated directly to a fernentation flask containing AML m ner al
medi ummEesH érehbteagdwirer theosmg KpeEs, ofl thevmperpbiah @reanebg okt xiy | refrered Tave

fer ment,at i ' 1 alj i C WSk .Of . OH and
2" KOOl S R A ol e g 3 BASEGRRRITY MR, e e £
a magneisiletgdlopoudaD N dfradpctifveadl theeatpeed tiid DNY) wintherTihés hogoliogowsudit ur e
was grown for an initial period of 24 hours and used as a seed culture to

start dcHalosens: when Wtioduggsd ik 2 hagt colbsbe DOYA @s gl as thegctiviy degyed (@ i n

t he Al i [ WM | .Qs i hit i nitd . hase
aur i ng T hoaec e B Ry RS TRRAR, dfirie; RabacqulEpiaiol B RSP o
peri od,enkddif® wictaé¢ nacsd asft €t sin@ntiog gunowtihze Alitheg ond bdtht hetegiagotuh ofd t he
bacterial cells as measured bg an increase in the OD at 550 nm there was a
decr ead®@MACIWS CRAHBERYCLES 7% 0f xyl 0se in the medi um acconpani ed by a
proportional increase in the concentration of the succinic acid in the

grow h iu At .the do e 216 hour, growth, period in, xylose
Jont ai ARG ety Shobas EBCeBliCorEiRs M B R ar e RS or e
at - 80Gonkkh&eit 4 hRafurebld ratd bid &vitout ey enshttial Aelaz k6 thovEgighiaytdT aper i od
or the glycerol stock of the culture prepared at the end of 216 hour growh
peri od @& lgtiay of sajdheell|intoea anedivgl Yogh e aticsh Wedse xyoser ApRingsper al
medi um I A % rre |V he, s e of ingcul um
et her TR, SEEARETh Lbi RNt 5 BuchE SREREL, 8 e b R HASE IR BB e
second drewnentahé¢domuisis@intgneivsibstdinial camyentragopef bottl.a Thand uas nigar.aci d

production also acconpani ed the bacterial growh w thout apny |ag period.
Thus trwf@én?@uﬁa%oné%mmggw% adp %P(ﬁ%)ﬁ%ﬁuﬁ%%nal?e Rads %Iﬁm/\]i"%r 1eshauLd 5 8B 1t

follo S| 216 hour period resulted in the
wed cf%rl%kﬁ‘gr}oﬂkg '%%Bgﬁz\%ﬁ :Hérﬁ}clﬁggagil p

"adapted strain” e to grow m croaerobically on xyl ose

contai ni ng nmedium WO 2011/ 123154PCT/ US2010/ 057111 Exanple 2 Metabolic

evol uti of . KJ122 7). I n_anot her odi t .of the present inventi.on,
the. o 19821A i o8 HietRr SN RATUB0H | BCBUa 1 GREoRIToD Sl o
gr oWl NAGALSADERR R ERIAY GIikoobd @+ GsaMU NBSHAHH-&HRRYBIBDE DM lBbXitOS e
sugar was transferred to a fresh liquid AML nedi um cont ai ni ng 8% xyl ose

every Mschor dchromodagier lagticion, Lgrebekeiumiumitaciens Agiohdatesenmadiehsicter,
transfefs,,.the KJ122 strain was. transferred to a fresh . fernentor wth AM
o um L AR R S P LY S R AR e BT Bk AR B3, T

the ferqmmobicias makdcadlfogiN@mmus Ciaigobsid PLRUMS | Dlredtidrdrhen kidpetdaes of
xyl ose utilization were nonitored. The succinic acid production in the

f er ment&Prodagr edndivedi @teéébycwivmouemmwiqgélgesioeﬁiwicgﬁ@n al Besvipaeigtieed

ot ra . e Rhbb R B ARy B Ynchiph B Rl o AR, BEEHRRR AT sty 0 e

been de®ieghatrediuias kbdDBamicum, Brevibacterium helcolum, Brevibacterium pusillum,
Brevibacterium testaceum, Brevibacterium roseum, Brevibacterium immariophilium,
Brevibacterium linens, Brevibacterium protopharmiae, Corynebacterium acetophilum,
Corynebacterium glutamicum, Corynebacterium callunae, Corynebacterium

acetoacidophilum, Corynebacterium acetoglutamicum, Enterobacter aerogenes, Erwinia

amylovora, Erwinia carotovora, Erwinia herbicola, Erwinia chrysanthemi, Flavobacterium
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(98) In order to determ ne whether the "adapted strain" of KJ122 and the
"metabolically evolved" TGA00 strain have any genetic basis for their
changed pwernotiypals4t he fol | owi ng experinments were carri @dTase010/DhAE11
unnodi fied KJ122 strain, the "adapted strain of KJ122" and the

"metabolically evglved' TG00, strain re streaked onto a plate with fresh
m ner alPehediihy cd‘r,;’{"éﬂ%ﬁffﬁﬁ“’?%@F%@se%Wz“?’é’ém’t i HGLEB1H8hi <-:¢"Ls/g EEti'eaked

onto a fpgshnp! Ak Whidle i 9! YEASRAseI N FISLEEIBING WBRevEONCFQNL 1R RRMY

basis for 11 consecutive days. At the end of the eleventh day, the culture
was st reakegbsgriicomanMagacoplatsp. cCOOVELAI nidorgyhdbe margenic olNoaweka grmming on

the xylose plate werge streaked again onto a fresh xylose containin | at e.

This sl PHr QR by TeRe eRhner ity PRk Srerae P g gt e BdeBng

Xyl ose rRpyAhMaRY PrdkiBhd,0 BsbiddofaLuldbofrrmine IPMIBmbAdse, Mbkstdisc acid

production kinetics and the rate of decease in the concentration of the

xy| ose Rsqudaveongs| ovile, nBdideniawss e sivaali oPwadomen) apidoydians eBsdudemeimeinn i n

Figures 1,. a i ndi c | ose ilizati nit . the

o Sappadifdr oo B Guelol? PORARB A b e BhA S NBRA RO JE P

hour s Widdotdrchiherdbbthiongl RAGHbEZ cat spl MT@S ASSPE, REodoboddne sp.adapCed)o76trai n

of KJ122. In the case of netabolically evolved TG00 strain, nost of the

xy| 0se AT CHE b dITGHE WIPEBIOseheEd  Gitiert n e £ mesehndfpvioul@rio) gyradeiesi on,

for THAPO. ucgl pi.c, aci ct} i o] l.Ag.: per i

i 1 ar Ty b R Pl e, E o Qo o Ok RE° KA A P Rl

"adapt treptanaices’ @felikla 2 Savpotiineesorflagengl SKep2Riysesaignisstlowe Strapromyces al

| ag phglse of ggout 72 houlr.s WO 23,11/ 123154PCT/ k;JSZ().lO/‘SOS?lll gFi‘%ur.es 1 and
hd@&Bs YXRITBIES PSP e ST ABPTIEFFSt RAOSERBS e tSHBBIBALY v k&I Ged

TGA00 S§Fdihhas AsHMERY St Al ARRAY PR e OB Rertlhiel Splch R AL | g

nmet abol i c” evolution and this ability was not | ost even when this strain was
gr own fwordgdvenedenge nraponssamonitidaaBsefiee pohilsy | Busdlus Qi cives, oBd@ilushand,

the KJ122 str.ai.n agapted.t.o grow i,n the . um cont ai nj n nl.y xyl ose,

| oses bamEpiy BETHELSgn B ahDS sUay BpoRR 2 BB BadiR e
gl ucoseogeMha, NERGe MBIt Uitidndliit NgicpbIsR R RmO lan¥yd iluli Serraaiaplagebsédnk,al n”

of KJ122 grown in the absence of xylose needed additional 96 hours to adapt
i tsel f wdaprellodynigeusiynosdmasgell soapellof, Kehshdle oxtivgs Klsasieligpipagnis r ai n”
of KJ1 } Ir.e ti ifi e! i.ng J in the
xyl ose%éo%{aglltﬂr%%oéﬁgrggilt{ﬂma 0?1518%9%0&?%% ofé%%“rd@@%"{m'?g htgcg\g?ér}%ﬂr)]léggn

abi | i t ymiceoorgenixnik @s@st 3sitable dobhis pryemeinstitidn sretdririved piréfradby Fioky tHeo use

