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STRAINS THiL FRABYEE ORGANIC ACIDS CROSS-REFERENCE $OrREdfokEDAPPLICATIONS
(1) This application claims the priority of the U.S. Provisional Application Serial No. 61/281,483, filed

on November R IS ti ith United States
government s%f@%%ﬁ?gémac wlaﬁ?gdﬁﬁ)gnﬁ%é}gg E%%%Weg%@}%tger Award
Number DE-EE0002878/001. The ER&HB%&%@M%MH% certain rights in the invention.
BACKGROUND OF THE INVENTION (3) A 2004 U.S. Depaituient of Energy report entitled "Top
value added chemicals from biomass" has identified twelve building block chemicals that can be
produced from renewable fgegistoeksrREs OrelesoRT RSP Dididinogtocks are 1,4-diacids
(succinic, fumaric and maleic), 2,5-furan dicarboxylic acid, 3-hydroxy propionic acid, aspartic acid,
glucaric aci@dgiutimicpidstitarcdrimadid, fevtinief dioid $-hjuraxyheltyrepticttne Sgiyadelol, sorbitol, and

xylitoUarabiital; {43 %QMHQJ@@%&%E@@@?' are molecules with multiple functional groups that

a ]

possess the potehtial 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.
(5) Many natural metabolites derived from biological fermentative processes such as dicarboxylic
acids, amino acids, and diols have fun@ﬁl}ﬂ%ﬁﬁﬁﬁﬁg a8 Suitable for polymerization and chemical
synthesis ofgaaymers dneJ eant¥samne Alliceasy of IisEAAIARRMS.ALPIod4gg monomeric
chemical compounds suiffa%?e forin ustrlaT usage has been significantly increased through genetic
manipulaticisErsviveitahs dspremsrbalBRnest i eRemichrs HiotdlYHsisqeal fementative
process is stilleryhighoAtnreseni hediolpaical tesmentative processes for the production of
industrial chemicals use

BACKGROUND OF THE INVENTION

(603) 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,
ghucaric 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 suitabic 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 glucose and corn starch as the
source of carqgp anghgkeby add cost to the fermentative process for ppequcing indysirial chemicals.
(6) The cost of the fermentation process for producing industrial chemicals can be dramatically
reduced by usijpg lignocellulosic bjomass as the source of carbon in the fermentation process.
Lignocelul 4 Erb AR ESiA e B ArRIBE RS SO BTG Solh BTN TG AgRE e residues,
food processihgowasts fanpodatargmassdsripordutiespageir suh dhpuipaladustry. Biomass consists of
roughly 40-50% of hexose sugars (sugars with six carbon atoms) and 10-30% of pentose sugars

(sugars witfyfip carbon2igmaL EhERXRRC USRS SKRRUINIRAL ARG oals. The pentose

sugars are known in the art as C5 sugars. When hydrolyzed, the lignocellulosic materials yield a
mixture of SHEEFEGHEE iFrARrae byl eEe Igprsshula Shirisuasin HiSseoura §hIsetede. iIMdiever, a
number of fermenigtionppece ISesdcteliieaiproduciionaf baditsiiaichemicalsitayebaencdeveloped with
pure glucosigc?lnsdla sgurc&tgg i:arbécim f(é{% gaeilr, 0%rowth an metalas)lism. F%rS @g{lmcgflae the E.dcoil strain

. . : 38100 1Y e Ly, d & :
described in U.S. Patent No. 7re51 Iée% ldes a rich me fu?nmgup%qerﬁgntedr with gﬁjaggrs%nas the source

of carbon. PHI EdesiysiPigrmase1arpsitisefuprehihéOptBiuditisr or sueeimieugeis widserbatbpy Jantama et

al (2008a; 2008h)kanddn theopyblished BETRalRNHAIRICAIons MNes) WRLR08(024:44 1A2 and
W02010/1 1506 7A2 can row.on a minimal rpoedium but still requires %|_%JCO or anp%r sugar as the
source of carpon. Tt woliaDe idBaf it 'the%é’%lrgsfnslg RS With the abili f to parso 0CESHGuUStA chemicals at
high efficiehegrebakd. by FenardHudosin xuepier of Suightr e derived rbsudays tbiy sisbillig sbrelitlose. The
inventors hayp discavared ameifiogia.enable. thewbicropraaisns flisayenimized g produce a
specialty industrial chemlgal tfo use m!xt%r of C5 and C6 sugars derived from hydrolysis of

lignocellulodiE PEHISHAC! (9UriiE BT BIRE FriEFB SIS Yo B RSk &g armsititaneously is
limited by therexistenteiofoerthimbiochdaiisal fegulstonicsybtesol besm biochbadidallidgulatory
systems wighip ihemiciepialhcells mn%&%%%ﬁ@%&s@f@% NREARER TR (@ yglome these

regulatory systems through genetic manipulations., (8) In many cases industrial microorganisms are
grown in a ﬁ?féaﬁgmﬁszamégé%ﬁbﬁrf&éﬂgg fiaucoinieact danidind Prdepraseacd of glucose in
the growth (pealiapEEppiesse shihebise «f BtTarstg asplivfioasiNan dva o species of industrial
microorgan{%§l %)ézuﬁlbm tion of gther su ars su h as xylose, a pentgse sugar, by these
microorganismsﬁiy\f/alvo Ollﬁ%ﬁ%‘ﬁ cT/08: io%fé:uﬁ%ﬁ%%ﬁtefgqor{ﬁg%? Sg u%cro%%&:lﬁe{he growth

medium ha¥'Beets RlfosesstrebpmT HisvorisriteAbi Yertete earbion teptalioriamiednsstrial
microorganisiastisrekenied i.os gatahabiey epressiopekdiauxiaigewd sAxmmethad-o ke the
microorganjsms,ca-utilize the different sugars such as C5.and C6 sugars through a relief of catabolite
repression %ﬁg?ﬁeoéfg u%‘ffoﬁlflg %‘ngﬁgtr}g %Iﬁ%rr%icgﬁ i%lsac%‘(f)errﬁe?inéirgﬁl ﬁé%%lé(}w%rhgpoiebé% Critical to
lowering thengwsereimtrsstieddsrainicabs prothited Dypfeiriteindtion (orNidroorsnisigtake up
sugars thropighsasetefiiansporten piteinsocaiediiniieicyior asmisnembrane. The microbial sugar
transporters fall within three major categories. The largest group of sugar transporters in bacteria is
known as ATP binding cassette (ABC) transporters. As the name implies, the ABC transporters require
a molecule GOATHierbiieyhtictecitlewf sugartdranspolield ntm:the bacteciakeld. MyleGhy is an ABC
transporter for (he{ANSRATLALYYI85RnERENI0SE.AHHE" siRkathersrl. AibiGEhls AR ARG ransporter for

the transport of arabinose, yet another pentose sugar. 12%' The second type of bacterial’ sugar
transporter &Y ratipadsrasrobial sFEdETt A S SHp SATANNRPTIMESS. RRpRr P iR dOMERSCei§ ar
transportershdwocdiffarent paiegdieschitnaniepaatenargorrcognized. MFS includes Fr- linked
symporters, Na+ - linked symportersantiporters and uniporters. The uniporters are simple facilitators
for the sugar transport and do not require a molecule of ATP for every molecule of sugar transported
into the cell. The trans-membrane protein GIf in Zymononas mobilis is an example of a facilitator. The
Ffr - sympot@8Bs ryireyastsex e abmprotseefomes s sefa ihiokasitart rapgporeglinescthe cell. The
GalP proteigy i e &0lk hssyrapartariar the frRosReQIERIRGINSR RhexaraisHaabpitiathe cell. GalP
is a very W%IJ chara teﬂ']zed S mp.orifr Wil[h 1 trt%ns-membrq.n.e4o%p%. GalP is also repgrted to have
the ability to ra{lr’i’gp':’ortD g ticO%e"3cibss i CBff MéMbrane” Aral '%Salﬁrg%bcﬁgﬁ%%f’gﬁm er for the
transport ofcarsibimics atrobs theaelbwerbraies. Similetose XyiEr pbotdinsis miprommimed symporter
for the transport of xylose. (11) The third sugar transporter primarily responsible for the uptake of
hexose sugars such as glucose is known as the phosphoenolpyruvate: carbohydrate
phosphotransferase system (PTS). As a way of dﬁferentiating the other two sugar transport systems
from PTS, the other two sugar transport systems (ABC transporters and members of MFS
transporters) are referred as non-PTS sugar transporters.Transfer of the phosphoryl group from

phosphoenolpyruvate (PEP) catalyzed by the PTS drives the transport and phosphorylation of



WO 2011/123154PCT/US2010/057111 glucose and other sugars and results in the formation of

phosphorylategswagssagd pyruvic acid inside the cell. rrs generated pyspyigagigds;apparently not
recycled to PEP under aerobic culture conditions where glucose is the sole source of carbon. Rather,

pyruvate is oxidized by way of the tricarboxylic acid cygle to carbon diaxide. Thus, for the transport of
every singlénﬁ‘ll%tfé(iu%' fEg%rcoé%cfoﬁem%letgﬁI%%‘ﬁ%ﬁ’@%s%%et&e% ?@?ﬁscg?sgg}ﬁ??ar{h [denergetics,
the transporhefcugars HWinadge RTSds anilieranyyiintehsive! proceesgdiiherefsresfancdll®growing
anaerobically, Wil S:Ieigols & ReRHLQ: SRS eAVR M AN ASRRARNRIRYINALG FRILHE uithig the cells for

the production, of industrially useful chemicals, it is desirable to replace the PTS with other non-PTS
sugar transPORER FSEFESAvAY @ AMSEQTRAF PED VAR thotbkaldsorairgirtrdigsdfted into the
cell. (12) ThedrItBisofandpsisedchéhitaleytoplasnniercainparenisiddmedibEdlanddlriantha
membra”e'&%mn%@&%i%ﬁ&%ﬂ%';:5;0%9@@8% tains.at least 15 different EH complexes. Each Eli
component is specific to a sugar type to be transported and contains two hydrophobic integral
membrane domains (C and D) and two hydrophilic domains (A and B). These four domains together
arc responsiale) faviibe dransped tteirduphagplanytation otthe sugaomelpeues. ctasateintsansfers the
phosphate group from PEP to HPr protein. EH pratein transfers the phosphate group from
Bhoapory e B L e P e ) BB D B R pr i
encoded byltiedasesH gionp of Hyleaerssesiffe Ge e Sniphavn ot entBridn g epration $B8) of two

distinct proteinspacrelvs Bl AGEK aRsadedhb the GeRs.rH-aRd themRIBAIRRE AsBasiated protein

EIICBGIle enc?de bg the qgene pts%—‘;., 'Eh PTS me ia[s.led)éiga trans can be inhjbited by means of
mutating ofeCGFHESE YEHILRITIG 1BI°HE BRStERs Sessyated Wit RS, EiRRESHA Fe%facement of
PTS by altermaties phosphloenphpyrssy atgeindepehrd erit: upaikethmdaphbBphomyatider detithties (non-PTS)
has resuIteqggsﬁggm%%m%%g&%m@sp%@ggg%yieId from glucose and productivity for several
classes of metabolites. (14) 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 @flihe ircusitadytyisediebernicalgaFomexamislerdheogifedendec ddig ftuclusose permeasc,
2 glucose upiparigl,ias ALY shauR 9 suppd s, (o rjesnel RIS medigleddysaseqptake.

Similarly the dver expression’of galP and glk genes are reported to enhance W
2011/12315#pwarsoe 1oes et YHS dnekwse Hptdws At BRophonatidikertheiedEtain of E. colt
Gall' is a sympasieifaidheippiakeTot galpetosarashaxpIaciiugnrs GatkRagbeanjepeaiteghto transport
glucose in the pis; strain he significance of Gallmediated glugase uptake, iscvidanged by the fact
that the inactivation of ga? gene in the pts- mutant Is foun prev tgrowtﬁ on gfuc‘:ose (Yia
al.,2003). |irtrerapsbisoe PP TE! BIRIEWetessuiiio Bemicvenhls phodpokikeion sf the glucose
m?:eculg bg&a{&&&@&@m@m&%&w%m%%ﬂ@&@@gﬁ%@@@ﬁ_&h@&&k&@%ﬁgi‘ffoaﬁzfetselﬁtfainl_can be
achieved either by expressing t alP gene under a constitutive promoter or by means of relieving
0 SPGB et Bhgy L3R i i

the repressiof GHIB Yehie Yl bt & SR T o GG AT S R AR h NG Fol 8% P¥Sressor of the
galP gene suchels GalBiandgaiRell (@B Besidd syeadoting el e trergyreodrincderpd idalRastransport of
sugars into fag calisethe MRAHCtomQf @ MUBIANS NG 2 geReIRCLINGIgh R AOteln,as3ciated with

PTS is expected to relieve the catabolite repression which in turn would allow the simultaneous
transport P ARshsSPaRTHe QU g e prest i AR i erethEgiGH MEmeRy - tREpéftose and
hexose sugayE ptemiande privianialual efrap{2000) steidi@dptivedditiykation of a sugar mixture comprising
glucose, arabinose and xylosc by an E. colt strain devoid of PTS for the transport of glucose. The pt.(
mutant was able to uptake sugars by a non-PTS mechanism as rapidly as its wild-type parental strain.
In cultures ln TG SndTaem Sansp S ppeMenisr b §iiidbe sk efdr g seeramBihose |
mixtures, ghicgseokeresathatabingassphogisipetitizatiarcinh ihawiltddypetsifaifaidnderthe same
culture conditigns, the pts- nt co-metabolized glucose and arabinose. H ver cose still
exerted & Pl EAb o e S T R e B e o
glucose-arbioSegay| dreesnbis WiktEwpH & ddfailrassprientiam unizbary ok odeS dramiprstssarierfinally xylose.
Ir; contrast,rgﬁﬁtﬁa@tri@@mm%@agliglgﬁjs%ggpl{@gse angn%.f@lbiBpsgﬂcwpﬁrﬁg@yl%hs@uwaﬁ&ﬂlized after .
glucosc-arahinosc depletion. result of glucose-arabinose co-metabqlism, the pis' strain consume
the total anfBE GF GRS A LR A B e Bo A A AU 9p& straim, (16) A
01 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 léading 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 pt,sG gene function could decrease the rate of growth
of microorganisms



WO 2011/123154PCT/US2010/057111 metabolically engineered to produce organic acids (Sanchez
et al., 2005). w@ﬁ{gﬁﬁggre is an additional need to achieve the ability];&)%mwgﬂlﬁ sugars
simultaneously without compromising the growth rate and rate of production of commercially important
chemicals and chemical intermediates. (17) The objective of the present invention was to
metabolicaffy&8IR RIEFO PS4 sf%*géwéhsffﬁ?aaa%?nogf RASAAREIZ ST SHERIS#RY RA&Mfcals using
multiple sugeirsigiidelltbaneclisRA fithouttredrcingetihe o dppintsly Toe ieyelibis F&Peusdeprisingly
identified a process farmakingAicRAYANSnSdhAL SinUliaRgoUs.ERRSKIMR MRl sugars through

metabolic evolution. This process of metabolic evolution allows the cells to acquire the ability to use
multiple sugSiarAtRBOTrRECHAGISHPVIHE bt il citar 4R SaE e B RSt bR THIBWAR, Hnd the ability
to produce specifiadndusikallehemicalsat:corisercial P hificantuantiiesmd 18) cEhelinventors have

also dentiied 5 O0YEL IR0SHs R3S ar e AR b icieoloAaI o e glupnseand wylose

. 10CNer S an Odry £
S|multaneous(1y.%ﬁocle-genom sequencing was used to identi he genetic modification that confers

to the micrédisanisivisRzerasibtalse Mgl isie dugaesdimerarrasudy arbsrstiERsHof organic
ﬁcid- (19) B&i@é@&h@i@iﬁ@emgriwemegﬁeiiﬁlwmldﬂhm%%ﬁ a@ﬂ@t&h&fmﬁ@&hﬁhﬁm&ﬁlaﬂian@o Iutilize both
exose sugars an 0se sugars Si aneously could be accomplished, throu imple genetic
manipulatigﬁl.j eegfaéfgfen‘f’}ﬁhv%n "|161r110%?a ed‘i%armtroa%/]esgﬁ SRRt dlee Cﬁ)lcf)étég}m][l)a tofr%?:hieve the
ability to metahotizéeeftoé misatiarsptitedratgdofdiomass-derived sugars. For the first time, the
present invention provides a genetic approach for achieving simultaneous glucose and xylose uptake
that is not obligately coupled to the exgﬁnditure of phosphoenol pyravate, BRIEF. SUMMARY OF THE

INVNETION }2b) W Rhvdsupmyist R YR ATHR AP TRROR oB¥gshiER GEnREARY Modified and
optimized forepioduchuyebenmencial i 13ighAifrodnbatadnstiiesasf Orgdficadidsdhmpligbs afsimentative

process in giRimal ol medum.containfoiglycass. a5 e RUGRALCAINIMEAMIner be

metabolically evolved to use multiple Sé‘JE%éﬁrs simultaneously as a source of carbon while maintaining
the originaliBiSarHi Faarbrmicreits Sfothichd sihie Wererbiiy fomesa e td B osasdo411 (21) Itis
an objectivdmidie prgstat inventipontibRr avidenha mathot fandosfessingytendie sfickoosggurisms
producing organic acid through fermentative process the.abili use,multiple types of sugar
olecuies e o 4 N e B B B o, 11

another objegtiEscheidgmsengmidivishesprovided HErmenationtprygasadlsatisroduces high yields

of organic acids using raw cellulosic hydrolysate. (22) A feature of the invention is the utilization of the

process of peipbelic e¥alutiopieepabledheinmicioprganisnegsneticallymmogifiad-ape-ariimized for
producing qrganic acids from. glucose to acquire the ahility to use hexose and;pentose sugars
Simultaneotiay TS IR SHE BhABORTIAEREDY 1R e SER TR AEHEEN AL E0I bactiHuRt Bipable o
producing ahcaganic avitithe aemddinemrwittiatgd coveiaE B cacofichbdheigemataisolidhlly evolved to
use adc!'t'O@%ls%‘P&ffa%fdsH%%f ﬁ%r%g‘"@?c%&@ of qarBevig mANRiningihe.samedrle gf.Lganic acid
production and retaining the capability to use [gflucose as a source of carbon, .

coding for the proteins associdted with PTS. Functional replacement of PTS by alternative

phosphoenolpyruvate-independent uptake and phosphorylation activities (non-PTS) has

resulted in significant improvements in product yield from glucose and productivity for

several classes of metabolites.

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

giucose uptake. Similarly the over expression of galP and glk genes are reported to enhance



(24) In a preferred embodiment, the present invention provides an E. coli bacterium capable producing

organic acid iR minipgkgrowth medium simultaneously using more thap-ppe.typespfsugar. (25) In
yet another preferred embodiment, the present invention provides an E. coli bacterium capable of

producing grganic acid in a minimal growth medjum using plant hydrolysate including lignocellulosic
hydrolysate %sgéﬁ%og,eoﬁﬁ%%eo?néa?g%qﬁgo \gfl?ﬁ Jet §ﬁ6§hseﬁfaﬂr8?§r€élgem% d%%?ﬁ%‘f%%r fesent
invention, atheEiptadé b etdaitnse prdducingugaccitidPdois s eped se tamdpryl abesimalthneously is
provided. (Z0)dn.yetrapaiherareiesres erRaditg ALheREese: VEnign:RM.E.walhacterium

producing succinic acid in'a minimal growth medium using plant hgdrolysate including ligmocellulosic

hydrolysate1&HraiRTetf $¥5 BTF1A 5188 ST SOBIBOB7 PET 08P Phedesesilention is
efspec?ally uﬂem«l}a‘mr_ pmhhjamgnbégr_lsﬂm mm‘[ié}imirgafdesacjd@ imchiwyheqsbqffeﬁﬁﬁenmamﬁee_r through
biological fegneuiale.nosgsR.eiag laoselulosis mataials, (G 1 yEL et @mpegiment, the

present invéntion provides a method for makinga microorganism which uses multiple sugars
simultaneod&\P B FTBK S BR fet &tRe (e YEREFNEAARG foRS TS FRHEPB e PIYSHHETN addition to
reducing theyaatiityodtdigencieotingstmapreiei Agsoctaiadsvitintar-fuES mugastsanspaser. (30) Ina
more preferrgdcline?g)?%%ig)erré&q a g}j&rgogg@pégguh \(ip P'I;S Sugar transporter with reduced activity and
a mutated form o ga ac%sé‘sympor FisProvided: %gf) Raditional advantages of this invention will
become readily apparent from the ensuing description. BRIEF DESCRIPTION OF THE DRAWINGS

(32) FIG. 1¢geyngeiption-prefiledrrclead 23 stiaured & weolindpinaipl saltsimegivipsyprlemented with
8% xylose. Fermentatign was carried out for a total period of 168 h.ou_as. Tep%fg(lose utilization shown
in solid circlBE°St5HRY %r%ﬁﬁléag‘@f’ﬁgﬁ?saa%ggr%oég}%é% B REFEREE'TH WRE Dact&hZiPeEF Yensity
measured ity telims dfcantrboleasemicsopticdlichenditynar G0 ahlorstho wmirtopers ¢irokpsrtEngd increase in
succinate coneenaliemsheWRLIRSAUd.R0UaReS AaEHHRi AP HRA A8 QU SIS0 SHAMR, IR the figure

are the changes in the concentration of acetate, pyruvate and malate in the medium during the course

of 168 hourdigiferirsiaiBniesgiac .eﬁ.ﬁfﬁ%’ﬁtmeﬁrg?ﬂewq%‘ﬂz‘f stralt¥8f BPEBif adapted to
metabolize coyipsieing phineyalanabaivsmasd pplesmented-witil 8fbixyloadd bERTE fiattenwasctarried out for

total peri ~The.  wtilization shown in, solid ¢ hd 72 h
a total periqg %Eéo@@._"}ﬂ%”% rﬁﬁ?&%ﬂ%&ﬂlé %ﬁg%gg%’@ % %%%gg@l‘?ée&ﬁ%i A Pa'g? gc?s ours

accompanied by an incréase in the bacterial easured in terms of an incréase in optical
density at F50 WiH-SASVAF R Bh &R clasCUTHE InBTe_ & INEaEEM aie BYRCERPATOTISAOWH i solid
squares ocglied-ajdador 2ohruss-aAlsashomitindedigiace amrihe:ehaagiassi thexganeentration of
acetate, pyriyate and maldigdn e mediym durna he. conre ofHa80ws gffermentagion.

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 ufilized glucose, arabinose and finally xylose. In contrast,

the prs™ strain co-metabolized glucose and arabinose, whereas xylose was utilized after

glucosc-arabinose depletion. As a result of glucose-arabinose co-metabolism, the prs™ 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 18 a need n the art for a microorganism that could co-
metabolize glucose and xylose since these two sugars represent the predominant sugars that
arc present in the raw cellulosic hydrolysate. Morcover, it has been reported that the

climination of the ptsG gene function could decrease the rate of growth of microorganisms

5



WO 2011/123154PCT/US2010/057111 (34) FIG. 3. Fermentation profile for TG400 strain of E. colil in
mineral mediugg sepakemented with 8% xylose. The fermentation profilewassmamitored for a period of
120 hours. The xylose utilization shown in solid circles started around 30 hours accompanied by an

nerease in,{1g RaciRal el QieaeUethinBHS AlAR TDcleaskl) officadagsitiat 50 nm

sl
shown in open circ eéj. -hge Increase In succinate concentration shown in solid squares occurred

around 30 RBitoRY SRS iActE SighrechifEntte enaiyHEns theEs iirtasers T EBeate, pyruvate,

and malatecidfie-mediune gurimg the aaurse of fradubsstrsptisimestatiomnptdayidiemtaRrofile of mixed

sugar fermen&l?cﬂon.béf‘}églzz and T0400 strains of E. coil. The fermentation was monitored for a total
period of 144 e fe

SMiC ediates. . . .

ours. rmentation medium contained both glucose and xylose. The glucose
utilization as shown by a decrease in glucose concentration is shown by open squares The xylose
utilization agfjoWRIYRHACCITARE IRAXUPSH CARGLRHAHPR IS SHRMN Y SQlid EEIRSnIfR Increase in
the succinate concentration in.the fermentation medium is shown by solid squares. The change in the
cell density"3RReNRIPAHCEY BisfdaY HeAEIR YRS G Gl HPER LB R T L AT HBPE B ermentation
is shown byvahan m’doté&g Alsprsbiowmiin f@nrﬁwmﬁﬁm@angﬂ@_iijzhid@drﬁ@érmtmﬁmsqfoacetate,
pyruvate angAIae g BR O SE:l A RS ALIMANANO Ry (OL RGO nELlR of

' Yy

fermentation of detoxified concentrated bagasse C5 hydrolysate supplemented with 2.5% (w/v) corn
steep liquofWyutiendGbis B mRetelmetion WavthTiedbir SrupafotPdEs®Wdurs. The
xylose utilizatieipiasupeasimes bsfadgcieaseitn dhghenphaenatiatioofucl aseafsdshowh, imeolid circles.

The increasg i ccinat concenftrali n Q t[h%ferm ntation medwm.is own bX Lid squares. Also

: i} tMEs, :
Shown in theTCHE A1 T GRanGee 1 e SOmCaR A Or BT By TS “BaSa ATAE and lactate in the
medium during the course of 168 hours of fermentation. (37) FIG. 6. Fermentation profile of W037

strain of E. GdRinTEreniadimtorediatetinging bothtiglet osecnl sgiose bRssnfenthtoriviys daibied out for a
period of 1%&&99&%@&%9 lucogetlization RecugATERBY aWsLasRH: thendiisase goncentration

in the medium is shown in open.squares. The xylose_utilization as measuregt b){), decrease in the
xylose condBrrQdarm it BTREHGHILERYIGR ‘iﬁ%‘?fﬁ%ﬂ&ﬂé © PHECOHERGE i thé gggtt&%? cell density
as measuretubipptigat dendity@i:350nrthe dudngitheCogese afi@20 hours of fermentation is shown by
open circles. The increase in the succinate concentration is shown in sold squares. Also shown in WO

2011112315413 THIGA0WRGRERT dhedigia AR echanass Bbr.Facanalo.ghacgtic acid

pyruvic acid and malic acid during the course of 120 hours of fermentation. (38) FIG.”7. Side-by-side
comparisorF B RIS @7 8 GEHERIRP TR 200 S TG I A 1948 P fiesrrardebrddiariein the growth
medium contginnge-Alaxaspaathd YT ycase: hhefernamaliomvrsarpedayicidratperiod of 120
hours. The increase in the cancentration of succinic.acid,in the feimentation medium with TG400 (solid
Circies), KOTSB IR oS O g (o e e SO R AR or o
period of 12086ufer (BOEIGNE, Sitl@rbyeide s aristirs ksireelivi crreb P defuediésy by T0400,
WG37 and iR sitRins@tdasderiol theaprandndmedipnyeentanipeoniynd Q4prdase of he

fermentation was carried out for a period of 120 hours. The increase in the concentration of succinic
acid in the RGP RELfum with TG400 (solid circles), 10122 (inverted triangle), and WG37
(triangle) strains of E. coil was monitored for a period of 120 hours. (40) FIG. 9. Side-by-side
comparison of succinic acid production by TG400, WG37 and 1(1122 strains of bacteria in the growth

medium containing only 10% glucose. The fer tati S ied out for a period of 120 hours. The
increase in the concentration of S0eCINC 301 | i?é fﬁ%ﬁﬁt\éﬁgﬁr Ir§}(§dium with TG400 (solid circles),
K1122 (triangle), and WG37 (inverted triangle) stiains of E. coil was monitored for a period of 120

hours.
(620) We have unexpectedly discovered that the microorganism genetically modified and

optimized for producing commercially significant quantitics of organic acids through a
fermentative process in a minimal growth medium containing glucose as the source of carbon
can further be metabolically evolved to use multiple sugars simultaneously as a source of

carbon while maintaining the original optimized organic acid production rate.
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(41) FIG. 10. Growth Profile KJ122 and S1014 strains of E. coil in a growth medium containing xylose
as the sole soytsaQfeaaon. The bacterial growth was monitored in terpegRkanticehgensity at 600 nm
for a total period 97 hours. KJ122 strain of (solid circles) showed only a very slow growth. On the other
hand, S1014 strain (solid squares) showed a fast growth within 27 hours followed by a slow decrease
in the cell density. (42) FIG. 11. Profile for xylose utilization and succinate production by KJ122 and
SI014 straiffi#b Bt goihiabiertizeieinthecresming eyliosdnpraide lansafcBosepBsR. PHbkexylose
utilization was-gaeasiked oteins frgaRCIRSUbute RIRsREAN GeRalian: iading, e diem for a period
of 97 hours, >i¥,lc1$e utili%?tion with S1014 strltain %sasliq squares) was much faster when compared to
the xylosc W[4 ?&Pﬂ?@ Fi%% SRR (Eohd Cirdie) Bfr?lsllgﬂ?/%%eosﬁ%%lnﬂlc (|%Jrrod“ﬁr Ion With 51014 strain
(open squareshivasithpohifaster whein eomtiparedeasivheofubeimicwutdipradigotion yvikd122 strain (open
circles). Wg20414123154RCT{LIS204Q/05 7k LRET Al ERAESLRIPTAN QF BREFERRED
EMBODIMENTS (43) The present invention provides a process for the production of organic acids in
commerciawdéi?éﬁﬁf‘éant guantities from the fermentation of carbon compounds by recombinant
microorganisms. More specifically, this present invention provides the microorganisms suitable for the
production of organic acid through fermentative process. The microorganisms of the present invention
Possess uaBl iadtse WIS enga's B IG ImSTIAe procasa gL e prodlstiar @'
commercially significant quantities of organic acid. (44) Disdlosed in this present invention are the
microorganiBaés ShtaBreorsEameT gt homnedidierh ra cri i d dRITerPABsiRRIvE i A8¥s. Although the
present invagtion RiRyidesgqirr arassifiorihadreduetinnpehsucsinicasithinemmercially significant
guantities from the carbon compounds by genetically modified bacterial strains, the teachings of the
present invention are equally applicable to the industrial production of a number of other chemicals.
(45) For thé38)pdseont terebddsueiption thietipecpresantitiventionttheofollowimgdefipitidnshall be used.
(46) A numbenefindustriaty. usefuh chemicaissanhrsRanufastired tisingthe REessRtnyention.