gl ucose_as the source of carbon f(@Tabl e . 2). Exanmple 3 C5 + C6

Co- f er nEHERPRG AR TRmElY. Khe IpeiGHEd migmaIEans s grewesciedniarni BrLeneRe 5
and C6 .Sy -ar : Sl u bgl,] T, ar r

gener al Sgg%ré%{ ’o?zlrgbg)l‘ % Ip}g@gﬁﬁg Z&I?%%@f“g gggﬁb%?{eédﬁgdr Sg?%?% Cjéh e?rgt%é%sol ism
Ther ef disehetichiass essemref@iretlo Wether mha getivsel §denehioattho sp ol Bod/ericgia cs of
TA00 in,the Iprregag{‘nce Pf %qual anmounts of both C6 and C5 sugars. As shown
in Fi gui°d 13 PaFFEAGBINRISTSEde to use gl ucose and xylose at the same rate and
produced succinic acid without any lag period. KJ122 was al so able to use
bot h xyl ose and gl ucose. However in the KJ122 strain, the xylose
utilization started only after a substantial decrease in the glucose
concent(088y an.cofitstiaRr capable@Wio dudinedlgenid, acldsAR Qi gheRehnTQuentikydsQge well a
nol ar basis than gl ucose when conpared to the xyl ose and gl ucose

utili za®Wosm By Ke12et. ERangiaepde. Féhqreldt at-i Satent Gepb%tmeg’%ag%% No.

hydr ol ' ' s 0102),.T ' bt ai

nmet aboﬁ@bg)\}g?g%fgﬁ%\ggs %gaﬁllg%aorfforﬁ(' i Ct]Oglzaagi ?ﬁ?@c%f}gggogyﬁthgsg%gig%ﬁé%ﬁr om a
hydr ol yhiemiadllybagas setatd hendcanpeniva@t e Thbagasss ePdyrdr dloy JaG29, s peletides f i ed
by neans of .treating is. wi th 50 grans of ch rcogl for every kf‘élfogram of
bagass &Ry atibisy Oat & £0/3EA 1 oprEd APRNITISET Ao thotRiPuLivak&f BEIOFid-pm
The actyuahgbnaD %%%E'Arﬁtﬁh%ﬁﬁfﬁsgﬁ?lﬁﬂ%%%ﬁ@r BROPSRA! ‘@%%p@x'a‘ti%ﬂl T&%Bt‘%rdNos.

suppl emrented wth nera s, betaine

WO 2008/115958 and WO 2010/115067 provide microorganism engineered to produce
succinate and malate in a minimal mineral salt medium containing glucose as a source of

carbon in a pH-controlled batch fermentation.
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WO 2011/ 123154PCT/ US2010/ 057111 and trace el enents and then filter
sterilized. Hydrolysate conprised primarily of 8% (wv) xylose (C5) and
appr oxi mewel29110128f%t gl ucose (C6), 0.1% gal actose (C6), OPC¥usanmosa1(C6) and
0. 002% ar abi nose (C5). The concentrated detoxified C5 sugars enriched

bagasse drol ysate was, further supplemented wwth 2.5% w v corn s

i quor (QE%) Thstuages i £ vesnon OB P8 AU FolGaioppast s ABCE.  As
the res(%lrﬁe"“rio%ﬁ%é @u'ﬁ'ugé”c%llﬁcﬂi&g' EAt Be g’@n@ﬂba{ll;l%@ ROMUES  arddl Luﬁs_@&uéﬂt‘l rs in
the culture nmedi um were consuned and there was "a s%eady production o

succi nanetab@iculy| @obve@etvontiteinse gtremcivith aof criianel alidityT G4 @ dice aingsmoife
Escheri chi a co.Idi. %0103% .Tpe eq{gre eno of the parent strain KJ122 and

t he TGAIBMEE ARG FRMNVEE Y SHEIKT 4% “PHBEgh et abol i c evol uti on were
sequenced using an Il lum na Genone Analyzer Il at the Tufts University Core

Facility in Boston MA, USA. The Genome Analyzer |l is provided by Illunna
SequendPhd TeEhisenogynetidy gaguectedd £ a gobetid ereingesingik ps 2ncd herenaadorswer e

h.aother . i dentify t ' - ' th
cormar 58 hpBREP: 81 IEEAOULRML SR ohLt Ehanacs, REATRABKLRANC
and KJZXRaughveahpdlaingutiad igoféhic maNgeor i tphangal & genantookgdm. The: gal P

gene in TA00 showed a paint nutation at the nucleotide position 889 of its
open r 5APRYC fPgtaulatines dPYRIYE ndithel crlesingd eadding ts THBRYINE oS dMAged to

guanosig én%%%ﬁ A H#%ts%é?loﬁﬁé wNApfh%gkﬁetﬁu@Eﬁ?Maﬁ%n§ ?ﬁg gg‘{é?lgg' &hAHsPRi Jnesi due

gl yci ne s change aspartate. I's mutation in gene Is
r ef er r exf aforganPPNA Tdyusnoaiimd itbe gaasmichBNonlsyquitnt¢ ef ¢line enibebrgensnkKJh22 and

TAHAO00 strains of. bacterig. at the nucl eoti.de | evel.. Exanple 6 PCR and
Soquondh® T PEITeITe] OB GUHE oL UL IMrertRAod i kG T3 A fi8vi ng

est abl i 3h&dphfiRld BynBEsns S RN §feBifl DNREs QRER SFHE SRAVENTE NN TGA00
strain accounting for its ability to use xylose and gl ucoSe sinul taneously,

we usedhParetoecgmmisurewithoutabtraducing eny fdrPigndd Af ConteiUgartiamehniigdadonsThe
PCR products o{)qtqai ned from

¢l N ) eTG40(IJ as.wel | a8 t he 0Ii;CR eﬁ{igdlﬁ?t oftri%m Kﬁlz[z wer e
sequend¥iosSAY PhidegBile e CRF s 9h 06 41 858° £OgBETT AURHHFURT PFPICHERGES
gl yCi neef@isdsditingértid@oftd RReigRHNA Riuarpdhiodthe deasdws th&heerdaisnsp) . WO
2011/ 123154PCT/ US2010/ 057111 Exar’rPI e 7 Effect of gal P gene deletion
In the most preferred embodiment of the present invention, the introduced exogenous
DNA sequences are ultimately removed from the genomic DNA of the microorganism so
that the microorganism at the end of the genetic engineering process would have no
exogenous DNA in its original genomic DNA. Various techniques necessary for
accomplishing the objectives of the preferred embodiment of the present invention have
been described in detail in Jantama et a/ (Biotechnology and Bioengineering 99: 1140-
1153 and Biotechnology and Bioengineering 101: 881-893). The published U.S. Patent
No. 7,629,162 and U. S. Patent Application 2009/0148914 and the International patent
applications published under the Patent Cooperation Treaty with International
Publication Numbers WO 2008/115958 and WO 2010/115067 also describe the genetic
engineering techniques useful in practicing various embodiments of this present
invention. These scientific publications as well as patent documents are herein

incorporated by reference for the purpose of providing the details for genetic engineering

techniques useful for the present invention.