Examples of such chemicals include, but are not limited, to, ethangl, butano]s, lactate, succinate,
fumarate, nTAPAYE IR BSAFELORRLABINGE SHEY RFdnRI e LS A S TR NS BBHEE free acids
and as saltsf{tegaaieatiplerpbuitivatdid tedtng Saltsapitsbgiwmspgitasstuma maghesitrhpicalcium,
ammonium, chloride, sulfate, carbonate, bicarbonte, etc), chemical names such as succinic acid,
fumaric acid, malic acid, aspartic acid, threonine, methionine, and lysine shall be meant to include both
the free acid and any salt thereof, Likewise, any salt, such as succinate, fumarate, malate, aspartate,
etc., shall b hkat torfsétige grebpdipetioties DR (WPPIHE JHESERe iAYehti6N CBAFBIRGS the
technique of:spneificarngticmadifisationswithatheoptacessel mettbalingyaiiionde abiain strains
showing hi%he)/geld, tlgri]ter and volumetric productivity for succinic acid production under anaerobic
growth con HforPhtha fineral salt medium with a carbohydrate substrate. WO
2011/123154PCT/US2010/057111 (48) As used in the present invention, the term "titer" means the
molar concegyptian Qf PRUIMHascRMRP R IAItha fementatianbrathon Brs iRthenfermentation
process for the production of succini¢ acid according to the present invention, a succirl}lc acid titer of

100 mM woHSHERFIREY thef rRFATERTE SHEBHSHIAR (e iR B SR8 P MEAYBoRER 800 mMoles of
succinic acigygetyiiter of thinfelimentdiiGnibigtholysaie 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 simultancously is provided.

(027) 1In yet another preferred embodiment of the present invention, an E. coli bacterium
producing succinic acid in a minimal growth medium using plant hydrolysate inciuding

lignoceliulosic hydrolysate is provided.



(49) As used in the present invention, the term "yield" refers to the moles of particular compound
produced perw@ig9fthfeedstock consumed during the fermentation peaegs®ichdats in the
fermentative process for the production of succinic acid using glucose as the feedstock, the term yield
refers to the number of moles of succinic acid produced per mole of glucose consumed. (50) As used
in the present invention, the term "volumetric productivity" refers to the amount of particular compound
in grams prdadBebhperasent vokntinn peespertalinaschin Jer arpdnmnethiepyoutidedisr saices80.9 g L-1111
for succiniciagidawaidld-srean dhatlQ Sremistietinic.AcithisraskdRdlatedimenenielebiermentation
broth during an hour of growth. (51) As used in the present invention, the term "gene" includes the
open readil’?ba??ﬁ e of the gene as well as the upstream and downstream regulatory sequences. The
upstream regulatory region is also referred as the promoter region of the gene. The downstream
regulatory ragign s alsaiaiRirediRaithafempipARRSERERNLE Fedin: (FRbhGR ARG fUnctionally
similar" means broadly any wild type or mutated DNA sequence, gene, enzyme, protein, from any
organism, R AEAS BHih e EHORPIR L5418 SRV ARG B SIS 8&?\%&1@5 s Hititated DNA
sequence, gelifg enzwme T Predsifotitatis fonna midhesamedoriagdifterentigrgbnisme byding methods
disclosed hgrein. Functionally.similarity.n jre sequence homology. Allele is one of two or
more forms%orf%)ﬁ?& lgeac?fjoé:rl\aé%dgfr% %%%Bﬁgrr%# .%g%\%h gene has different alleles. A gene without any
mutation is referred as a wild type allele when compared to a corresponding gene that has a mutation.
(53) A homgleg isia0epe Felaieditendsasrnd genedytasacni fremTs copamenspecestak DNA
sequence. The teim,.homol ly to the relationship between genes separated by the event of
speciation SFIEFRETEE igﬁgfg%%ae‘%ﬁgﬁyﬁepﬁaggc%%%%{E}S/lstﬁéogglaeecr% of genetic duplication.
Orthologs are genes in different species that evolved from a common ancestral gene by speciation.
Normally, ofgheogsikatain thevsamefuicton inhasourse ficdMO 04/ 123AaAP EdA)82010/0571 | 1
evolution. Identfication of orthologs is critical for reliable prediction of gene function in newly
sequenced GERBEEET I BBiation is the origin of a new species capable of making a living in a new way
from the species from which it arose. As part of this process it has also acquired some barrier to
genetic exchange with the pareg$pasies AN HAFEEENRS (BIRigd by duplication within a genome.
Orthologs retain the same function in the course of evolution, whereas paralogs evolve new function,
even if these are related to the original one. (54) A gene or protein with "altered activity" is broadly
defined as ge3m oF@oeiRdhahpiadupesia Measumbledifferanceinia measirablemsdperty when
compared tg, (e, elevantwid iyop gene aLRIRIsin [Ne alped APUML cRUIdmANeRt selfin a
general Way%\}) increasing or de reasmgnt]he growth rate or efficiency of succinate production of the

strain contalingrtiescattéicatiofe OWR proteid. e HiEsdarapmd SfopRiedHEI#EChHOY 4fe not limited

to enzyme agdiviiys isubshate-spedificityiofananaymekinatin paRmete sy afaa-anzymessuch as affinity
for a substrate qr rate, stability ?f an.enzyme, regulato%%p({é) c%{{%i;%ﬁ of nenzyme,, eggrgxpression
level, reguldfibi 8T GeRe” BRbEESion Uhder VariGuE ConaItions. etc. 155) As used In the present
invention, thecernd aotadién hefers tdsgehetit mdififfeatioas denditaahdyBueonetnaitigneé open
reading frame, Upsaam.agHiRiaLY iegionanthdownstreapeulronsiedienhhageRe mutations
result either in an up regulation or a down regulation or complete inhibition of the transcription of the
open reading frame of the gene. The gene mutations are achieved either by deleting the entire coding
region of thelg®nervG:a2pbetinenafithepodtingnKitizdtitle seijtiomdic dapbad ivtroctulzitiges frasme shift
mutation, a nissense, mutation, andinsetiansor RyJuireducing a5taR cafan Qreampingions thereof

Mutations may occur In the structural genes coding for the proteins directly involved in the biological
functions sMﬁ%@nﬁﬁﬁ’@%a@ﬁ@ﬁé’%ﬁﬁﬁHgﬁWF&%ﬂﬁ@ drgatit eRsctirss S erevd e Mitfmembrane.
Alternately, frushatignsdpayorewhin themsagulatary genesisosingfed thesprateins whickcnntrol the
expression of {ng denes sodinplar s prateine.diestly Hroed.a ihedlolplcaldunglians. The
proteins whigh ontrol fﬁe expression 0 the Other genés are referred as regulatory proteins and the
genes codirgdon thesbdegpatasasprotairnssrd T bferred s shaymandhy Bewesre@eyhmetaiin” shall also
include any ghange-iaiRNA seduenseralativa tathat afthenelevafwild Speorgasismg For

example, a mutati?n found in strain KJ122 is any change in
hours of fermentation,




WO 2011/123154PCT/US2010/057111 a DNA sequence that can be found when the DNA sequence
of the mutateql;'@g&?ﬂl' Lompared to that of the parent wild type strain, E.£ol friRls.known as ATCC
8739. A mutation can be an insertion of additional DNA of any number of base pairs or a deletion of
DNA of any number of base pairs. A particular type of insertion mutation is a gene duplication. A gene
can be duplicated by a spontaneous mutational event, in which the second copy of the gene can be
located adjéiint e Drifinademy oraliehs cBidie duplicated bydjeneticiesrgineeding, in which the
second copy, ofithe,0ent,erape Jecetad akasiiti thaasrame dhakis.dinirptfiana the ssiginal copy. A

mutation can be a change from one base type to another base type, for example a change from an
adenine to AYantie Bse IO YeRtME R SRRRSTcdarte tritiedie n L ARF B aCAeeBiRg S which
changes thenamiresaaidieagediar &y a-addomkaundrsense (fhichchangespicodesityte stop codon),

a frameshif fy pichyis.an nsertion,er drletionof ks el basesdnALis nokaMmkiRle.f three and
which changes the reading frame and alters tfhe amino acid sequence that is encoded downstream
from the mogstioed aramstiehliprodiice S Stop ceRIBEvEO I Shecdisn e it the FAEEIIBHIL PN inversion
(which resujtstfers @A Se GHEAC e IRing: SWitChe thintelarity HutInaiodaletaehnha)od. "null mutation”
is a mutation that confers a phenotype that is substantially identical to that of a deletion of an entire
open reading frame of the relevant gene, or that removes all measurable activity of the relevant gene.
(58) A "mutdide) isF Gaibr durdiamis mivdtoneay cromrtationtbirisJo A aod rhe A8 hatreanionisE. (89) As used in
this inventiaf,the-ferm: XR9e PRk S o IRIE e to-MREST that RIRolest IR AlaRRRTIMIMdRrved from
outside of a cell.is introduced into the host microbial orgéanism. In the cas%an exgﬁsg ous nucleic acid

molecule intPHIRESPHBROTH I BYAI G PeraUFRFE HU LA MM SR R RiBY A A5 B30 Hdependent
plasmid or mayegesiotegrsiodrrip thenlrostichrdinospiosaldfiNAtidihes ekogerigus dugclese acid coding for
a protein may be Igrodugersh NG TVCRRiIdLeRL ImRnRRIeST e QUM IS qundegulatory

sequences such as promoter and terminator squences. Alternatively, the exogenous nucleic acid

molecule mi&§ GETIRREGPRSEETE e HEstchToiRbd BN asheRsRy b elinerdr §58sE8rtol of the host
regulatory segidenreas; JpHonPAdnkit? 31 SPET AdH20 1KY @biA1d bf (BR) Hohes tef iefreadagensus” refers to

the molecules and activity. that are present thin,t,h% HPSth- ell, _Wh[gn ,u%gd tin £ fergn%g loa
piosynthetic B T Eh e I B e A e RS
reference oryaRRfrRI R FeanedheiseuRsradmprarse hismsIainss or heterologous encoding nucleic
acid that expresses the referenced activity following introduction into the host microbial organism. If
the nucleic iéc ing_for a protein is oFtaine from the,same ies of the.microbial grganism, it is
referrod a0 NUROTIGLE BIOA P B T ROk A CH o Cabicl SO SRS, i
referred as wetdeologolis DNAYrespeetiveiash o rEGEP ther INA BvivéthEreifesisaisisiogous or

heterologoug, when dnkiegheelABlc2 ke el Hhe:PhA af el a5 the.activity dadvesiiosm that
introduced DNA is referred as exogenous. Therefore exggenous expressjon of an encoding nucleic

acid of the iSRRG EAIPLANIZE RIS SEPBLT REEFBRG0 1L AR HEMBISESUE e SRBHHE icleic acid.
(61) A cell ﬂmﬂiwfdmw@&am@ﬁ@s@gms@mulmﬁémwém&msmwIith_amﬁgls‘gmestm a _
measurable fate. andWitheuh AR UPsiaNIAL delavatiiedasinuag af 40 noaHaliamefiraid cell into a
medium, both a'C5 sugar, such as xylose, arabinose, ribose, etc., and a C6 sugar, such as glucose,
fructose, geidts<d, tcholm ehmeetiftgrown in a medium that contains a substantial concentration
of both a C5 and a C6 sugar. The medium containing both a C5 and a C6 sugar can be made from
purified su (o] & e derjved fr %@%’S rolysate. (6 ?mte f.mi rganisms
including E c]fgriglhtgac%i ,e |t§%%§%rtl rg?rr}%ell%‘r?%‘ii, uc%}rixé) g@r@@%ﬁr}lﬁdgz‘- uco;%lgaé}ggff%e%gggaii,

Achromobagisoske b rRaaescABFBPRBHER R RYiEEHSh OUA&r8 rReIscEar R teurh, Tisrabiseterium

tutnefaciens:iAgrahacielbdsirsadipbastansAlnaliggnesdaesriiseAidhrahReipigitielishowtnobacter
tumescens, Arthrobacte,l[h%arelffiQegf1 Arthraobacter Q’ydro&c rbogluta Zi}({IL&S Arthrobt%tgr oxydans,

open squares. 3&/ 05 ahion 33 ImMeasyre ecrease 1n the Xvioke conce 100 n%
Aureobacterium saperdae; Azotobacter indicus, Brévibacterium amtnoniagenes, divaricatum,

Brevibacteribemiedtofenseritnn, Blidwibeeseiboreitngan, Brévitraclaritinegiobes mersBrsViliacterium
fuscum, Breyibagtarium ketsalutamicHmnmBeviRasterimdelcummBravhactedumn Rusiiem,

Brevibacterium testaceum, Brevi bacterium roseum .Breviléacterium immariop‘Q ilium, Brevibacterium
linens, BreViBSEten I I575HSH PR eR AR tBIRINYS ARRYSPIRIRA, Squares Also shdwn in
Corebacteriumglutamicum,Colynebacteriutncallunae,Corebacterium acetoacidophilutn,
Corynebacterium acetoglutamicum, Enterobacter aerogenes, Erwinia amylovora, Erwinia carotovora,
Erwinia herbicola, Erwinia cluysanthemi, Flavobacterium



WO 2011/123154PCT/US2010/057111 peregrinwn, Flavobacterium fucatum, Flavobacterium
aurantinum, Fayg haeierium rhenanum, Flavobacterzum sewanense, Figvopagteriwn breve,
Flavobacterium meningosepticum, Micrococcus sp. CCA1825, Morganella tnorganii, Nocardia opaca,
Nocardia ru osa, Planococcus eucin%Ltlus, Proteus retﬁgeri, Propionibacterium shermanit,
pseudomors WA PUEEEL A SBHAE RS St bREHAS JHIbMSERL Audomonas
ovalis, Pseddom tinasstetzéfi Peeudentomestacidovolans, Pseudomonas nzucidolens, Pseudomonas
testosteroni, Pseudomonas aeruginosa, Rhodococcus etythropolis, Rhodococcus rhodochrous,
Rhodococcus sp. ATCC 15592, Rhodococcus sp. ATCC 19070, Sporosarcina ureae, Staphylococcus
aureus, Vi3 thetEhrindiF Vs tyrrgeraciseariainattraratiangy ACHBniyced and
violaceochrximppensiss Kiteaatasporia panuiln sa:dbire pioiyirsicoelitalombuvpimonessitavelus,
Streptornycgs ausealus, SUERIIMYCE? A'V!a%%ﬁ%f%ﬁ%to%’i‘&yfﬁésiQé'r‘éQsPeeﬁ{%h%SEB%Bé%@a){%%soP”ash'e”S'S’

Streptomyces virginiae, Streptotnyces antibioticus, Streptomyces cacaoi, Streptonzyces lavendulae,
Streptomye%@@%%@ﬁﬁéﬁ?@dp@‘ﬁ@@ﬁ&@?om WiimdribRigoBaeiiis iR sediareisiculans,
Bacillus thiaraivehyaicusvdasiltusdishanifiongis, Bactkissstiss Bagiesoastylolguifaciens, Bacillus
coagulans, Escherichia freundii, Microbacterium ammoniaphilum, Serratia marcescens, Salmonella
typhinurrium, Salmonella schottmulleri, Klebsiella oxytoca, Klebsiella pneumonia or Xanthomonas citri
are suitabld#39thEBigre$chtivesidosomberiseeeinbinamc idt auvdagtioniy od08uNdblE fodthis present

invention a'i@J@ﬁiY%qiﬂieB?r%Q&eﬁé)ﬁhthﬁeEQ@&@b@ﬁEﬁfme&%&ﬁﬁ}{?-JFJT'}? preferradsmicrporganisms
are seIecte%Rum the genera Escherichia, Erw(i??iggéD ovidelnlgzia, Klebsijella, Citrobacter and Serratia..
The genus EEEREARIAR rﬁ%@f"%?gfeff’rre%?%| 2Wits EE R thecepetiBa R herichia colt is
particularly yeferredid 06 3hE fooitstidons capdabe witlprbd@inGoiganidearidd 1dSigmticadt quantities
are well kngu in the AtkcRor GXAND ISR Y £S. RAISRTARRICAYGNR DUBEHPR MG, 2009/0148914
provides strains of E. coli as a biocatalyst for the production of chemically pure acetate and/or
pyruvate. The U. S. Patent No. 7,629,162 provides derivatives of E. colt KO11 strain constructed for
the product{o#opf kcticasid:njetdationpiRatent Applicaion ppdidisebty ncethe @xtent Cooperation
Trealy Nos, N0 2008113958, And WO, 200001596, RE0VIdS INSToQIaNISM efigagerag o produce
succinate and malate in a minimal mineral salt medium contalnlnggg?UCose as a source o? carbonina
pH-controll &IBatEk T8 e featishoue 2041194 28159 beryURe 010305 7L IE {BWPTHHEWIRS type E. coli
strains obtajneshftam Cultinersalletiivns suehasdine ATHOC (A eticrr), Type Qe Galirction) can be
genetically gpginested and subscauenty metabalicali evglved to.objain atrain with an enhanced
ability to produce one more ofganic acid i commercially agnﬁicgnt amoun%. I{%:'5) The term
"genetically engineered" or "genetic engineering" as used herein refers to the practice of altering the

expression @hPnergmare eRAHNeSHItherMICRRrganisms iy eah manipulatingthg.armppmic DNA or
a plasmid of thre_microqr anism. :(I_%Pew enorrfliq anipulations.involve either altering, adding or
removing SERLTIE A R T X EH e GRS ISR T ALSTEHB e ERTTAR O o involve the
insertion of & fprek nldNA sddlenc@intpthegeddhioDNEKEEguenceifohd ridesovigaridm. In the
most prefergged %m@gﬂm%n%&&m%ﬁfﬁée@wmuomm geRetcmanipaialians.ae agegmplished by

means of removing specific DNA sequences from the genomic DNA of the microorganisms without
introducing ERYfordihin DNRvE g bR amlomArTFaraiBie s el to inactivate the expression of a
gene coding for a particular protein product requires an insertion of a foreign DNA sequence into the
genome of é@&?"ﬁ?ﬂrﬂﬂ”ﬁ%é’}o‘ipﬁymé%s&tﬁ{ S f&?&ﬁé@ﬁ?&d‘a&ﬁhﬁ IR850% 'Qn‘éeé‘fé‘??’ the
introduced exogenous DNA sequences are ultimately removed from the genomic DNA of the
microorgantéiinscPfinat ¢ié it reetyahisiaingeslReroRte sesequengimaivng dlscedeswould have no
exogenous RNAtiBrite ArigiaaleenomieINA Mariusiteshnigues decessans far meeamikishing the
objectives qof the prefer mbodiment of the present inyention haye been described.in detail in
Saitama e8! (BB B e BB AL Dot DA b L Snatosy e
Bioengineerhenkomrgs4-B98y. xFhecpiibisher by IS 1R ttminN el 62de) 63iaimily) 118 sPegiait Application
2009/014891duanehtheitinianatiangl patantarplicationspublished sndaitheiRatantcemreration
Treaty with International Eu}}%l# ion Numbers 2008/115958 and WO 2010/115067 also describe
the genetic EHTREBITHE 8L %@gﬂgzmﬁnmﬁ? tticing 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 enging}ering techniques useful for the present invention.
(66) The microorganisms suitable for the practice of present invention can be grown aerobically (in the
presence of oxygen) or anaerobically (in the complete absence of oxygen) or micro aerobically (with a
low rate of oxygen supply). Alternatively, the WO 2011/123154PCT/US2010/057111 microorganisms
suitable for the present invention can be grown in a dual-phase growth regime, wherein the
microorganism is initially grown in aerobic growth condition to reach a certain level of cell growth
before transferring it to anaerobic growth condition to achieve the production of desired organic acids

in commercially significant quantities. In order to make the microorganism to produce a particular
oraanic acid variniie enzvmece invnoh/ed in a ntiimber of microbial metahonlic nathwave inchiidina



(067) Depending on the type of organic acid preferred, the metabolic pathways are genetically

engineered sQ{Ha},q Mesporganism produces a particular organic acid gfepk£hoIcs: ] he
microorganisms are capable of synthesizing a number of organic acids including lactic acid, acetic

acid, and succinic acidaq ap g o}%%g%%;}( mtﬁ ' % i £‘BP{§| fermentative pathway
which can be manipul g %I .?8 nown@%sn(gtji% englgfg{aﬁr/ﬁg ec%ﬁ?é%es includes, but is not limited
to, isocitrate synthetase (aceA), malate synthase (aceB), the glyoxylate shunt operon (aceBAK),

acetate KinpgenhagpheLansARRIasc (A RRlCaNRSR WkAIaTH b PORA @G6AaRd aonB),
Y

acetylCoA synthetase (acs); alcohol dehydrogenase gtadhE); citrate synthase (citZ); fumarate
reductase (PAMESHAY FAHRIGGTE THENLIS HTP M ot IR PE GR 2 &4 TR AT R OB RK S peron
repressor (ie&cﬁz)btﬁaﬂsphﬁ@mmgmysmsaté&owmpxtaﬁea(pep@)s myewatddmmiate;bya@de(d\l@: pyruvate
oxidase m%&)@&g&%@%ﬁ%@#&@%@@ﬁ& @@&ﬂ?@g&'&%@wg diregilypyghvedsin the

glycolysis, tricarboxylic acid cycle and glyoxylate stunt of microbial metabolic pathways, genetic
manipulatioFP&PHFEEREE Y BIEE TR TR BPESTHOIEANHOU ISt SBHMS &8k e of energy
for the synthesisrekergarioacickcdnralso pednanipuatesmeitherlty enpaficenthqueatiien sptake or to
enhance the e:fficien%y of energy utilization in organic acid production. For example a decrease in the
glucose up?gﬁéngydglp'hosphotransferase 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 {g4mpravadha sfficiency.of QUemmie Aeithd rdkchigmhisiiesuble for the production
20111123154PCT/US20101057111 phosphotransfergse system genes.ptskl. and ptsG can be
manipulatedt3"CERSeHE t\g‘éog%ze rf:ég/”{%nmgaltﬁ%oglé’?Jeﬁ?al‘?gilaonug‘fhte&%gﬁ%tp}OY/eg R %#\gl ency of organic
acid produgtioreisyfonitopreheism .of husioic miking thewdatesdlyailatigcmtthesangasdtamdhebial metabolic
pathways, Qne LARARIGIRE 61RhORARS SRARLS Dlackmeskal the metahglicpatbwaxsand channel

the carbon flow to the production. of a particular organic acid. (68) Besides the central metabolic
pathways aRiTHesH SR AR AR A Ao due d’rrﬁg‘kiffgﬂr?é LHIDRTEY AR RAT it terial cells can

also be manipulated to improve the fermentative production of organic acid. The role of carboxylating
enaymes "§$)feraani iy, proran SRoK sralk salablished foh Rt dlfiaiantmes of
carboxylating eénzymes are known to be functional within bacterial cells. The phosphoenol pyruvate
carboxyl as%’*(’lb@’é%e or PPC) carboxylates phosphoenol pyruvate leading to the formation of
oxaloacetic acid. The malic enzymes carboxylate pyruvic acid leading to the formation of malic acid
and requireg4gfuced cefacipraduehias NAR HRENAR . Theibimtcadaoxyiating epgyme known as
pyruvate carbexylase (B Y. carboxylates Byruic. aeid, o prodyce axaigaccic acids, the fourth
carboxylating énzyme knéwn s phosphoenolpyruvate carboxykinase ( Cf{lsk carboxf/lf‘até’s
phosphoenbkpyepraent: okatemnte ety i aprnsrottiutonofroresmo | Sdtle BEMFRFYS éyery molecule

of oxaloacetaie pradusces:framdthengarbaxylation efphesphaenal pyivale meleeulgsdny, one of these
carboxylating enzyme can also be, manipulated app(gq(f%i tel}éli#%the acteriail).str ins with the ability to
[

utilize hexoR¥SHHEDeRASEE MTYaFE LHRuRTRSBIER) & HEFo TR HE Bt Ve IO ECEiSh of
industrially cisefiget memicais:h (§OyiFhieip hosp Hosmatpyady atelzarouixsindase {pekjhceamive genetically
manipulated, g improve g Aovspficarbge.nte the ticashaaic acid Gyclss The advaptage in improving
the activity of pck lies in thé fact that this enzyme while carboxylating phosphoenol pyruvate to
oxaloacetate XFatHH ﬁ?@spﬁ‘é&uﬁié‘ﬁﬂ?ﬁ%@&{ﬂ@’o‘?ﬂﬁ‘? fsPEtAsyy 5ol &l s B o cetate
produced. AxciinereadeinuthbadARlyield would increase the growth rate of the cells. (70) The
recruitment of the native pck for fermentative succinate production can be achieved by any mutation
that positively Aferts Ihe ranseription,of.the ek agne, A1 narease. i ihe Jevgh ol SGK, apivity can be
achieved bg means of expressing the pck genein a mu ticopg/) p]Iasr%lla with a native promoter or any

other promdte PEEgtseticacivhitis kv Rlswhtower ot SesvipCTED gi2Bh Glosmiveigifeiease the
gene's exprasdirivNRtNerway dadneseaspiRa®xrrasssn ghing ratusisnewithindbe egll is to

integrate additjonal c?lpies ofhth ck gene using transposons. In another embodiment of the present
invention, tﬁ%#% iv%%r%?ﬁ&tl%ryﬁgf%e%csgﬁ%ne can be replaced by some other promoter elements
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. (71) 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
tha Aariantitny of the oraanie acid nrodiiced by the calacrted clone The HPIL C technoloayv iec alen healnfiil




WO 2011/123154PCMS2010/057111 0.83 uM Na2Mo04.2H20, and 0.81 uM H3B03. The AM1
medium contgips,d MM Retaine, 19.92 mM (NR3)2HPO4, 7.56 mM NHAEZBthodsA 1M
MgS04.7H20, 1.0 mM Betaine-KCl, 8.88uM FeC13.6H20, 1.26 uM CoC12.6H20, 0.88 p.M

CUCI2 2130 220 UM Z0C12. 128 UM Na2Me032120, 1 21l H3603 4702 50 i MpC12. 41420,
(73) Since Eh sty BPETENIE SEES N ThE Growth medium tehds o decrease the pH of the

medium, it ismtiedessamptemd apprispratetmeubralizidiwgentscatmaeipteah tortescddutkemedium. The

pH of the cpltiirevpssel camike cantinbREsIMMANERIRH YsingRRH RIGhE caRd 3RRrepiigie base can
be added to maintain the pH of the growth medium arqund neg%[?’l pH. The bases suitable for

maintainingMe P4 SrHsE e B fal Bl cRioks “NBD K SHPRITHERSTNGSEHS NaHC O3,
K2C03 anahiiititg A Cdnitheib aseltsuifabiddorcthis gurpdse can be used alone or in combination.
(74) The mineral medium for microbial growth is supplemented with a carbon source. The carbon

sources Usefi)in AR, RLeRe o IRGde byl ate e U Ied RDRDARE SRR R ylose, and

hexose sugars’like glfucose, ctose, and galactose. The carbon source can also be satisfied by
providing a‘eBRbRhIBH Erdiferamiseidhe Sadrosk soasmmsihaRaredPy lfEasRiang RIR6SE: The carbon

source canmalsoibendetivachfian abysrolsisobsiaraboblignoseliuieseudhe fhiysiaysishaf complex
carbohydrafes sueh s starch andianogeliuioses san.be achived eitber . using fherme -chemical
conversion processes or er??yma(’flc methods Well known in the art aI‘:ﬁeppre &fred carbon source for the
industrial pebehastiomefmdanic acid using microbial fermentation is lignocellulosic hydrolysate derived
from the hydrolysis of agricultural or forestry wastes. The lignocellulosic hydrolysate may further be

fractionateqggyyield abexpsf:cntched3adismpantesarentched-fastianand thesefractiens can serve

as the source of carbon for the commercial production of the organic acids using microbial

fermentaticHiSHIESE LTI ARERMIGSIE BYaTDRIEAtEc AT M e BE G ST BT ehiBYE certain
chemicals s;uﬁmagia’:upsfudabwm;mﬂtg fﬁu_n@l goiﬂé‘fdioic@@%mbbmﬁiqhimmmw@arg’mms above
certain conceniralionsis (Lol GG ORIM SRR ARIANE 4 HAM. GDSH G ARNGEYRY 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 WO
2011/1231%5HPE Ty B2 1066 PIcsInfarFfitRelpuaisity gsnoiarateieritaipren s g e carbon
source derivedsframiigracelulpsicRydinlysataimaymnenbeguiablesdtonusing thesegenatically
modified microt)[tganism as.a t]iocatpl%sé fgr dere crgrr]rl]{@eer(r:éa{ (]%r%?l{ﬁﬁon e&j‘ cojlrggrai)cw%gg% ghrough large
scale fermémfta ?oﬁ'prS 885> eifetica f? moditied Microbiarstrams obtained from gene déletions are
subsequentiedelentextifoy itrrdsh egrmg rescha tiva s AIYIBCHERAPbliC adaptation or evolution. During
the metabolic evolution, the selected culture is repeatedly transferred into fresh minimal medium for a