(066) The microorganisms suitable for the practice of present invention can be grown
acrobically (in the presence of oxygen) or anaerobically (in the complete absence of

oxygen) or micro acrobically (with a low rate of oxygen supply). Alternatively, the
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(0105) Having established that there is a gal P gene nutation in TG00
acconpanying the ability to use glucose and xyl ose sinultaneously, we

deci ded twodetienaisne whet her del etion of the entire gal PCyarseomostidl have

t he sane phenotypic effect as seen in TG00 with a nutated gal P gene. In

t hese eX{)Ceri ments we, L@eg Kﬁkl?zz of E. coli as the parent strain. (0106) W
del et edMCHROTEHTBNYSHENE (Rl FIBINTRYRITIRY 88 bergram igra gualapyiase ghoihoduce
a new stEald) &ﬁérbﬁdth\é[ﬁfcroé#gaﬁﬁ?f?% %ﬁti&l@yﬁ‘ g%\%'tih OISk growtl® ¥8Adition to
utilization pattern and the succinic acid production in KJ122, TG00 and
WG37 streaing cgrtawncee adrashli gramitly biefora transfemang metdi amecodne giavithgeobpdition

gl ucose and. xyl.ose as the urce of carbgn. WGE37 was,,able.to use both

o) ucosdo ARET HBSEo B oAt e e gPbrit AYat i tenirEa R tefihednt Sl e o).
Its graw brdek Bt mke afic Waldro@Sahild S3IgRbdwtlel bhi gatit@ar RREARE NEidev&igism | ar
to that of TH00 which has a nutated form of gal P gene. In KJ122, the

gl ucosengzcs anyileekiy acowsberedl wictibmal7mctabolie paHiwayst insludyngpghycolytic
utilizatl Nk I f r i\n 0Q a i 7,
the of deuBl 0N &ic Ml Ble @ UL KGN Bl PRt SRR S

si gni f ist@ntcaameuniniphilagldusos &arietyes Medclio chfiacdrdo woh@gu&bddyotibsd af thgr owt h.
In addition, both in TG00 and WE37, the xylose utilization could be

det ect egicadifigagnd, patent ditqipiyrs cited o) ineporaed By sefaisicey Ehdhe PAwEraph

si de- by si de ‘ i ‘ iR ' - ' i | the
Thr oo, Ppue rARMTRASCAR M Blesk SREhERdic ! Bl inAGhboRIOAHA! LORAEL

cont ai nilregdedlx ybostevarmhs 7@0aqbdhicbsetatmlic pdtlewsis eimbe showe dn ahes standad

ki netigs for .succjnic acid production.irrespective of ether they had an
i act i RTyRRG sBhduttis g PraCiny OGNS ar PG LeHBE cthd

sugar S,Bg@{!@gisggq)}gqc{l@ﬁsgt}gﬁ! y higher rate for succinic acid production
(Figure 7). (0108) In the nmedium containing xylose as the only source of

carbon, the TG00 and WE37 strains showed nuch faster rates for succinic
acid pr ction en ¢ red t.o the rate of. succjnic i d production by
122" PP DR S AP A0 6T rbifp Rl E aferrTEE i Refofle DR o
only saiehe€cafy cfi%ﬁmmd §dehat Wonik sl @4risth peédiicha pﬁﬁﬂ&ﬂa@%alvi&mdw Sur

deletions i nd%ae ‘gene sequence showed slower rates for ' '

2011/ 1X2984PGHcUS2O 008 gy edtabic oA civathssigtie i Bembgieal ©oagEe didso t he
rate of. i nj ¢..aci r i y. KJ122. (Figure. e ffect of

o7, dBT RS G B BELR B CEME e, 28 G BER R o £

exam nectihe ietHeemicrotbiapfaritn tatit aphbivalyhahich @sul bt sndnip Q@ d Dis(neethk &aewant  of

glycine residue at positiaon 297 with aspartate residue in the Gal P protein)
on’ t he SPBINE FNEHIECENE cieAduGsy H&JM{%W As MY Heted nioatiPRsAtrpig af Xivihetase

cont ai ni u c i S
R R Sl e e R e A SR P L P
Agal P: :pgakphotranascetylest @iy POCRcamisE hydragasehieaml? dntnfahfPtcgRnecttydm
THA00 i the prinmers 17ASPgalP ( SEQ | 9) and 18SPgal P.(SEQ I D NO
10y and th SRR iEy g o Rh et [ g BT Ryt baicc By A REPRHES

expr essi - € i r a € i thonal m d,
6. T e B At ur e
( Dat sertpsrandepasser , ((@BB0phosphoenol pyruvate carboxlase (pepC), pyruvate formate

lyase (pfl); pyruvate oxidase (poxB); and pyruvate carboxylase (pyc). Besides these
genes directly involved in the glycolysis, tricarboxylic acid cycle and glyoxylate stunt of
microbial metabolic pathways, genetic manipulation of the genes involved in the uptake
of carbon compounds useful as a source of energy for the synthesis of organic acid can
also be manipulated either to enhance the carbon uptake or to enhance the efficiency of
energy utilization in organic acid production. For example a decrease in the glucose
uptake by a phosphotransferase system (PTS) could help in reducing the energy spent on
glucose uptake into the microbial cell. The energy conserved by manipulating the PTS

can be channeled to improve the efficiency of organic acid production. The
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(0111) KJ122 was obtained off a MacConkey | actose plate. SI014 (KJ122galP*)
was taken froman LB 2% gl ucose plate. Scrapes fromthe plates were used to
i nocul at ew@20m12315B 2% gl ucose. Cultures were grown for PBThSQe1/0811187C, 150
rpm Final 0D600 for these cultures was 0.71 for KJ122 and 0.58 for SI014.

5 mMs of ch LB.glucose culture sed to ipoculate a 300 nl see
fer nentpélPS@ma&ﬁﬁ??%@ VEeM PN g REEL NS GrivanT R R By AH: o F%@%ﬂ@ hel d
at pH 7%yl Qrg}/&éc\glﬁ%se%tﬁl&uérﬁi tHek /! n%@@tﬂeoéfﬁkﬁﬁéﬁ o@‘ékééﬁﬁ@%lﬁ’a}ﬁo@u@%nf or

KJ122 and 9 for SI014 These Cultures were used to Tnoculate triplicate
f er menttor microetgansim d hanmby 1oy theséantanediilehle Tathgetred phalictobsdMdtabddicl, so
for KJ12

Sl 014 0. |
1500 metrupiseRracrn feRetR Ren SE Eriooiin © Wathrite 06ty PRt dfyvape o ©

97 hoursd chanmdlese ¥Waben Flaked tHaptodulabn OPRQArtanthrREahokEfde anal ysis. All
met abolite and growt h data was graphed and anal yzed (2 way ANOVA) using

GraphPad Prism (0112) The growth profile for E. coli strain SI014 which

cont ai qz,?g)pqggsﬁegnr%gc??&m h{%te}tj&%cgﬁétﬁwgﬁp gnalgﬁ‘é F{lgasfu&ﬁtgké th Jch@tﬁ‘s@?, ﬁ%%go

change 0Si I's shown i s very clréar

val ues dal@ixylfihgaenzRaics Withontied bidigrial yells @a@alsbrte ﬁ@ﬁl@u&mﬂl’m&anro@@.’fﬂéon
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Nane NADH or NADPH. The third carboxylating enzyme known as pyruvate carboxylase
(PYC) carboxylates pyruvic acid to produce oxaloacetic acid. The fourth carboxylating
enzyme known as phosphoenolpyruvate carboxykinase (PCK) carboxylates phosphoenol
pyruvate to oxaloacetate with the production of one molecule of ATP for every
molecule of oxaloacetate produced from the carboxylation of phosphoenol pyruvate
molecule. Any one of these carboxylating enzyme can also be manipulated appropriately
in the bacterial strains with the ability to utilize hexose and pentose sugars

simultaneously to improve the fermentative production of industrially useful chemicals.

(069) The phosphoenolpyruvate carboxykinase (pck) can be genetically manipulated to
improve the flow of carbon into the tricarboxylic acid cycle. The advantage in improving the
activity of pck lies in the fact that this enzyme while carboxylating phosphoenol pyruvate to
oxaloacetate, results in the production of a molecule of ATP for every molecule of
oxaloacetate produced. An increase in the ATP yield would increase the growth rate of the

cells.

(070) The recruitment of the native pck for fermentative succinate production can be
achieved by any mutation that positively affects the transcription of the pck gene. An
increase in the level of PCK activity can be achieved by means of expressing the pck gene in

a multicopy plasmid with a native promoter or any other promoter sequence which is known
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Primer sequence SEQ ID No. 1 BY38 5'
cagcgtttaatctatgatgatataactcaattattttca 3' SEQ I D No. 2 BY39 5'

ggcgat agg\gegangggrmgttttc 3" SEQ ID No. 3 49a 5' ccgatt acaasa@ovsuanc 3'
SEQ I D No

to increase the gene’s expression. Another way to increase the expression of the pck gene
within the cell is to integrate additional copies of the pck gene using transposons. In another
embodiment of the present invention, the native promoter of the pck gene can be replaced by
some other promoter clements known to enhance the level of activity. An increased
expression of pck gene can also be achieved either by mutation in the promoter region of the
gene or by genetic manipulation of the regulatory elements that are known to interact with the
promoter region of the pck gene. The gene coding for a regulator protein of the pck gene can
be mutated or deleted or overexpressed in some way in order to increase the expression of
pck gene. A single point mutation (G to A transition at position - 64 relative to the ATG start
codon of pck gene) could increase the transcription of the pck gene accompanied by a
corresponding increase in the phosphoenol pyruvate carboxykinase enzyme activity. A
similar increase in the pck gene expression can also be achieved by genetically manipulating

the genes coding for the proteins known to regulate the expression of pck gene.