period of ti|4p achigue.a claneHeWRICk-aNe OnM & RRERaRGOVSIMatiaNs thalopsyred during
selection results in a phenotype that exhibits fast cell growth, rapid consumption of dg%fgrent carbon

sources, aBfAYE LSS ARPIE SUTSFETSi oM NS TSR hifitg B3 ofel AL #1521l HEM AR I the carbon
source andeqigheprodustiniivyieleharvd!prgpeictivityaciit e dcsirecharganic acidnbutrdtmn ghaduction of
other organic acids, Rrng.thg NEERNCLYAINHOL, AeRNRIS P e seleq! theclongiyith the

desirable phenotypes. A microbial organism genetically engineered to produce a particular organic
acid may n&PHEVE 2LSHrh S8R SSIICH O BPEE réf@%hﬁ%ﬁ@éﬁﬂ@ﬁﬂ}?%%%ﬂ% the expected
yield of thakgnakicu e ppganidagich Meiabgliec avoliffenrtan die foll @aedwdhevpive mabwon which shows
2 significan grouih aegompaniedbic annereased [aie ot s Rradsiian.ofihatRaflgylar organic
acid. A clone resuf mgafrom {1 Metabolic evolution owmdja ver%/ good growth rate in mineral
medium supplemented with a carbon source but that has not improved in the yield of the desired
organic acif&hot delesirableactsne I{BRE) T hescLonP 2o86-Fin BPENEHINIE LSRETNOHTESHER ed
embodimernghthe Rigsethinentinpmkid i 22 Wasierved fromdhaiwildmee Fasoikfusikain through
multiple stages involviré\%a combpination of bo ’h.ge%eti en%jneering‘and @g%ab%lic evolution. Using
genetic englheBHRGTE AR AN & ditfel Y G aRR s A G TR CESRE RS DG EHagE U dRA), alcohol
dehydrogenasaitatiph)atfioundbeirdwsport ee(fe A i tiortater kirasha(ackNgdplypavatesfoneate lyase
(pf1.8), methylglyaxal,sYthaSe (RS oAUy VAR Midase {Rax Bl RRIGRAE kinageNdthracetate
kinase activity (tdeD), a-Ketobutryate formate lyase (tdcE), citrate lyase (citF), aspartate
aminotransferase (aspC), and malic enzyme (sfc,lA were deleted from the chromosomal DNA of the
parent E. colt 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). WO
2011/123154PCT/US2010/057111



(77) During the process of metabolic evolution using selective pressure to force the organism to

acquire a desigaplg, phanatype, two possible changes could occur. The qegapisstueeuid 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
permanentlf/‘.’c\w#érh é%ntié 1\?\?‘5\’?‘58&"&%"5‘3}%’&% |‘8%%Iinc? Eﬁgﬁgﬁ% FHShA O gﬁgl%ggflp tl(cemo}rgljyanism reverts
back to its orglnakpirenstygseconse $hecgtlectiothpragsurd s relicredeT hesblorfanimeg are referred to

as "adapted, QrOANISING k) SroAd ARG IGHAR @ﬁem&@.\/%ﬁ)ﬁﬂ dergR pRether figshspund of
metabolic evolution under selectio%%essure to show a changed phenatype. On theéig]er hand, when

there is an SSEEHRMARG HEHRECENSSEEAHE SHEITRBBRENSSIBR Vit ConARUETE &3t Sven when
there is no seldcpiixafinessitie ¥eiabaolic €xdlokon atoomipanied: binectertam fenslicschdnge is

desiable. Higmisiogigasm-acaingasiatieasnells shanacdytameiaboligisyaltion can be

easily identified by means of growing the microorganism in the original growth médium without any
selection pressure for some time before transferring it to the fresh medium with the selection pressure.
If these orgdfidm4 sraatl@wdnovitlyotlrgroistiyBndtHecadyettBacs msrisire withdutthay lag period,
thr? ogganisga&@s&%hquammﬂermmwr@e@wb .QTQ%B@II mﬁzlduﬁm%amga@haﬁe@%mmtion. (78)
The basis of genetic change gained during the metabolic. evolution.can be determine sequencin
the chromo‘é@égip BRA Of ?k?ergé?%lar?}[gr% %ﬂr?ae tc}oa'rér%%incﬁ 't de%%%fgﬁégega?aaﬁ%%%ﬁaﬁ of t%i paient )
strain. The igersoesiie sedprsicng die gan bevbrindiisyomebnsonisl owigtipe et dinigaas well known
in the art. Thyss.ithe RareM-R@iB:KJ 122 BRiRinask{ko M & s b SHAIpATC trBURY Bankersubjected to

metabolic evolution to obtain a strain with a desirable new phenotype. The genome of the
metabolicalPETRI R ARERF ST HIOR WA (REHATSR P L TIEYTS BB SETR: 88 Hhd the
mutations inrthenmetabolditiefolved straimarto sitingyfof thencimrgeduybhernygtyperdarvbe identified.
(79) As def%%&g&t@,s%l&\é%%sms%@ TiaHan Jrelides aevshanae: e nEGigRlide sequence
within the gene. A nucleotide change within"a gene may be a single nucleotide change within a triplet
codon lead#if 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 thesapensaading fiamesenithe-aniyie tpabrieadiagdiantesAocngslieafide dhangaswithin an
open reading frame. can WQ 201/123154PCTILIS201010571 4, lso Inclyde inraductjon of a stop
codon and as a resu f e open redting ffAme codes for a truncated pr(%teln INstead of a full-length
protein. As ¢serbtiisaRaosredent HITeRToN teectBvHitPiRANOR ailSerifciidedebigesin $Aehucleotide
sequences g eispstreapiet davnstieammeftheepanreadingfiamadhbeipgionmepstceam and
downstream,of an open reading frame contain seyeral regulatory nucleotide uences and are
involved in% é%r&%%ﬁn%fa fﬁé‘cp%% %Clinelé%e ed %Ye[ﬁ%g(%}bee%n%%g‘f%lﬁg " Rﬁ%‘%éﬁﬁgﬁ ro%curring in
these regulatatiyregions calnglterdhetide rerpressidy |aduihygioithe fitgrenshidt ragdtcionaor
down-regulationRf gang;ifMneHet SRRihe: RessIRlliNIsA Usledlids isartienAl.delglirprresulting in a
frames shift mutation. (80) Based on the knowledgg},}gage% rom the gres&t invention, the genetic
modificationdHEHARI Y (56 SimRa NS HtHEPSE SROGTO SR ISE & RIFAA SUSEL AL EhHe carried out
in any bacteitdbgtrifuadtieadyuge reticatly engiives redriosdve gfiibd uctonc o omios mose tirdustrial
chemicals ysing gliGase asRARITERQEGRMLR- QUEMAEIY. 5 IAsRCICMOdIiGRlIRR rrauired for the

simultaneous utilization of hcxose and pentose sugar can be carried out in any wild type bacterial
strains and RFRESHAHPecauEb s srmiiaud hosmetcrsing RumasEinetedy maehidse sugar
utilization cafn besghjgctattdedfurhergeniicamonlifeatonbde gexsiop o micargaaismmsuitable for the

production of indystrial chemicals in a commercial scale, E RIMENTAL SECTIO neral remarks
(61) Surain S RS BB s e P RTAK AL RS S e, Apoxe.
AtdcDE, AciReawaipC gaisfcA) was used in the present invention. KJ122 was derived from E. colt C
(ATCC 8739) strain through genetic modifications as described by Jantama et at (2008a; 2008b) and
in the International Patent Applications lished under P t Cooperation Treaty with, International
Pubication R0, W S088: 1 TBLaa T 2b {01185 T D AESE B A ME
incorporatec:byarsferdripes of8®)isn.chiirstraim kJd 22tisioa fabibiof it dding 11895 diumsse in AM1
mineral media to produce 88 g/L succinatc, normalized for base addition, in 72 hours. AM1 medium

contains
13



WO 2011/123154PCT/US20101057111 2.63 g/L (N114)2HPO4, 0.87 g/L NH4H2PO4, 1.5 mM
MgSO4, 1.0 m betpingsand 1.5 mUL trace elements. The trace elemepts gtg pigRaigd as a 1000X
stock and contained the following components: 1.6 g/L FeC13, 0.2 g/L CoC126H20, 0.1 WL CuC12.
0.2 WL ZnC124H20, 0.2 g/L. NaMo04, 0.05 g/L H3B03, and 0.33 g/L MnC12-4H20. The pH of the
formentatioh DA ESAARLE % GRHTL TR R DA SRR RS v KoC03)
(83) In someepperrmetits, doin steap WW@@d@dMﬁiﬁ_aﬁ%qokpdmtdmﬁf (G efe)eal wet-milling
industry. When, £ompaied 194084535 LaxEsrland PEPIaPSulliz AT NEXPERSHG Seiies of vitamins and

trace elements. (84) Fermentations: Fermentations were started by streaking on a fresh NBS-2%

xylose platX Qlytetdy HHERGFHE BB Al glnBHCAINFERGR & e T Pt JBERECUECHhiEERid and stored
in the -80C dupizeicAftar damdour HE3dE)iceslisiyomsibetplaiesware terdpadmffiandictockdated directly
into the fermeniation v .Thef ntation; V. in I f35 This first
fermentatiorgr]le%vsé% f%r%gr?)e%(? Et%:) és;%%h(é%%@e%eggc é%%u%ﬁsia%rﬁ% %v?ﬁer?%}t@,%?é%efd%éy )gc%ﬂﬁgﬁ%eo%%é The medium
in all fermeAtatisHedPaStrsefigHaANE ifedlith Repsremertualils GosvrKkrdesaled #hiv betaine and
8% xylose italessotheswmisenatedandivautializrthwitips. base eansistagrellc@aiKhand 2.4 M
K2C03. The fermentation ysssels were.maniained ala,pd ot 70, 3G 190, 1A sliring. After 24
hours, the seed Cultte WaSs Used ts inbculate a Hew cufﬁﬁel%wrﬁe erbate eﬁ)erlmendt“s ‘or "transfers")
to a startindrob&3erufcolofiRststibe exgdplivhenithe diignyangiers chabexplnriams wWre conducted

in triplicate .{1@ G/ 6P:CosieRnantsionexpaitnenLiBeudeshdanty 1988 b¥b.gluraameaPo arabinose,

0.4% galactose, and 0.3% mannose (pure_sugars) and was inoculated fro cylture growing on
1050 25 18 EEHC AP S Sy B Gk TP PR e o BT G L H conciucted
with the mixttiehoft8%gesytbs caudthd Ysaghacask alftre sbexpenmands sserencotidi ctednicptidplicate without
addition of iphiitors, Withy ¥ ARELAIS, OLMthl! Yorlbifieals @) CalbomwiiGel massyas estimated

by measuring the optical density at 550 nm (0D550) using a Thermo Electronic Spectronic 20
spectrophotBHTEtat: 887 BGEIE StcAAEr Sl aPRfalSis: ST A RSHUER SHE et aRYEEBrganic acids
and sugarshwetet dwdasiyred by HPLC. Succinic acid and other organic acids present in the
fermentation broth were analyzed on Agilent 1200 HPLC apparatus with BioRad Aminex WO
2011/123154PCT/US2010/057111 HPX-87H column. BioRad Microguard Cation 1-1- was used as a
guard colurff§7rné sef daradasr Mpresivasscudte prdisarsewiteiopsrsiitiste demicthe HPLC
column temperat e \Fasinaditairedrabp8Ge Suiufenacd at Q008N ganrcentratimwas dsed as a
mobile phas,eeglstu},hbelafIgc w@tgtf%[fo.ge@vmin. Quantification of various components was done by
measuring their a?asorp o at 210 nmart Ketabolic evolution: Celts from the pH controlled
fermentations were serially transferred at 24 hours to encourage metabolic evolution though
growth-basagkgplectiaRadh esinarsiin.aRRr GussaiehshelORehtnavelwoe: efusinedia, was added
directly to pre-warmed, fresh media to a starting 0D550 of 0.05. Clones with improved fermentation
characteristics were isolated. The metabolic evolution strategy was applied to improve xylose
fermentatioS{B8) Prephirathenivfdtgasbe 1Sugiremechigadseidedbtaingd fhehe sudenuinills in Florida
which is a waste, progugtibal inhyRingiix HsedRY IR IPLANSIONST iR WRsIS BERAMCYS used as the

starting material for the preparation of hemi-cellulose and cellulose fractions using dilute acid

pretreatmefhe case an exogenous nucleic acid molecule 1ntroduced into the microbial cell, the

introduced nucleic acid may exist as an independent plasmid or may get integrated into the

host chromosomal DNA. The exogenous nucleic acid coding for a protein may be introduced
into the microbial cell in an expressible form with its own regulatory sequences such as
promoter and terminator sequences. Alternatively, the exogenous mucleic acid molecule may
get integrated into the host chromosomal DNA and may be under the control of the host

regulatory sequences.
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(89) The sugarcane bagasse is dried to a moisture content of about 10% and milled using a knife mill.
The material ig,6a3ig4:sgteam reactors (Zipperclave & Parr) with dilute,gyl{urg, agid; 3 moderate
temperatures. Typical pretreatment conditions for dilute acid pretreatment are 0.1- 3% acid

concentrati 200C te erature %nd 1- utes res dence {lme in the rea he optimal
%151 he ic enous fe to i e Iy cYec:u actl 1t at a& resg w1t m 3.
reactor con # stoac eve Araximunm xylose'yie i minimal ugd eBra ation are about 0.5%

acid concensitioH, E@@@@ﬁmxﬁmtmsﬂfeﬂﬁmﬁeun étﬁe’ﬂea&mtcn(lg@}m@ﬁdeﬁmmgequencmg A

set of two galf specific m&%@&%ﬁﬁ@%&%s@%ﬁ%@@@@a&siﬂe‘fﬁé's%%%&é?pﬁ@"Ifo‘i}'t@: R.gene from
TG400, KJ122, and WG37 strains of E.caoli. The PCR Wasscarrled out using_the stan ard protocol

using 2phu§‘f3ﬂ°|l—?lg% %féFWﬁ%WWo?ﬂ%‘@WEW@‘ﬁlﬁodﬁ% SR STRG F%f(?{?%%@?'évﬂ% on a 0.8%
agarose gefdbodeteiminsithgosizeto it R CRiprddu cisiirdm ebﬁ‘ctheahﬂa&w giifeceditgtfains of E. coil.

The PCR pE?Qéé&‘%M%&ﬁ@f?&H%ﬁ@%%é‘%g& ?%&9ﬁﬁ&b%‘i'&?%@%‘éﬁﬁ%Pﬂé‘%%&%e&c'”9 core
facility in Boston, MA, USA. The sequence data were anagzed usm%the Vector NTI software

program. WQ@?P&%&M@@W@%&@W&%%&}@ REtPhEHER Bt \VPE S Pssit dinedired coil: WG37
stain of E. e@Ihwasldgdmsemﬁmm&éqibaﬁvstmlmbyaﬂmlebngxmmm&w&ngiselgjﬁmlegdhecgalP gene.