(071) The production of the organic acid by the genetically engineered microorganism
can be confirmed and quantified by using appropriate techniques well known in the art.
For example, HPLC techniques can be used to measure the quantity of the organic acid
produced by the selected clone. The HPLC technology is also helpful in determining the

purity of the organic acid produced by the selected clones.

(072) The microbial organism of the present invention can be grown in a number of
different culture media well known in the field of microbiology. For example, the wild
type and mutant strains of E. coli are grown in Luria-Bertani (LB) medium containing
1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl. For the commercial
production of the organic acid using fermentative process involving genetically modified
microorganism as biocatalyst, a minimal mineral salt medium supplemented with a
carbon source is preferred. The use of a minimal mineral salt medium as opposed to a
rich medium like LB medium reduces the cost for the production of organic acids in a
commercial scale. The minimal mineral mediums suitable for the present invention
include NBS medium (Causey et al., 2007) and AM1 medium (Martinez et al., 2007).
The NBS medium contains 1 mM betaine, 25.72 mM KH,PO4, 28.71 mM K,;HPOy,
26.50 mM (NH4),HPO4, 1 mM MgS04.7H,0, 0.1 mM CaCl,.2H,0, 0.15 mM Thiamine
HCI, 5.92 uM FeCl; 6H»0, 0.84 pM CoCl,.6H20, 0.59 pM CuCl,.2H,0, 1.47 uM ZnCl,,
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ggcaact agcgcat gcatccattta 3'

0.83 uM Na;Mo004.2H,0, and 0.81 uM H3;BOi;. The AM1 medium contains 1 mM
betaine, 19.92 mM (NH4);HPO4, 7.56 mM NH4H,;PO4, 1 .5 mM MgS0O4.7H20, 1.0 mM
Betaine-KCI, 8.88uM FeCl; 6H,0, 1.26 uM CoCl,.6H,0, 0.88 uM CuCl,.2H,0, 2.20
uM ZnCl,, 1.24 uM Na,Mo0O42H,0, 1.21 uM H3BOj and 2.50 uM MnCl, 4H,0.

(073) Since the accumulation of organic acids in the growth medium tends to decrease
the pH of the medium, it is necessary to add appropriate neutralizing agents as required
to the culture medium. The pH of the culture vessel can be continuously monitored using
a pH probe, and appropriate base can be added to maintain the pH of the growth medium
around neutral pH. The bases suitable for maintaining the pH of the microbial culture
includes, NaOH, KOH, NH4HCOj3, Na,COs, NaHCO3, K2COj3 and (NH4),CO3. The bases

suitable for this purpose can be used alone or in combination.

(074) The mineral medium for microbial growth is supplemented with a carbon source.
The carbon sources useful in the present invention include but are not limited to pentose
sugars like xylose, and hexose sugars like glucose, fructose, and galactose. The carbon
source can also be satisfied by providing a combination of different sugars such as a
combination of glucose and xylose. The carbon source can also be derived from a
hydrolysis of starch or lignocellulose. The hydrolysis of complex carbohydrates such as
starch and lignocelluloses can be achieved either by using thermo-chemical conversion
processes or enzymatic methods well known in the art. The preferred carbon source for
the industrial production of organic acid using microbial fermentation is lignocellulosic
hydrolysate derived from the hydrolysis of agricultural or forestry wastes. The
lignocellulosic hydrolysate may further be fractionated to yield a hexose-enriched and a
pentose-enriched fraction and those fractions can serve as the source of carbon for the
commercial production of the organic acids using microbial fermentation process. The
lignocellulosic hydrolysate can further be detoxified to remove certain chemicals such as
furfural which are found to be toxic to a number of microbial organisms above certain

concentrations.
(075) The microbial strains obtained from genetic engineering have the expected

genotype for the production of organic acids. However, their growth rate in the minimal

mineral salt medium or the their ability to produce specific organic acid at the required
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SEQID No. 8 51Db

5' ct gcaagaggt ggct t cct ccgecgat gggaggaagct t ggggagat t aat cgt gag

cgcct ggcgeiagancigrsagcatga 3' SEQ I D No. 9 17ASPgalP 5' @&ctamgeiamgliittccatca

3" SEQ ID No. 10 18SPgal P 5" tgcgttcaaaggccagcctc 3° WO

2011/ 12rgt]é5§f t e/il&J ?1%99’[9/‘[%5‘[70 e]ir%te certain chemicals in the carbon source derived from
lignocellulosic hydrolysate may not be suitable for using these genectically modified
microorganism as a biocatalyst for the commercial production of organic acid through
large scale fermentation process. Genetically modified microbial strains obtained from
gene deletions are subsequently selected for the best representative clone via metabolic
adaptation or evolution. During the metabolic evolution, the selected culture is
repeatedly transferred into fresh minimal medium for a period of time to achieve a clone
in which one or more spontancous mutations that occurred during selection results in a
phenotype that exhibits fast cell growth, rapid consumption of different carbon sources,
ability to use multiple sugars simultaneously, ability to tolerate toxic chemicals in the
carbon source and high production yield and productivity of the desired organic acid,
but low production of other organic acids. During the metabolic evolution, attention is
paid to select the clone with the desirable phenotypes. A microbial organism genetically
engineered to produce a particular organic acid may not have a commercially attractive
growth rate and consequently may not show the expected yield of that particular organic
acid. Metabolic evolution can be followed to evolve a strain which shows a significant
growth accompanied by an increased rate for the production of that particular organic
acid. A clone resulting from the metabolic evolution showing a very good growth rate in

mineral medium supplemented with a carbon source but that has not improved in the

yield of the desired organic acid is not a desirable clone.

(076) The KJ122 strain of E. coli is used in the preferred embodiment of the present
invention. KJ122 was derived from the wild type E. coli C strain through multiple stages
involving a combination of both genetic engineering and metabolic evolution. Using genetic
engineering techniques twelve different genes including lactate hydrogenase (/dhA), alcohol
dehydrogenase (adhE), formate transporter (focA), acetate kinase (ackA4), pyruvate-formate
lyase (pfIB), methylglyoxal synthase (msgA), pyruvate oxidase (poxB), propionate kinase
with acetate kinase activity (tdcD), a-ketobutryate formate lyase (¢dcE), citrate lyase (citF),
aspartate aminotransferase (aspC), and malic enzyme (sfc4) were deleted from the
chromosomal DNA of the parent E. coli C strain ATCC 8739. The genetic manipulations
done to E.coli C strain ATCC 8739 leading to the KJ122 strain have been described in
detail by Jantama et a/(2008a 2008b).
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(077) During the process of metabolic evolution using selective pressure to force the
organism to acquire a desirable phenotype, two possible changes could occur. The
organism could simply adapt itself to the selective pressure and show a changed
phenotype. Alternatively, the organism might undergo certain genetic changes under
selective pressure and exhibit a changed phenotype permanently. When there was only
an adaptation and there is no genetic change, the organism reverts back to its original
phenotype once the selection pressure is relieved. These organisms are referred to as
“adapted” organisms. The “adapted” microorganisms have to undergo another fresh
round of metabolic evolution under selection pressure to show a changed phenotype. On
the other hand, when there is an accompanying genetic change, the changed phenotype
will continue to exist even when there is no selection pressure. Metabolic evolution
accompanied by a certain genetic change is desirable. The microorganism acquiring a
stable genetic change during metabolic evolution can be easily identified by means of
growing the microorganism in the original growth medium without any selection
pressure for some time before transferring it to the fresh medium with the selection
pressure. If these organisms are able to show good growth and the expected phenotype
without any lag period, the organism is considered to have acquired a changed genotype

during metabolic evolution.