The galP ggne was deleled i wp stepsinvoling namplogaus rseambination, dn fhe, st stage, the
galP gene sequence was rep acedp By a cassette containing an antibiotic mar%er and sach gene

sequence. e reEgtsihdmsiwe reesared e O 219Bspl AR AR a AREBHRS T thessEBoAl dtage, the

antibiotic C%ﬁ%@&iﬁgNﬂﬁclémQ\lﬂd fromdha-chrmmosamaliDNAaRE theyasonkinasisiyergiselected on a

medium corﬂtal suglrlgg TQ&%?'%&' s growing on the sucrose containing plates are highly
enriched for oss the'SaE asseft 92) 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 éédimpidtelTHetDNAfragrientod kan-sagBscasseltewvas! iitrodaced: intd! KthiP?2 strain of E.

cofi. In the figsksien, ffansiimanis wereReleeied: %ﬂﬁstxﬁt@lﬁ@l ‘ﬁ’éﬁQ;@”ﬁ &\Kllﬁhﬂﬁ% wegg confirmed
by PCR using the primers 49a, 49b (Table 1). This sfrain was designated as WG35. The galP gene

and neighb T SRR PR WEIR ArSHER SHY e oitREhs 48R 2o @Sl 356 cloned into
PGEMT easitvecterctoaptoddeespasmicdp@/¢he0sDikitedsprepiration ekthishelasmid:DMNA served as a

template fo%{-”%?? %%9&?&‘!‘?%%‘&%9&%‘9 PEBHMEL %&é@%%&ga@c?h&r%&% § hfragment was

self ligated to construct plasmi hi pGW181 P gene was déleted. The DNA
fragment cﬂamm%é@ﬁmeéléﬁ@rﬁ\ﬁésa%ﬂoﬁﬁé&a@y W@Rﬁﬁ?ﬂ%ﬁ@ﬁrﬁﬁ’éf@ﬁ%@%@@%d the plasmid

pGW181 asiemplatevclteoRGRipraduatwassateoduced into WG35 and the transfonnants were
selected on LB plates with 10% sucrose. Resulting clones were tested for loss of kanamycin
resistance. The final galP deletion strain was designated as WG37 and the specific gene deletion was

confirmed HPRERAusHPbprivie sia9ar candaonchabng 1§s@ranfifslect TS ififibetion ffoB¥Escherichia
coil strain Kk saspl %}MQPAGMB%&@CMRAm%ﬁﬂ&cémgaﬁam%hﬁmg%%\dm AaspC,

AsfcA) was able %9 (% ObIC lose, and arabinose. The objectlve of the present
FOW

vention i s e e e S A A A TR
microaero b@aﬂ&gmwmwhm%MMmgmmmémméJm otivercpenttve Sugarsrand/to:select an

organism thﬁﬁ?oﬁm’?@m W&Qﬁ%@lﬁ‘é%@&éu%{ﬁé}ﬁwﬁ}%&%{ © Aureobacterium saperdae,

Azotobacter indicus, Brevibacterium ammoniagenes, divaricatum, Brevibacterium
lactofermentum, Brevibacterium flavum, Brevibacterium globosum, Brevibacterium fuscum,
Brevibacterium  ketoglutamicum, Brevibacterium helcolum, Brevibacterivm pusillum,
Brevibacterium  testacewm, Brevibacterium roseum, Brevibacterium immariophilium,
Brevibacterium linens, Brevibacterium protopharmiae, Corynebacterivum acetophilum,
Corynebacterium glutamicum, Corynebacterium callunae, Corynebacterium
acetoacidophilum, Corynebacterium acetoglutamicum, FEnterobacter aerogenes, Erwinia

amylovora, Erwinia carotovora, Erwinia herbicola, Erwinia chrysanthemi, Flavobacterium
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(94) Initial screening for C5 utilization was conducted by aerobic growth on NBS mineral medium
plates supplemgnigd,with,2% of xylose. The plates were incubated at 3¢ 0venigit e colonies
appearing on the xylose plate were streaked on fresh plates for three consecutive times. At the end of
the third transfer on soli(g]NBbS mineral medium %th ZE’A) xylose, the cells fro? the plate were scraped
off and inodTTSEH ke clivtS STEFHENALSH HasK CBRESHIH KM ERIHEmdRIM B BB mented with
0.03 M KHC®&mM Béterherand 8% sylasersThe fdmmdntatiommebiara wakinebtatized with a base
consisting of 32N 0k,AN0 2,4 M K2CO3 tamaintainhe.pkhef 7,084 87 G dnaculiye, was stirred

with a magnetic stir bar operating at the speed of 150 rpm. The liquid culture was gown for an initial
period of 24 AtftifafitFide §48°ASE68Y ClfE o SPAra THdaF Cu R GBS ikl ST of 0,05, (95)
This culturePiritlienAbdsl minetaline diBraaithoxylosaexdribiedan ikitiedofhour Jagpbase during which
no growth ok ap s aalicesh Alie,end alis el pgheriod. 127, 2Uain.siartsd showing
growth. Along with the growth of t%e bacterial cells as measureé by an increase in the OD at 550 nm,
there was a"d6eiigsefivetdarsive drtratiorrof Xytgea wanhec et Atedisanied Byeaddibportional
increase in MBHoNCORNFRSHID/Pb ik erauacinie:3CIH, IR e growth mmeditdnc.£3p) Altre Bodypf the 216
hour growttyperod In xvlose, containing, medium,  olygetal stock,of his cuiire was prepared and
stored at -83¢ Eiffierthe fresn cliitire at the €nd'of the 216 hodr grovvtlh peno?i ot glycerol stock of
the culture préparadiat thecdmdof 216rhuurerovtivpentbdessuse Fignhisniate aredbrdermentation
vessel with gyMiminesal mediven syppiemertedmwith8%osniaessduespactiug, ofsthe saires of inoculum,

whether it was from g fresh culture.or a glygerol stock, the culture in r%he second fermentation vessel
arew withodlt 440 g BERIBE “Fhe SUEETHE AU BTRdURd AIE Ak or BARIRE te BLEEHA growth
without anyStagpperiod. Thilgdiiree riicardsoégrowtiodn srgotic:rménekalendebiei nSingthic29sosylose
followed by\@r%&l,%,%%m CYSISo 2 SOmomt REriag sasultnd . the, adanied, strain, of I 122 which is
able to grow microacrobically on xylose containing medium. WO 2011/123154PCT/US20101057111
Example 2 f8t4BohEeofifieh bF RITEI 6754 AHoTHE erfBetithar G ié tesederiténtion, the
K1122 strawvugatstbjpetetdametabdlic Biohitiore-The &it2Zqaliuie govwing riereaetgbically in a
lauid AM1 e UpRISTISAIECIINMOSE, SaRL MasAORISHGALP filteehl it phd medium
containing 8% xylose ‘évery 24 hours for a perio of 2'weeks. At the end of thes mu%p e transfers,
the KJ122 é’E?a'rf%Wé@"sz?ﬁ%féﬁ‘éfd f6ca freehiterfientes WItR M 1HEHIOM sUbbIekTemBamith 8% xylose.
The anaerohiergseyuthsiaianisKslil@BInthetis rppantariasanaihasdiersuechigasity mogugiion and the
kinetis of xylose,llization were maniored. The suceinic acid.praductionn e fermentar started
immediately withou any lag perloyd and 2o produced ﬁ%g &r final titers and this strain Is referred as a
"metabolicalscesroibéd dtraitiainfoeriderain.cliektio tHidgrmeraisolizedySevoied Siaigehes been
designated ag A=4RQ. i{ Isinppgerto dRtermine Whrtberthe agapted sikains efddl22:and the
"metabolically evolved" T?4OQ strajn have any genetic basis for their changed phenotype, the
following exXiS&rifTEHES Y E%Ig%cﬁ%rEAOUt. 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 waglone o, daily hastsoF b SRasesHIvedave: Atibscodhibssleenth.day, the
culture was streaked onto an agar plate containing xylose. The colonies growing on the xylose plate
were streaké@%faif ofifo &fre erﬁl‘éfé%p&anf%ﬁiﬁ% p%até’.aﬁq’i‘fs BRI Re BUNiEAERaRSFer of the
colonies grawiag brethe secohidsxyledesceftaining/plate sotadigigeubatrehd hegtomith raie, succinic
acid productjon kinetics and the rate.of dece in nge ' ft c in the culture
medium Wecrié%%%g%r %r% 9cﬁ%:s%ﬂ%%églm%9§§dwrﬁ§ |g§feggi%ﬂ2?,r§(r81d%%i%%(i§a§te? rﬁ]vé%fllose
utilization ademtitsre@iby theolishppbaiiEtite Wnxysdedinieh et opvtid wridenusf sketied@dag period of
96 hours bathekadhenariginall Q3 22:5tai0 pevivsibasiitithenadapted siriaRnl (1422 adhe case of
metabolically, ev. T.G400 strain, xylose in the medium was consumed within the first
96 hours. Iruw a((gj | %%8 }g%?ng Oﬁﬁeﬁg@élgglé%i Opvrléia dction dra o seﬁ%%egﬁﬁﬁ%gpﬁcécri%a . Similarly,
the cell growttrford @¥00atHowed Mgl pesriodvikilengibura dapiedisgralntot 2ikisemadihe original

KJ122 stain, shewet.anirisialdpedbaseohabemton? hours WO 2U11/123154PCT/US2010/057111
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(Figures 1 and 2). These observations clearly establish that the metabolically evolved T0400 strain has

acquired a staple,ganatype for xylosc utilization during metabolic evolutign g ihissARility was not lost
even when this strain was grown for several generations in the absence of xylose. On the other hand,

the KJ122 sirain adapted to grow in.the medium containing onl lose, loses its abili use xylose,
when growiV ) SLUC T ST A TS HUEEE PO RSN N 2bLome Sy lose. Thie
"adapted strain¢roK J1BR drolimdnChiéeeisencm dfexglost qadledet:additibnal 98 brsgrsitdyadapt itself
again to usg yIRsR A8 & SQYEAS O LEARAN TR SARE sRdRRIRG: 3BINHOIK Hb dR-digakaruire any

genetic modification during it adaption.in the xylose containing medium for 96 hours. (0100) T0400
while acquitgrh a5t FHRe Yotbseaeis e AereBurce still retained its ability to use glucose as the

source of carbon (Table 2). Example 3 C5 + CO Co-fermentation (0101) In KJ122 under anaerobic

growth congjensrilie. 8 And B, AYaRS Ao Siuanegl Metaho ized  The, Goraoars are

generally metabolized first,"and a lag s exhibited prior to C5 metabolism. Therefore it was essential to
determine ti9efe RFEHESIOPHREPECTIS ISIRFESSIPT CLOTFIATtAV [5re5eees oF HYURIGASERNSBY both C6 and

C5 sugars. ihestiiowninFigine 4hel @4aehwaable 4o yselgiucoserand xyloseghthensame rate and
produced succinic acid wi&pagut an%xllggigerj%g. lggt%zz was, &—)ilso able to use both ;%Ilomnd glucose.

However ingﬁlnlé’rf?ﬁ ﬁagfpaln,lﬁ?éq xylose uﬁhtzaliion Started onﬁfga?tlérr%msoﬁ%ﬁaﬁ?% ecrease in the

glucose cose@stregiofiomhthapsnsh BN Fabke dicTeapouldén sridie Rylse Ba wipsian basis than
- glucose whegn.cempareshNe hguedasmand glkisse dtiiation iy #3d2E . Bxaropie.di Eermentation of

detoxified bagasse hydrolysate enriched in C5 sugars (0102) TQ400 strain ohtained through metabolic
evolution Wi GRS S 9 560 AR ORT FicFONyGl B HAGIACER: Fre
concentratedchagésked Hydrolysatd wasdetoxpifie tl bl Nie sspofcre ftngtievgithob0 giivisodf charcoal for
every kilogram,afRapasse Ml Ra Sl ats (A% 90-BuRUReINE fQlRRe shakenAb AR The

activated charcoal treated C5 enriched bagasse was pH adjusted, supplemented with AM1 mineral

salts, betaifECHE 291 A 1B HUESBTIOS 01T SHHTRa8 BIRHHEHETHIG BTRTAfEF Sterilized.
Hydrolysatecqoimpriseid sprimarlfy :0fo38iz D M¥)Ax ybgsen(C Mtanbeappoaximatelyntl B8oglntose (C6), 0.1%
galactose (¢ 0136 MARIRRP (AP QOB Arabinarecitia). Theiapaanales.deipuified €5
sugars enriched bagasse hydrolysate was further supplemented with 2.5% wi/v corit steep liquor and
inoculated WitH: PORTR T tHERRIBRIAFODSHT RGOS THEYeS & sk Tl 8fe 5 indicate,
within 120 kigiirscaththe i gaiksn it hBeCldidi ker MR ARt tiverRotaRSmeehand thelr was:ansteady

production g)zosg%%gh%aﬁﬁanm Fﬂ? %rigina} genomic DNA. Various techniques necessary for
accomplishing the objectives of the preferred embodiment of the present invention have
been described in detail in Jantama er ol (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 2005/0148914 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 anacrobically (in the complete absence of

oxygen) or micro aerobically (with a low rate of oxygen supply). Alternatively, the
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Genomic sequencing of K.1122 and TG400 strains of Escherichia colt (0103) The entire genome of
the parent straj, K124 4mRd the TG400 strain derived from 10122 throughfretahalic,gyolution were
sequenced using an Illlumina Genome Analyzer Il at the Tufts University Core Facility in Boston MA,