(078) The basis of genetic change gained during the metabolic evolution can be
determined by sequencing the chromosomal DNA of the organism and comparing the
sequence data with that of the parent strain. The genomic sequence data can be obtained
by means of following the techniques well known in the art. Thus, the parent stain KJ122
obtained from E. coli strain ATCC 8739 can be subjected to metabolic evolution to
obtain a strain with a desirable new phenotype. The genome of the metabolically evolved
new strain along with the parent strain KJ122 can be sequenced and the mutations in the

metabolically evolved strain accounting for the changed phenotype can be identified.

(079) As defined in this invention, the term mutation includes any change in the
nucleotide sequence within the gene. A nucleotide change within a gene may be a single
nucleotide change within a triplet codon leading to the replacement of one amino acid
residue with another amino acid residue. Alternately, a nucleotide change within an open
reading frame of a gene may involve a deletion of a portion of the open reading frame or

the entire open reading frame. A nucleotide change within an open reading frame can
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also include introduction of a stop codon and as a result, the open reading frame codes
for a truncated protein instead of a full-length protein. As used in the present invention
the term mutation also includes changes in the nucleotide sequences in the upstream or
downstream of the open reading frame. The regions upstream and downstream of an
open reading frame contain several regulatory nucleotide sequences and are involved in
the expression of the protein coded by the open reading frame. A mutation occurring in
these regulatory regions can alter the gene expression leading either to an up-regulation
or down-regulation of gene function. Another possibility is a nucleotide insertion or

deletion resulting in a frames shift mutation.

(080) Based on the knowledge gained from the present invention, the genetic
modifications leading to the simultaneous utilization of pentose and hexose sugars can
be carried out in any bacterial strain already genetically engineered for the production of
one or more industrial chemicals using glucose as the source of carbon. Alternately, the
genetic modification required for the simultaneous utilization of hexose and pentose
sugar can be carried out in any wild type bacterial strains and the wild type bacterial
strain thus modified for simultancous hexose and pentose sugar utilization can be
subjected to further genetic modifications to develop a microorganism suitable for the

production of industrial chemicals in a commercial scale.

EXPERIMENTAL SECTION

General remarks

(081) Strain and inoculum preparations: KJ122 (E. coli C, AldhA, AadhE, AackA, AfocA-
pflB, AmgsA, ApoxB, AtdcDE, AcitF, AaspC, AsfcA) was used in the present invention. KJ122
was derived from E. coli C (ATCC 8739) strain through genetic modifications as described
by Jantama et al (2008a; 2008b) and in the International Patent Applications published under
Patent Cooperation Treaty with International Publication Nos. WO 2008/115958 and WO
2010/115067. All these documents are herein incorporated by reference.

(082) E. coli strain KJ122 is capable of fermenting 10% glucose in AM1 mineral media to

produce 88 g/L. succinate, normalized for base addition, in 72 hours. AM1 medium contains
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trace elements. The trace elements are prepared as a 1000X stock and contained the following
components: 1.6 g/L. FeCls, 0.2 g/l CoCl,*6H,0, 0.1 g/L CuCl,, 0.2 g/L ZnCl,*4H,0, 0.2
g/L NaMoOs, 0.05 g/L H3BO;, and 0.33 g/ MnCl,°4H,0. The pH of the fermentation broth
is maintained at 7.0 with: 1:4 (6 N KOH: 3 M K,COs3) (1.2 N KOH, 2.4 M K,CO3).

(083) In some experiments, corn steep liquor was added. It is a byproduct from the corn
wet-milling industry. When compared to the yeast extract and peptone, it is an inexpensive

source of vitamins and trace elements.

(084) Fermentations: Fermentations were started by streaking on a fresh NBS-2% xylose
plate a glycerol stock of E. coli strain genetically engineered to produce succinic acid and
stored in the -80°C freezer. After 16 hours (37°C), cells from the plate were scraped off and
inoculated directly into the fermentation vessel. The fermentation vessels have a working
volume of 350 ml. This first fermentation was referred to as the “seed” culture, and was not
used to accumulate data. The medium in all fermentations was traditional AM1 medium
supplemented with 0.03M KHCO3;, 1 mM betaine and 8% xylose (unless otherwise noted)
and neutralized with a base consisting of 1.2 N KOH and 2.4 M K,CO;. The fermentation
vessels were maintained at a pH of 7.0, 37°C with 150 rpm stirring. After 24 hours, the seed
culture was used to inoculate a new culture (whether batch experiments or “transfers”) to a
starting ODsso of 0.05. With the exceptions of the daily transfers, all experiments were
conducted in triplicate. The C5/C6 co-fermentation experiment included 4% xylose, 7%
glucose, 0.5% arabinose, 0.4% galactose, and 0.3% mannose (pure sugars) and was
inoculated from a culture growing on xylose as the sole carbon source and 0.08% furfural.
The C5/C6 co-fermentation was also conducted with the mixture of 8% xylose and 1%
glucose. These experiments were conducted in triplicate without addition of inhibitors, with

1% acetate or with 0.1% furfural.

(085) Cell growth: Cell mass was estimated by measuring the optical density at 550 nm

(ODsso) using a Thermo Electronic Spectronic 20 spectrophotometer.

(086) Organic acid and sugar analysis: The concentration of various organic acids and
sugars were measured by HPLC. Succinic acid and other organic acids present in the

fermentation broth were analyzed on Agilent 1200 HPLC apparatus with BioRad Aminex
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HPX-87H column. BioRad Microguard Cation H™ was used as a guard column. The
standards for HPLC analysis were prepared in 0.008N sulfuric acid. The HPLC column
temperature was maintained at 50°C. Sulfuric acid at 0.008N concentration was used as a
mobile phase at the flow rate of 0.6 ml/min. Quantification of various components was done

by measuring their absorption at 210 nm.

(087) Metabolic evolution: Cells from the pH controlled fermentations were serially
transferred at 24 hours to encourage metabolic evolution though growth-based selection. The
inoculum, approximately 1/100 of the volume of new media, was added directly to pre-
warmed, fresh media to a starting ODsso of 0.05. Clones with improved fermentation
characteristics were isolated. The metabolic evolution strategy was applied to improve xylose

fermentation.

(088) Preparation of bagasse: Sugarcane bagasse is obtained from sugar mills in Florida
which is a waste product that is typically used by burning for energy. This waste product is
used as the starting material for the preparation of hemi-cellulose and cellulose fractions

using dilute acid pretreatment.

(089) The sugarcane bagasse is dried to a moisture content of about 10% and milled using a
knife mill. The material is treated in steam reactors (Zipperclave & Parr) with dilute sulfuric
acid at moderate temperatures. Typical pretreatment conditions for dilute acid pretreatment
are 0.1-3% acid concentration, 100-200°C temperature, and 1-30 minutes residence time in
the reactor. The optimal reactor conditions to achieve maximum xylose yield with minimal
sugar degradation are about 0.5% acid concentration, 160°C, and 10 min resident time in the

reactor.

(090) PCR and DNA sequencing: A set of two galP specific primers BY38 and BY39
(Table 1), were used to obtain the ga/P gene from TG400, KJ122, and WG37 strains of
E.coli. The PCR was carried out using the standard protocol using 2phusion HF master mix
kit from New England Biolabs. The PCR products were run on a 0.8% agarose gel to
determine the size of the PCR products from each of these different strains of E. coli. The
PCR products were also sequenced using the Sanger method by Tufts DNA sequencing core
facility in Boston, MA, USA. The sequence data were analyzed using the Vector NTI

software program.
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(091) Construction of WG37 strain of E. coli: WG37 stain of E. coli was derived from
KJ122 strain by deleting the entire coding region of the galP gene. The galP gene was
deleted in two steps involving homologous recombination. In the first stage, the ga/P gene
sequence was replaced by a cassette containing an antibiotic marker and sacB gene sequence.
The recombinants were selected on a LB plate with antibiotic. In the second stage, the
antibiotic cassette was removed from the chromosomal DNA and the recombinants were
selected on a medium containing sucrose. The colonies growing on the sucrose containing

plates are highly enriched for loss of the sacB cassette.

(092) In the construction of the WG37 strain of E. coli, a kan cassette was amplified by
PCR using the primers 51a and 51b (Table 1) and Xmnl digested pGW162 plasmid as a
template. The DNA fragment of kan-sacB cassette was introduced into KJ122 strain of E.
coli. In the first step, transformants were selected on a LB plate with kanamycin and were
confirmed by PCR using the primers 49a, 49b (Table 1). This strain was designated as
WG35. The galP gene and neighboring 300 bp regions were amplified using the primers 49a,
49b (Table 1) and cloned into pGEMT easy vector to produce plasmid pGW180. Diluted
preparation of this plasmid DNA served as a template for inside-out amplification using the
primers 50a, 50b (Table 1). The resulting fragment was self ligated to construct plasmid
pGWI181. In pGW181 (Table 1), the gal/P gene was deleted. The DNA fragment containing
the galP deletion was amplified by PCR  with the primers 49a, 49b and the plasmid
pGW181 as template. The PCR product was introduced into WG35 and the transformants
were selected on LB plates with 10% sucrose. Resulting clones were tested for loss of
kanamycin resistance. The final ga/P deletion strain was designated as WG37 and the

specific gene deletion was confirmed by PCR using primers 49a, and 49b (Table 1).

Example 1

C5 utilization

(093) Escherichia coli strain KJ122 (E. coli C, AldhA, AadhE, AackA, AfocA-pfIB, AmgsA,
ApoxB, AtdcDE, AcitF, AaspC, AsfcA) was able to grow acrobically on glucose, xylose, and

arabinose. The objective of the present invention was to grow the KJ122 strain of E. coli
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microacrobically in a medium containing both hexose and other pentose sugars and to select

an organism that is able to use both types of sugars simultancously.

(094) Initial screening for C5 utilization was conducted by aerobic growth on NBS mineral
medium plates supplemented with 2% of xylose. The plates were incubated at 37°C
overnight. The colonies appearing on the xylose plate were streaked on fresh plates for three
consecutive times. At the end of the third transfer on solid NBS mineral medium with 2%
xylose, the cells from the plate were scraped off and inoculated directly to a fermentation
flask containing AM1 mineral medium supplemented with 0.03 M KHCOs, 1 mM betaine
and 8% xylose. The fermentation medium was neutralized with a base consisting of 1.2 N
KOH and 2.4 M K,CO; to maintain the pH of 7.0 at 37°C. The culture was stirred with a
magnetic stir bar operating at the speed of 150 rpm. The liquid culture was grown for an
initial period of 24 hours and used as a seed culture to start a new culture with an initial

OD550 of 0.05.

(095) This culture in the AM1 mineral medium with xylose exhibited an initial 72 hour lag
phase during which no growth of KJ122 was noticed. At the end of this initial lag period,
KJ122 strain started showing growth. Along with the growth of the bacterial cells as
measured by an increase in the OD at 550 nm, there was a decrease in the concentration of
xylose in the medium accompanied by a proportional increase in the concentration of the

succinic acid in the growth medium.

(096) At the end of the 216 hour growth period in xylose containing medium, a glycerol
stock of this culture was prepared and stored at -80°C. Either the fresh culture at the end of
the 216 hour growth period or the glycerol stock of the culture prepared at the end of 216
hour growth period was used to inoculate a fresh fermentation vessel with AM1 mineral
medium supplemented with 8% xylose. Irrespective of the source of inoculum, whether it
was from a fresh culture or a glycerol stock, the culture in the second fermentation vessel
grew without any lag period. The succinic acid production also accompanied the bacterial
growth without any lag period. Thus three rounds of growth on a solid mineral medium with
2% xylose followed by a single growth cycle for 216 hour period resulted in the “adapted

strain” of KJ122 which is able to grow microacrobically on xylose containing medium.
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Example 2
Metabolic evolution of KJ122

(097) In another embodiment of the present invention, the KJ122 strain was subjected to
metabolic evolution. The KJ122 culture growing microaerobically in a liquid AM1 medium
supplemented with xylose sugar was transferred to a fresh liquid AM1 medium containing
8% xylose every 24 hours for a period of 2 weeks. At the end of these multiple transfers, the
KJ122 strain was transferred to a fresh fermentor with AM1 medium supplemented with 8%
xylose. The anaerobic growth rate of KJ122 in the fermentor as well as the succinic acid
production and the kinetics of xylose utilization were monitored. The succinic acid
production in the fermentor started immediately without any lag period and also produced
higher final titers and this strain is referred as a “metabolically evolved strain.” In our strain

collection, this metabolically evolved strain has been designated as TG400.

(098) In order to determine whether the “adapted strain” of KJ122 and the “metabolically
evolved” TG400 strain have any genetic basis for their changed phenotype, the following
experiments were carried out. The unmodified KJ122 strain, the “adapted strain of KJ122”
and the “metabolically evolved” TG400 strain were streaked onto a plate with fresh mineral
medium containing 2% glucose. The resulting colonies were streaked onto a fresh plate with
2% glucose. This streaking was done on a daily basis for 11 consecutive days. At the end of
the eleventh day, the culture was streaked onto an agar plate containing xylose. The colonies
growing on the xylose plate were streaked again onto a fresh xylose containing plate. This
was followed by the transfer of the colonies growing on the second xylose containing plate to
a liquid culture. The growth rate, succinic acid production kinetics and the rate of decease in

the concentration of the xylose in the culture medium were monitored.

(099) As the results shown in Figures 1, 2, and 3 indicate, the xylose utilization as
monitored by the disappearance of xylose in the growth medium showed a lag period of 96
hours both in the original KJ122 strain as well as in the “adapted “strain of KJ122. In the
case of metabolically evolved TG400 strain, most of the xylose in the medium was consumed
within the first 96 hours. In addition, for TG400, the succinic acid production did not show
any lag period. Similarly, the cell growth for TG400 showed no lag period while the “adapted
strain” of KJ122 and the original KJ122 stain showed an initial lag phase of about 72 hours
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(Figures 1 and 2). These observations clearly establish that the metabolically evolved TG400
strain has acquired a stable genotype for xylose utilization during metabolic evolution and
this ability was not lost even when this strain was grown for several generations in the
absence of xylose. On the other hand, the KJ122 strain adapted to grow in the medium
containing only xylose, loses its ability to use xylose, when grown for several generations in
the glucose containing medium in the absence of xylose. This “adapted strain” of KJ122
grown in the absence of xylose needed additional 96 hours to adapt itself again to use xylose
as a source of carbon. Thus the “adapted strain” of KJ122 did not acquire any genetic

modification during it adaption in the xylose containing medium for 96 hours.

(0100) TG400 while acquiring an ability to use xylose as a carbon source still retained its

ability to use glucose as the source of carbon (Table 2).

Example 3
C5 + C6 Co- fermentation

(0101) In KJ122 under anaecrobic growth conditions, the C5 and C6 sugars are not
simultaneously metabolized. The C6 sugars are generally metabolized first, and a lag is
exhibited prior to C5 metabolism. Therefore it was essential to determine the fermentation
characteristics of TG400 in the presence of equal amounts of both C6 and C5 sugars. As
shown in Figure 4, TG400 was able to use glucose and xylose at the same rate and produced
succinic acid without any lag period. KJ122 was also able to use both xylose and glucose.
However in the KJ122 strain, the xylose utilization started only after a substantial decrease in
the glucose concentration. Further as shown in Table 3, TG400 used more xylose on a molar

basis than glucose when compared to the xylose and glucose utilization by KJ122.

Example 4

Fermentation of detoxified bagasse hydrolysate enriched in C5 sugars

(0102) TG400 strain obtained through metabolic evolution was tested for its ability to use
xylose derived from a hydrolysis of bagasse. The concentrated bagasse hydrolysate was
detoxified by means of treating it with 50 grams of charcoal for every kilogram of bagasse
hydrolysate at 35°C for 60 minutes in a rotary shaker at 200 rpm. The activated charcoal

treated C5 enriched bagasse was pH adjusted, supplemented with AM1 mineral salts, betaine
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and trace elements and then filter sterilized. Hydrolysate comprised primarily of 8% (w/v)
xylose (C5) and approximately 0.8% glucose (C6), 0.1% galactose (C6), 0.1% mannose (C6)
and 0.002% arabinose (C5). The concentrated detoxified C5 sugars enriched bagasse
hydrolysate was further supplemented with 2.5% w/v corn steep liquor and inoculated with
TG400 strain to an initial ODsso nm of 0.5. As the results shown in Figure 5 indicate, within
120 hours, all the sugars in the culture medium were consumed and there was a steady

production of succinate.