USA. The Genome Analyzer Iéﬂ's royided by Illumina Sequencing Technolggy. The genomic data
obtained foP LSS RN 3430 e Co M PR BARH Gl 6 Tadnty (e GEHERCERANges
accompanyieggnthe whetainotlc evohutogeos TG (i firdin 2022 inA asorhpaeativé: agvalyisisrofsT G400 and
K3122 revealed a mylational change indhegalk 9ensrafilS400- hhe aalPArneg RddkA[0 showed a

point mutation at the nucleotide position 889 of its open reading frame. The cytosine nucleotide at this
position wa¥ éAHAYR P TIRASY AssiErder ARy ASU R F RS RITLS R ARG R AL Shnino residue
glycine wad:changed tamaspatiatenidrhisgaiiation iprdbecgalPrgeheis refeired asdalRtioukhis mutation
was the onlylfferencs bemeen hiihe? and 1GAAP stalnsief haciae Altanugleaidalevel.
Example 6 PCR and sequence analysis of galP gene sequences in TG400 an 122 (0104) Having
establishedPsay thieracis bomilitatiof ﬁﬂhéaé%ﬂ%%ﬁ&@zﬁw@ﬁ&%?ﬁé?@A@@%@ralﬁ%&%aming for its
ability to usautylesetangdaglycnsal ImnukanaouslycwasetiRGRdeshniquesdaaiiadnihecgalP gene

from 10122 and 70400, The PER products,obtined fiom 16400 as well.as the PCR praduct from
KJ122 were sequenced.p,&s%e sequence 8a1a revealed a poﬁt mutation fﬁa’t ch%ng%’%pg ycine residue

at position 208/to 4l elspasate residtiea(GyoPericASpY WOr2EI ApPRIRivpEY 19820t0/057111
Eéinagle 7 ﬁtée%t@{zg%tﬁ)ﬁeﬂ%@l@gam@%g%ﬁ@w%g 9%&%%@% 1%'1@{@ i aa_galﬁ’gg?@e :jnutatiqn in
accompanying the ahility to use glucose and xylgse simultaneously, we decided to determine
whether de}?éﬁ‘g}?‘gﬁfgé e ‘éﬁg’ §8??'e WO%HW@SSth% s Eﬁ%%%‘%y%‘?g e]ﬁee%?%%e%e%n in T0O400 with
a mutated ditRhgengnihtiedeegporiments we used KJ122 of E. coil as the parent strain. (0106) We

deleted the galP gene sequence from the KJ122 strain of E. coil to produce a new strain called WG37.
We measured the growth kinetics, sugar utilization pattern and the succinic acid production in KJ122,

TG400 and 03 PSHEAAL &rBN A AFERY OB AR & THirRRTSTHiEd i BE YR BEYYS 1 #Eose and
xylose as thersduitie af gathed. \WE3 7= wasahigitugedbtegliucosewdntxydosasifmiareously during
the course ol nouts (Fiake Bl srevih netos asislias e suger wiigaln Al were
similar to that of TG400 which™has a mutated form of galP geneé. In KJ122, the glucose was completely
consume ' 1 set ' art ff'sfBoth In
d WRAIH T e soithilaciils »apidsanstifvetipls sitvddafishbtagerPehéis 2Both in TG400

and in WG3{éithengucaseywas retexhavstedievsnaliar Q6 heuisopgrostisandia significant amount
of glucose remained Jn the medium 21,96 hows,of growth, In addijon. both i 10490 and WG37, the
xylose utiliZation coutd be détected as earlcy as 12 hours. ?6159]) |gur’es°f, §'and’g sﬁow the
side-by-sidéacefpaition vhkiaeticecoP subeiglroariatp bant o AlatRifrerdligifinased in the
pLesené invﬁm%%iﬂ\éﬁ%ﬁﬁ@é’é’@ (iﬁbkheﬁfﬂﬁcblwﬂé&@@wmﬁl@sé% Q%%?a@ﬁl‘fl {];%9 lgmgp,sﬁ@;aeall-the strainls
showed a sjmilar kinetics for succinic ig‘ oduction irrespective of whet r.t%\%y ad an intact galP
qene seaud i BRI (HE e CUNCAAG e (L0 SUBES S0 G e BSHBndy nigher
rate for sucsitictasid prddirstion (Rigdregenases ({dk), malate dehydrogenaase (mdh); aceBAK

operon repressor (iclR); phosphoenol pyruvate carboxlase (pepC); pyruvate formate

lyase (pfl); pyruvate oxidase {(poxB); and pyruvate carboxylase (pvc). 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 cefl. The energy conserved by manipulating the PTS

can be channeled to improve the efficiency of organic acid production. The
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(0108) In the medium containing xylose as the only source of carbon, the T0400 and WG37 strains
showed muchygsifi saigs for succinic acid production when compared Q-{hessaig.efgyccinic acid

production by KJ122 strain (Figure 8). (0109) In the medium containing glucose as the only source of
carbon, the fwo R%cter_'gl strains TG400 and BWGg7 with deletions in gﬁl{lgdg%ngogg&ﬁgqﬁg showed
slower rateR P WBSE1EA I5YERPERTY 9018105711180 cinic ad production when compared to
the rate of suogytie gbichprogtadtomdyikab AmiFyeré o pifsianspl e[S Eifeict i PBTBCpRINt mutation in
galP on xylgse tilizatian 0 14Q) i, arean tonexaming dha rffachefpairmitation thatseswlts in G297D
(replacement of glycine residue at positign 297 with asgg)rt te resi u%in the GalP protein) on the

|

growth andP&HEH 85 6HL AR IA TRETRRMSHERiSh th ShedinfREESE&HE BSle source of
carbon, theamRdabnshtitatiaavaomtro dugeddnto dhefgapRrgerer segureneedn the KJ122 strain. 51014
(KJ122 AgalP::galP*) was created by PCR amplifying the mutant galP* gene from TG400 using the
primers 17ASPgalP (SEQ ID No. 9) and 18SPgalP (SE% ID NO. 10) and then recombining within
WG35 (1(11888JatieR dhesseByv el ROLS Bgﬁf’éas}ﬁr?@‘ b QBRSPS TR ERUSTS NIl temperature
conditional plasmitipK B4enRliasitidstpd 04Ganalscisreiemioydd byugrowtbdabamelexatied temperature
(Datsenko and Waner, 2000),.(0111) 10122 wa, tained off a MacCankey lactose.plate. 51014
(KJ122gal Wé\? gl?eﬁr?r%umﬁéﬁ N E%agllﬂcac%%? p a%e?‘g%r‘égé‘é‘%%" qt%g gpl)étr%gg&vs%erlegﬁgd to inoculate
25 mls LB 2oumghieose. roedusiéan wisragfowal forstehlbthetat a7 tsaats dowsnti g 0 5860 #r these

cultures wag @k farmg I 22 ard ARS8 feb®i014. Sdnlsafipach LBigliceseeiatutglwasrused to
. o . . :
inoculate a 00 g;l setlsd fermentoE contqln! M | 1q)§)cgluc:r%se medlugg.ﬁThesel fermentations were

held at pH PO B AE RS KL RIA A For these QOWES BIOSPRIRA 9544 2.89 for

ultures’'was
S1014. Thebediofiurethwéranasied &f invdotattitrishicalehfeprmbatorsyeartaming ANeL ¥O%6iKylose

medium. Targetfinal Day i8.0-driR 4ok 10122117 - 8adiavas ised Apgfer IALh Qw38 mis was used to

inoculate a 300 nil fermentation. Fermentations were maintagned at pH 7.0 and 37C6f¥<\)5r 97 hours.

Samples watet5k8h FAR r O#SeBEr & i BratARO e SRS S RSt AYDHYE"a 8" B data was
graphed an@a6alkyzédx(2areay AV dging@raphReddaBrismc{@11R) fhetigravitixplkofile for E. coli

stain SIOLLMNIEn SRR ARAINLMYSHAN T dhe. Aol Genor el femisind amign aeidchange

position 297, | own in Figure 10. It iS'very clear by 0D500 values that, on a medium containing
xylose as tHETEBICsBURE BRI 019 SHRRMGTENLMBRS G andf mdre fEn&&HMthan KJ122.
The only knavecdifferebeBloacetate produced from the carboxylation of phosphoenol pyruvate T

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 cycie. 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.

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

a muiticopy plasmid with a native promoter or any other promoter sequence which is known
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WO 2011/123154PCT/US2010/057111 between these two strains is the point mutation in the gall’

gene. Figure 1]shows g increased consumption of xylosc and the copeqritant iRs{ease in succinic
acid production for strain S1014 compared to KJ122. (0113) The applicants' invention has been

described in detail above with partlquarr nce to £referred mbodiment. A k|II ractitioner
familiar it T, RO BRGNS BBt iRrom the spir

of the clalmlttmatlf@mwi/IsW@@%ﬂa’i@@mw@151@&2@1@%ﬁ&mlu's’iableamsmtgoﬁd@séquence of the
primers usegl;in iE-RresaRtJAVERtRR RN R ImELHameRINesSRAUE BESpEalI}, No. 1 BY38

some other promoter elements known to enhance the level of activity. An increased
expression of pek 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 pek 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 genctically engineered microorganism
can be confirmed and quantified by using appropriate technigues 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. cofi 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 ef al., 2007) and AM1 medium (Martinez et al., 2007).
The NBS medium contains 1 mM betaine, 25.72 mM  KH;PO,, 28.71 mM K HPO,,
26.50 mM (NH4)2HPO4, 1 mM MgS0..7H-0, 0.1 mM CaCl,.2H,0, 0.15 mM Thiamine
HCL, 5.92 uM FeCh 6H20, 0.84 pM CoCl,.6H20, 0.59 uM CuCl2.2H,0, 1.47 uM ZnCl,,

20



5' cagcgtttaatctatgatgatataactcaattattitca 3' SEQ ID No. 2 BY39 5' ggcgatagggagacgggatgifirc 3' SEQ

ID No. 3 49a §ygegftpspgcaaccacaac 3' SEQ ID No. 4 49b 5' ggcgaattigatagelitegsfEQ 1D No. 5
50a

0.83 uM NaMo04.2H,0, and .0.81 uM HsBOs;. The AMI medium contains 1 mM
betaine, 19.92 mM (NH4HPO4, 7.56 mM NHiH;PO4, 1 .5 mM MgS04.7H20, 1.0 mM
Betaine-KCl, 8.88uM FeCl; 6H»0, 1.26 uM CoCly.6H,0, 0.88 uM CuCl,.2H,0, 2.20
uM ZnCl,, 1.24 uM Na,Mo042H,0, 1.21 uM HaBO; 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 necutralizing 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
inciudes, NaOH, KOH, NH,HCO; Na,CO3, NaHCO3, K2C0; and (NH,),COs. The bases

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

{674) 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

mincral salt medium or the their ability to produce specific organic acid at the required
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5' gaaaraggcgctcacgatta 3' SEQ ID No. 6 50b 5' aaacgtcattgectigtitg 3' SEQ ID No. 7 51a

S'taaccatattggagogeaicaigectgacgctaaaaaacaggggeggtcaaacaa ggcaacipgegeaigraieaatita 3' SEQ 1D
No. 8 51b 5'ctgcaagaggtggettectccgcgatgggaggaagettggggagattaatcgtgag '

CgCCtggCga}‘aégg %%t%}(i"g?%%ggtaystlosg er!a?e Ncgfta?in]'?cﬁ\esnﬁgaallspin the carbon source derived from
lignocellulosic hydrolysate may not be suitable for using these genetically 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 evelution, 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 simuitaneously, 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 (/dh4), alcohol
dehydrogenase (adhE), formate transporter (foc4), acetate kinase (ack4), pyruvate-formate
lvase (pfiB), methylgiyoxal synthase (msgd), pyruvate oxidase (poxB), propionate kinase
with acetate kinase activity {zdcD), a-ketobutryate formate lyase (tdcE), citrate lyase (citF),
aspartate aminotransferase {aspC), and malic enzyme (sfcd) were deleted from the
chromosomal DNA of the parent £. 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 er @J(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” organfsms. The “adapted” microorganisms have fo 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 casily 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 codeon 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 simultaneous 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

(0681) Strain and inoculum preparations: KJ122 (E. coli C, AldhA, AadhE, hackA, AfocA-
pfIB, AmgsA, ApoxB, AtdeDE, AcitF, AaspC, AsfcA) was vsed 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

24



58 Yield 1.29 (mol/mol) 1.35 (mohnol) Yield (%) (Theoretical) 75 % 78 % *All the values provided here
are normalized, s, basgaddition. WO 2011/123154PCT/US2010/057 13} 8l shess@ifermentation of
C5 and C6 sugars by K2122 and TG400 stains of E. colt. TG400 and KJ122 were on glucose
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The results are
frace clcmcn‘ss. The trace elements are prepared as a 1000X stock and contained the following

coraponents: 1.6 g/L FeCl;, 0.2 g/1. CoCl;+6H,0, 0.1 g/L CuCl,, 0.2 g/L ZnCly+4H;0, 02
g/L NaMoQy4, 0.05 g/L H3BOs, 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,COs) (1.2 N KOH, 2.4 M K,COs3).

(083) In some experiments, com 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 fo as the “sced” culture, and was not
used to accumulate data. The medium in all fermentations was traditional AM1 medium
supplemented with 0.03M KHCO;, 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 ODss of 0.05. With the exceptions of the daily transfers, all experiments were
conducted in triplicate. The C3/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 C35/C6 co-fermentation was also conducted with the mixture of 8% xylose and 1%
glucose. These experiments were conducted in friplicate 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
(ODssg) using a Thermo Electronic Spectronic 20 spectrophoiometer.

(086) Organpic 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 compdnents 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 mproved 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 buming for energy. This waste product is
used as the starting material for the preparation of hemi-ccllulose and cellulose fractions

using dilute acid pretreatment.

(689) 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.

(690) PCR and DNA sequencing: A set of two galP specific primers BY38 and BY39
(Table 1), were used to obtain the galP 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 scquenced using the Sanger method by Tufts DNA sequencing core
facility in Boston, MA, USA. The scquence data were analyzed using the Vector NTI

software program.
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(691) Construction of WG37 strain of E, coli: WG37 stain of E. coli was dertved from
KJ122 strain by deleting the entire coding region of the gal/P gene. The galP gene was
deleted in two steps involving homologous recombination. In the first stage, the galP 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 cassetie.

(092) In the construction of the WG37 strain of E. coli, a kan cassette was amplified by
PCR using the primers 51a and 51b (Tabie 1) and Xmnl digested pGW 162 plasmid as a
template. The DNA fragment of kan-sacB cassette was mtroduced 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 4%a, 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 pGWI80. 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 Hgated to construct plasmid
pGWI181. Tn pGW181 (Table 1), the galP gene was deleted. The DNA fragment containing
the galP deletion was amplified by PCR  with the primers 4%a, 49b and the plasmid
pGWI181 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 galP deletion strain was designated as WG37 and the

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

Example 1

C35 utilization
(093) Escherichia coli strain K3122 (E. coli C, AldhA, AadhE, Aackd, AfocA-pfiB, AmgsA,

ApoxB, MtdeDE, AcitF, AaspC, AsfcA) was abie to grow aerobically on glucose, xylose, and

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

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

(694) Initial screening for C5 utilization was conducted by acrobic 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
consccutive 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 AMI1 mineral medium supplemented with 0.03 M KHCQO;, 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 fo start a new culture with an initial
ODssq of 0.05.

(095) This culture in the AM1 mincral medium with xylose cxhibited 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 xyiose 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 AMI mineral
medium supplemented with 8% xylose. Irrespective of the source of inoculum, whether it
was from a fresh culture or a glycerol stéck, 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

(6497) In another embodiment of the present invention, the KJi122 strain was subjected to
metabolic evolution. The KJ122 culture growing microacrobically in a liquid AM1 medium
supplemented with xylose sugar was transferred to a fresh liquid AM1 medium containing
8% xyEose.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 KJI122 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 genctic basis for their changed phenotype, the following
experiments were carried out, The unmodified KJ122 strain, the “adapted strain of KJ1227
and the “metabolically evolved” TG400 strain were streaked onio 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 medivm 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 xvlose, 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.