Example 5
Genomic sequencing of KJ122 and TG400 strains of Escherichia coli

(0103) The entire genome of the parent strain KJ122 and the TG400 strain derived from
KJ122 through metabolic evolution were sequenced using an Illumina Genome Analyzer II at
the Tufts University Core Facility in Boston MA, USA. The Genome Analyzer 11 is provided
by Illumina Sequencing Technology. The genomic data obtained for KJ122 and TG400 were
compared to each other to identify the genetic changes accompanying the metabolic evolution
of TG400 from KJ122. A comparative analysis of TG400 and KJ122 revealed a mutational
change in the galP gene of TG400. The gal/P gene in TG400 showed a point mutation at the
nucleotide position 889 of its open reading frame. The cytosine nucleotide at this position
was changed to guanosine residue. As a result of this nucleotide change, the amino residue
glycine was changed to aspartate. This mutation in the galP gene is referred as galP*. This
mutation was the only difference between KJ122 and TG400 strains of bacteria at the

nucleotide level.

Example 6
PCR and sequence analysis of ga/P gene sequences in TG400 and KJ122

(0104) Having established that there is a mutation in the galP gene sequence in the TG400
strain accounting for its ability to use xylose and glucose simultancously, we used PCR
techniques to obtain the gal/P gene from KJ122 and TG400. The PCR products obtained from
TG400 as well as the PCR product from KJ122 were sequenced. As the sequence data
revealed a point mutation that changes glycine residue at position 296 to an aspartate residue

(Gly296 to Asp).
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Example 7
Effect of galP gene deletion

(0105) Having established that there is a gal/P gene mutation in TG400 accompanying the
ability to use glucose and xylose simultaneously, we decided to determine whether deletion
of the entire ga/P gene would have the same phenotypic effect as seen in TG400 with a

mutated galP gene. In these experiments we used KJ122 of E. coli as the parent strain.

(0106) We deleted the galP gene sequence from the KJ122 strain of E. coli to produce a new
strain called WG37. We measured the growth kinetics, sugar utilization pattern and the
succinic acid production in KJ122, TG400 and WG37 strains grown anaerobically in a
minimal medium containing both glucose and xylose as the source of carbon. WG37 was able
to use both glucose and xylose simultancously during the course of 96 hours (Figure 6). Its
growth kinetics as well as the sugar utilization patterns were similar to that of TG400 which
has a mutated form of galP gene. In KJ122, the glucose was completely consumed within 72
hours while the xylose utilization showed an initial lag of 24 hours. Both in TG400 and in
WG37, the glucose was not exhausted even after 96 hours of growth and a significant amount
of glucose remained in the medium at 96 hours of growth. In addition, both in TG400 and
WG37, the xylose utilization could be detected as early as 12 hours.

(0107) Figures 7, 8 and 9 show the side-by-side comparison of kinetics of succinic acid
production in all the three strains used in the present invention. When grown in the medium
containing 4% xylose and 7% glucose, all the strains showed a similar kinetics for succinic
acid production irrespective of whether they had an intact ga/P gene sequence or not. In the
medium containing the mixed sugars, TG400 showed a slightly higher rate for succinic acid

production (Figure 7).
(0108) In the medium containing xylose as the only source of carbon, the TG400 and WG37
strains showed much faster rates for succinic acid production when compared to the rate of

succinic acid production by KJ122 strain (Figure 8).

(0109) In the medium containing glucose as the only source of carbon, the two bacterial

strains TG400 and WG37 with deletions in galP gene sequence showed slower rates for
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succinic acid production when compared to the rate of succinic acid production by KJ122.

(Figure 9).

Example 8
Effect of G297D point mutation in ga/P on xylose utilization

(0110) In order to examine the effect of point mutation that results in G297D (replacement of
glycine residue at position 297 with aspartate residue in the GalP protein) on the growth and
succinate production in the fermentation medium containing xylose as the sole source of
carbon, the G297D mutation was introduced into the ga/P gene sequence in the KJ122 strain.
SI1014 (KJ122 AgalP::galP*) was created by PCR amplifying the mutant galP* gene from
TG400 using the primers 17ASPgalP (SEQ ID No. 9) and 18SPgalP (SEQ ID NO. 10) and
then recombining within WG35 (KJ122 AgalP::kan-sacB) which was expressing lambda red
recombinase from a temperature conditional plasmid, pKD46. Plasmids pKD46 was then

removed by growth at an elevated temperature (Datsenko and Waner, 2000).

(0111) KJ122 was obtained off a MacConkey lactose plate. S1014 (KJ122galP*) was taken
from an LB 2% glucose plate. Scrapes from the plates were used to inoculate 25 mls LB 2%
glucose. Cultures were grown for 8 hours at 37°C, 150 rpm. Final ODgy for these cultures
was 0.71 for KJ122 and 0.58 for SI014. 5 mls of each LB glucose culture was used to
inoculate a 300 ml seed fermentor containing AMI1 10% glucose medium. These
fermentations were held at pH 7.0, 37°C for 24 hours. Final ODgy for these cultures was
3.82 for KJ122 and 2.89 for SI014. These cultures were used to inoculate triplicate
fermentors containing AM1 10% xylose medium. Target final ODggp is 0.1, so for KJ122,
7.85 mls was used and for SI014, 10.38 mls was used to inoculate a 300 ml fermentation.
Fermentations were maintained at pH 7.0 and 37C for 97 hours. Samples were taken daily
for ODggo and metabolite analysis. All metabolite and growth data was graphed and analyzed
(2 way ANOVA) using GraphPad Prism.

(0112) The growth profile for E. coli strain SI014 which contains a point mutation in the
galP gene that results in 1 amino acid change at position 297, is shown in Figure 10. It is
very clear by ODgg values that, on a medium containing xylose as the sole source of carbon,

SI014 strain grows more quickly and more densely than KJ122. The only known difference
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between these two strains is the point mutation in the ga/P gene. Figure 11 shows the
increased consumption of xylose and the concomitant increase in succinic acid production for

strain SI014 compared to KJ122.

(0113) The applicants’ invention has been described in detail above with particular reference
to preferred embodiment. A skilled practitioner familiar with the above detailed description

can make any modification without departing from the spirit of the claims that follow.
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120 THAOO Hydrol ysatee 66 6 1 0 92 120 a Batch fernentations were
performed in triplicate in AML mineral salts nedia supplenented with 0.03 M
KHCO2, 1 wihi2battizsrse and 8% xyl ose, unl ess ot herw se not @dT/yskdms7111
controlled at 7.0 by automatic addition of 1.2 N KOH and 2.4 M K2CGCs.

Titers are nornalized for base addition.

Table 1 Nucleotide sequence of the primers used in the present invention
Primer No. Primer Primer sequence
Name

SEQ ID No. 1 | BY38 5’ cagegtttaatctatgatgatataactcaattattttca 3’

SEQ ID No.2 | BY39 5’ ggcgatagggagacgggatgttttc 3’

SEQID No. 3 | 49a 5’ ccgattacaccaaccacaac 3’

SEQ ID No. 4 | 49b 5’ ggcgaatttcatagctttcc 3’

SEQ ID No. 5 | 50a 5’ gaaataggcgctcacgatta 3’

SEQ ID No. 6 | 50b 5’ aaacgtcattgccttgtttg 3’

SEQID No.7 | 5la 5’taaccatattggagggcatcatgcctgacgctaaaaaacaggggcggtcaaacaa
ggcaactagegcatgcatccattta 3’

SEQID No. 8 | 51b 5’ctgcaagaggtggcttectecgegatgggaggaagettggggagattaatcgtgag
cgectggegaagaactccageatga 3’

SEQ ID No. 9 | 17ASPgalP | 5” acccagcacgttttccatca 3’

SEQ ID No. | 18SPgalP | 5’ tgcgttcaaaggccagectc 3’

10
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b Yields are based on netabolized sugar assum ng a maxi nrum t heoreti cal
yield of 1.12 g of succinic acid per g of xylose. e First xylose

f er ment atwonro(lymn3thupl i cate) d Initial sugar concentrati @oT/US2PETsE, 7%
gl ucose, 0.4% gal actose, 0.3% mannose, 0.5% arabi nose e Concentr at ed
detoxified C5 hydrol ysate from bagasse (see Figure 5 legend). Initial sugar
concentration was: 56.6 g/L xylose, 4.5 g/L glucose, 0.0009 g/L gal actose,
2.7 g/L arabinose. Al sugars were consuned. Initial acetic acid from
pretreatnent process 4.04 g/l) was subtracted fromfinal acetate to
deterni ne aceti c debld 2ptudese damdutationdy e 2eeamd iG BN straigydf E. coli

2011/ ¥23154PCTUSZ0T0/ 05711t (b4 REFERNCES (0I5 Ay erences are
| isteq for the cornveni ence of e reader. [Fach reference i S incorporatjed by
refergnce in its gnti mdtiy| (0116)gﬂﬁ8 Pat ent nwn*r 168, 056 €01x17) U. S.

No—5—169—A68—-011 Mol - cno dan rnta0N 1 S-
Pat ent ) at

1OI 00— ent—Not oU—( U1y Patent
: atent 2 at ent
No. 6, 962G1}’§9156(012 NN ,\@3 7,223| 567%2561 1) U. S P Tht No.
7, 371,|558cqm3da&) U. S Pat ent No. 7 524,660 (0123) U S. Patent No. 7,629, 162
(0124) U-S—Patent A““|4 aton rt.u..vsg cat+oenNe @ 410 S
Pat ent Apﬁ%?g%ilon Publ?catlon No. %007/003726§'% 0126
Appl i dati esid Publ i gati on No. 2008/ 0176302

Yield 1.29 (mol/mol) 1.35 (mol/mol)
Yield (%) 75 % 78 %
(Theoretical)

*All the values provided here are normalized for base addition.
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Titers are normalized for base addition.
® Yields are based on metabolized sugar assuming a maximum theoretical yield of 1.12 g
of succinic acid per g of xylose.

¢ First xylose fermentation (in duplicate)
4 Tnitial sugar concentration: 4% xylose, 7% glucose, 0.4% galactose, 0.3% mannose,
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¢ Concentrated detoxified C5 hydrolysate from bagasse (see Figure 5 legend). Initial
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arabinose. All sugars were consumed. Initial acetic acid from pretreatment process 4.04
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CLAIMS

We claim:

A bacterial cell comprising a mutation in gal/P gene, wherein said bacterial cell

utilizes C5 and C6 sugars simultaneously.

The bacterial cell of claim 1, wherein said bacterial cell is selected from a group
consisting of Escherichia coli, Citrobactor freundii, Gluconobacter oxydans,
Gluconobacter asaii, Achromobacter delmarvae, Achromobacter viscosus,
Achromobacter lacticum, Agrobacterium tumefaciens, Agrobacterium radiobacter,
Alcaligenes faecalis, Arthrobacter citreus, Arthrobacter tumescens, Arthrobacter
paraffineus,  Arthrobacter  hydrocarboglutamicus,  Arthrobacter  oxydans,

Aureobacterium saperdae, Azotobacter indicus, Brevibacterium ammoniagenes,

divaricatum,  Brevibacterium  lactofermentum,  Brevibacterium  flavum,
Brevibacterium globosum, Brevibacterium  fuscum, Brevibacterium
ketoglutamicum, Brevibacterium  helcolum, Brevibacterium  pusillum,
Brevibacterium testaceum, Brevibacterium roseum, Brevibacterium

immariophilium,  Brevibacterium  linens,  Brevibacterium  protopharmiae,
Corynebacterium acetophilum, Corynebacterium glutamicum, Corynebacterium
callunae, Corynebacterium acetoacidophilum, Corynebacterium acetoglutamicum,
Enterobacter aerogenes, Erwinia amylovora, Erwinia carotovora, Erwinia
herbicola, Erwinia chrysanthemi, Flavobacterium peregrinum, Flavobacterium
fucatum, Flavobacterium aurantinum, Flavobacterium rhenanum, Flavobacterium
sewanense, Flavobacterium breve, Flavobacterium meningosepticum, Micrococcus
sp. CCM825, Morganella morganii, Nocardia opaca, Nocardia rugosa,
Planococcus  eucinatus, Proteus rettgeri, Propionibacterium shermanii,
Pseudomonas synxantha, Pseudomonas azotoformans, Pseudomonas fluorescens,
Pseudomonas  ovalis, Pseudomonas  stutzeri, Pseudomonas acidovolans,
Pseudomonas mucidolens, Pseudomonas testosteroni, Pseudomonas aeruginosa,
Rhodococcus erythropolis, Rhodococcus rhodochrous, Rhodococcus sp. ATCC
15592, Rhodococcus sp. ATCC 19070, Sporosarcina ureae, Staphylococcus aureus,
Vibrio metschnikovii, Vibrio tyrogenes, Actinomadura madurae, Actinomyces

violaceochromogenes,  Kitasatosporia  parulosa,  Streptomyces  coelicolor,
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Streptomyces flavelus, Streptomyces griseolus, Streptomyces lividans, Streptomyces
olivaceus, Streptomyces tanashiensis, Streptomyces virginiae, Streptomyces
antibioticus, Streptomyces cacaoi, Streptomyces lavendulae, Streptomyces
viridochromogenes, Aeromonas salmonicida, Bacillus pumilus, Bacillus circulans,
Bacillus  thiaminolyticus, Bacillus licheniformis, Bacillus subtilis, Bacillus
amyloliquifaciens, Bacillus coagulans, Escherichia freundii, Microbacterium
ammoniaphilum, Serratia marcescens, Salmonella typhimurium, Salmonella

schottmulleri, Klebsiella oxytoca, Klebsiella pneumonia and Xanthomonas citri.
The bacterial cell of claim 1, wherein the mutation in ga/P gene is a point mutation.
The bacterial cell of claim 1, wherein said bacterial call is Escherichia coli and said
mutation in galP gene comprises replacement of a nucleotide cytosine at position
889 with nucleotide thymine.

The bacterial cell of claim 1, wherein said bacterial cell is Escherichia coli and said
mutation in ga/P gene comprises replacement of a glycine residue at position 297
with aspartate residue.

The bacterial cell of claim 1, wherein said mutation in ga/P gene is a deletion.

The bacterial cell of claim 1, further comprising at least one mutation that decreases

the activity of PEP-dependent phosphotransferase system.
The bacterial cell of claim 1, further comprising at least one mutation that decreases
the activity of PEP-dependent phosphotransferase system and at least one mutation

that increases the activity of at least one non-PTS sugar transporter.

The bacterial cell of claim 8, wherein said non-PTS sugar transporter is a member

of ATP binding cassette transporters.

The bacterial cell of claim 8, wherein said non-PTS sugar transporter is a member

of major facilitator super family.
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. The bacterial cell of claim 1, further comprising at least one mutation that

inactivates the expression of one or more genes involved in a fermentation pathway.

The bacterial cell of claim 1, further comprising at least one mutation that

inactivates one or more genes associated with the tricarboxylic acid cycle.

The bacterial cell of claim 1, further comprising mutation in at least one of the
genes selected from a group consisting of gene coding for phosphoenolpyruvate
carboxylase, gene coding for NADH dependent malic enzyme, and gene coding for

NADPH dependent malic enzyme.

The bacterial strain of claim, further comprising an exogenous pyruvate

carboxylase.

The bacterial strain of claim 14, wherein said pyruvate carboxylase is from

Lactobacillus lactis or Sorghum vulgare or Rhizopium etli.

The bacterial cell of claim 1, further comprising increased phosphoenol pyruvate

carboxykinase activity.

The bacterial cell of claim 16, wherein increased levels of phosphoenol pyruvate

carboxykinase activity result from a mutation in pck gene.

The bacterial cell of claim 17, wherein said mutation is in the promoter region of

said pck gene.

A process for the microbial production of an organic acid comprising:
a. providing a bacterial cell having a mutation in ga/P gene wherein said bacterial
cell utilizes pentose and hexose sugars simultaneously;
b. culturing the bacterial cell of step (a) in a medium containing both pentose and
hexose sugars simultancously; and

c. optionally recovering the organic acid from the culture medium.
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20. A bacterial cell comprising a mutated non-PTS sugar transporter, wherein said
mutated sugar transporter decreases the rate of growth on first sugar and increases
the rate of growth on second sugar relative to said bacterial cell comprising the wild

type allele of said gene.

21. A microorganism as in claim 20 wherein said first sugar is a hexose sugar and

second sugar is a pentose sugar.
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