{01040) TG4060 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
CS5 + C6 Co- fermentation

(0101) In KJI122 under anacrobic growth conditions, the C5 and C6 sugars are not
simultancously 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 glucese when compared to the xylose and glucose utilization by KJ122.

Example 4

Fermentation of detoxified bagasse hydrolvsate 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 frace clements 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 (C35). The concentrated detoxified C5 sugars euriched 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 11 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 ga/P gene of TG400. The galP gene in T(G400 showed a point mutation at the
nucieotide 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 galP gene sequences in TG400 and KJ122

(0104) Having cstablished that there is a mutation in the ga/P gene sequence in the TG400
strain accounting for its ability to use xylose and glucose simultaneously, we used PCR
techniques to obtain the ga/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 residuc
(Gly296 to Asp).
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Example 7
Effect of galP gene deletion

{8105) Having established that there is a ga/P gene mutation 1n 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 £, coli as the parent strain.

(8106) 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 KJI122, TG400 and WG37 strains grown anacrobically in a
minimal medium containing both glucose and xylose as the source of carbon. WG37 was able
1o use both glucose and xylose simultancousty during the course of 96 hours (Figure 6). Its
growth kinetics as well as the sugar utilization patterns were similar io 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 mvention. 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 galP 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 galP on xylose utilization

(0116) 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 G297 mutation was introduced into the galP gene sequence in the KJ122 strain.
SI014 (KJ122 AgalP::galP*) was created by PCR amplifying the mutant galP* gene from
TG400 using the primers 17ASPgalP (SEQ ID No. 9) and 185PgalP (SEQ 1D 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. SI014 (KJ122galP*) was taken
from an LB 2% glucose plate. Scrapes from the plates were used to inoculate 25 mis LB 2%
glucose. Cultures were grown for 8 hours at 37°C, 150 rpm.  Final ODygyg for these cultures
was 0.71 for KJ122 and 0.58 for 81014. 5 mls of each LB glucose culture was used to
inoculate a 300 ml seed fermentor containing AM1 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 ODggo 18 0.1, so for KJ122,
7.85 mls was used and for SI014, 10.38 mis 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 ODgoo 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 ODgyo values that, on a medium containing xylose as the sole source of carbon,

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

strain S1014 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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acid per g of xylose. First xylose fermentation (in duplicate) Initial sugar concentration: 4% xylose, 7%
glucose, 0,4% galadiase, IOhB%cmdnnuwn&Wd@rammmwe@an@emwﬂw@mmﬁed C5 hydrolysate
from bagasse (SEERIOUTE SgEGENT o
0.0009 g/Li galactose, 2.7 g/L arabinose. AII sugars were consumed Inltlal acetic aC|d from
pretreatment process 4.04 glﬂmas subtracted from final acetate to determine acetic acid
during fermspéationio WO 2034 /123154 Beddid &2 Qitthbtiabtt{thtbdtd BFERNCES
SEQID No. 2 | BY39 57 gpcgatapggagacggeatpttttc 3°
SEQID No.3 | 4%a 57 ccgattacaccaaccacaac 3’
SEQ ID No. 4 | 45b 3’ gpcgaatttcatagetttee 37
SEQID No.5 | 50a 5’ gaaataggcgctcacgatta 3°
SEQ ID No. 6 | 50b 5° aaacgtcattgeettgtitg 3°
SEQIDNo.7 |5la 5’taaccatattggaggpcatcatgectgacgctanaaaacaggggegstcaaacas
ggcaactagegeatgeatceattta 37
SEQID No. 8 |51b 5'ctgeaagaggtggcticetcogegatgggagpaapetigeoracattanic gtgay
cgectggegaagaactecageatga 3°
SEQ ID No. 9 | 17ASPgalP | 5’ acccagcacgttttccatca 3°
SEQ ID No. | I8SPgalP |57 tgcgticaaaggecagectc 3°
10
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2 The bacterial cell of claim 1, wherein said bacterial cell is selected from a group consisting of
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3. The bacterial cell of claim 1, wherein the mutation in gall' gene is a point mutation. 4. The bacterial
cell of claim 1ywhereinssaid bacterial call is Escherichia coli and said mytatipg i@t pene comprises
replacement of a nucleotide cytosine at position 889 with nucleotide thyrnine. 5. The bacterial cell of

claim 1, wherei id bacterjal cell is Escherichia, coli and said. mutation in ene prises
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14. The bacterial strain of claim, further comprising an exogenous pyruvate carboxylase. 15. The
bacterial straig,ghgliss 4, Wwherein said pyruvate carboxylase is from Lagiahagillds;\agtis or Sorghum
vulgare or Rhizopium etli. 16. The bacterial cell of claim 1, further comprising increased phosphoenol
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the bacterial cell of step (aéin a medium containing both pentose and hexose sugars simultaneously;
and c. optidRLIR) R G tHESBIgENIC a e B tHe RIS ESTTM. L o6 R sdeidiah &1l comprising
a mutated r201‘P TBxpugsintrahgpoiief] whsperteisfionntiaizld sugandiansporer fdeceases the rate of

growth on NExgsE, SHOAK ?&%g‘;ﬁﬁﬁﬁ%ﬁ?&ﬁ%ﬁ%ﬁ GNP PENIRRE SHIAT KGlAtVR Farsald bacterial

cell comprising the wild type e of Said gene.
P Bz’o?echnol 82: Igg—ISO. g

(6177) Saier, M. H. Jr., Bromberg, F. G., Roseman, S. (1973) “Characterization of
constitutive galactose permease mutants in Salmonella typhimurium.” J Bacteriol 113:512-
514.

{0178) Saloheimo, A., Rauta, J., Stasyk, O. V., Sibirny, A. A., Penttila, M., Ruohonen, L.
(2007) “Kylose transport studies with xylose-utilizing Saccharomyces cervisiae strains
expressing heterologous and homologous permeases.” Appl Microbiol Biotechnol 74: 1041-
1052,

{0179) Sanchez, AM,, Bennett, G. N,, San, K. Y. (2005) “Efficient succinate production
from glucose through over expression of pyruvate carboxylase in an Escherichia coli alcohol

dehydrogenase and lactate dehydrogenase mutant.” Biotechnol Prog 21: 358-365.

(0180) Sasaki, M., Jojima, T., Inui, M., Yukawa, H. (2008) “Simultancous utilization of D-
cellobiose, D-glucose, and D-xylose by recombinant Corynebacterium glutamicum under

oxygen-deprived conditions.” Appl Microbiol Biotechnol 81: 691-699.

(0181) Sedlak, M., Ho, N. W. (2004) “Characterization of the cffectiveness of hexose
transporters for transporting xylose during glucose and xylose co-fermentation by a

recombinant Saccharomyces yeast.” Yeast 21: 671-684,

(0182) Soberon, X., Saier Jr, M. H. (2006) “Engincering trapsport protein function:
theoretical and techmical consideratios using the sugar-transporting phosphotransferase

syster of Escherichia coli as a model system.” J Mol Microbiol Biotechno! 11: 302-307.

43



MT2010_02PCT_5T25 SEQUENCE LISTING <110> Myriant Technologie LLC Grabar, Tammy Gong,
Wei Yocum RyBaggFs53420> Metabolic Evolution of Escherichia coli Stgipg:dhatf#qdpce Organic
Acids <130> MT2010_02PCT <150> US 61/281,483 <151> 2009-11-18 <160> 10 <170> PatentIn

i < >
version 3'5(0?8139 Tr?nlﬁ,%!qw%e]én, P., Sriene, F. (2008) "Minimal Escherichia coli cell for the most

efficicnt production of cthanol from hexoscs and pentoses.” App Environ Microbiol 74: 3634-
3643,

(0184) Venter, H., Ashcroft, A. E., Keen, J. N, Henderson, P. J. F., Herbert, R. B. (2002)
“Molecular dissection of membrane-transport proteins: mass spectrometry and sequence
determination of the galactose-H+ symport protein, GalP of Escherichai coli and quantitative
agsay of the incorporation of [ring-2-"Clhistidine and '"NH,.” Biochem J 363: 243-252,

(0185) Wahlbom, C. F., Otere, R. C., Zyt van, W. H., Hahn-Hagerdal, B., Jonsson, L. J.
(2003) “Molecular analysis of a Saccharomyces cerevisae mutant with improved ability to
utilize xylose shows enhanced expression of proteins involved in transport, initial xylose

metabolism, and the pentose phosphate pathway.” App Environ Microbiol 69:740-746.

(0186) Wang, Q., Wu, C., Chen, T., Chen, X., Zhao, X. (2006) “Expression of galactose
permease and pyruvate carboxylase in Escherichia coli ptsG mutant increases the growth rate

and succinate yiled under anacrobic conditions.” Biotechnol Lett 28: 89-93.

{0187) Yi, 1., Drathas, K. M., Frost, J. W. (2003) “Altered glucose transport and shikimate
pathway product yields in E. cofi.” Biotechnol Prog 19: 1450-1459.

(0188) Zhang, X, Jantama, K., Moore, J. C., Jarboe, L. R., Shanmugam, K. T., Ingram, L. O.
(2009) “Metabolic cvolution of energy-conserving pathways for succinate production in
Escherichia coli” Proc Natl Acad Sci US4 106: 20180-20185,

46



<211> 39 <212> DNA <213> Synthetic Primer <220> Feature: PCR Primer BY38 <400> Sequence _
cagcgtttaa tctatgatga tataactcaa ttattttca <210> SEQ ID NO. 2 <211> 25 <212> DNA <213> Synthetic

Primer <22Qzd8i4s8;£CR Primer BY39 <400> Sequence ggcgataggg e Ieleelo iR ULy

CLAIMS

We claim:

1. A bacteriel cell comprising a mutation in galP gene, wherein said bacterial cell

utilizes C5 and C6 sugars simultaneously.

2. The bacterial cell of claim 1, wherein said bacteria] 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 — oxvdans,
Aureobacterium saperdae, Azotobacter indicus, Brevibacterium ammoniagenes,

divaricatum,  Brevibacterium  lactofermentum,  Brevibacterium  flavum,

Brevibacterium globosum, Brevibacterium Juscum, Brevibacterium
ketoglutamicum, Brevibacterium helcolum, Brevibacterium  pusillum,
Brevibacterium testaceum, Brevibacterium roSeum, Brevibacierium

immariophilium,  Brevibacterium  linens,  Brevibacterium  protopharmiae,
Corynebacterium acetophilum, Corynebacterium glutamicum, Corvnebacterium
callunae, Corynebacterium acetoacidophilum, Corvnebacterium acetoglutamicum,
Enterobacter aerogenes, Erwinia amylovora, Erwinia carotovora, Erwinia
herbicola, Erwinia chrysanthemi, Flavobacterium peregrinum, Flavobacterium
SJucatum, 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,
Rhodococeus erythropolis, Rhodococcus rhodochrous, Rhodococcus sp. ATCC
15592, Rhodococcus sp. ATCC 19070, Sporosarcina ureae, Staphviococcus aureus,
Vibrio metschnikovii, Vibrio tyrogenes, Actinomadura madurae, Actinomyces

violaceochromogenes,  Kitasatosporia  parulosa,  Streptomyces  coelicolor,
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<210> SEQ ID NO. 3 <211> 20 <212> DNA <213> Synthetic Primer <220> Feature: PCR Primet 49a
<400> Sequence ccgattacac caaccacaac <210> SEQ ID NO. 4 <211> 20 <212> DNA <213> Synthetic

Primer <22Qxhealieisf CR Primer 496 <400> Sequence ggcgaatttc atggetieSo oms7111

Streptomyces flavelus, Streptomyces griseolus, Streptomyces lividans, Streptomyces
olivaceus, Streptomyces tanashiensis, Streptomyces virginiae, Streptomyces
antibioticus, Streptomyces cacaol, Streptomyces lavendulae, Streptomyces
viridochromogenes, Aeromonas salmonicida, Bacillus pumilus, Bacillus circulans,
Bacillus  thiaminolyticus, Bacillus licheniformis, Bacillus subiilis, Bacillus
amyloliguifaciens, Bacillus coagulans, Escherichia freundii, Microbacterium
ammoniaphilum, Serratia marcescens, Salmonella typhimurium, Salmonella

schottmulleri, Kiebsiella oxytoca, Klebsiella pneumonia and Xanthomonas citri.

3. The bacterial cell of claim 1, wherein the mutation in galP gene is a point mutation.

4. 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 nucieotide thymine,

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

6. The bacterial cell of claim 1, wherein said mutation in galP gene is a deletion.

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

the activity of PEP-dependent phosphotransferase system.
8. 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.

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

of ATP binding cassette transporters,

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

of major facilitator super family.
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<210> SEQ ID NO. 5 <211> 20 <212> DNA <213> Synthetic Primer <220> Feature: PCR Primer 50a
<400> Sequence gaaataggcg ctcacgatta <210> SEQ ID NO. 6 <211> 20 <212> DNA <213> Synthetic

Primer MTRQL6h; 948368 5T25 PCT/US2010/057111

11, 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.

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

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

13. 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.

14, The bacterial strain of claim, further comprising an exogenous pyruvate

carboxylase.

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

Lactobacillus lactis or Sorghum vulgare or Rhizopium etli,

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

carboxykinase activity.

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

carboxykinase activity result from a mutation in pck gene.

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

said pck gene.

19. A process for the microbial production of an organic acid comprising:
a. providing a bacterial cell having a mutation in galP gene wherein said bacterial
cell utilizes pentose and hexose sugars simultaneously;
b. culturing the bacterial cell of step (2) in a medium containing both pentose and
hexose sugars simultaneously; and

c. optionally recovering the organic acid from the culture medium.
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<220> Feature: PCR Primer 50b <400> sequence aaacgtcatt gccttgtttg20 <210> SEQ ID NO. 7 <211>
80 <212> DNA <213> synthetic Primer <220> PcR Primer 51a <400> Sequence taaccatatt
ggagggcatc atgcctgacg ctaaaaaaca ggggcggtca aacaaggcaa60 ctagcgcatg catccattta80 <210> SEQ

D NO. %O. A bacterial cell comprising a mutated non-PTS sugar transporter, wherein said
mutated sugar transporter decreases the rate of growth on hexose sugar and

increases the rate of growth on pentose sugar relative to said bacterial cell

comprising the wild type allele of said gene.
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<211> 81 <212> DNA <213> synthetic Primer <220> PCR Primer 51b <400> Sequence ctgcaagagg
tggcttcctc cgcgatggga ggaagcttgg ggagattaat cgtgagcgec60 tggcgaagaa ctccagcatg a8l <210> SEQ
ID NO. 9 <211> 20 <212> DNA <213> synthetic Primer >220> PcR Primer 17AsP9alR <400>
sequence acccagcacg ttttccatca MT2010_02PCT_ST25

SEQUENCE LISTING

<110> Myriant Technologie LLC
Grabar, Tammy
Gong, Wei
Yocum R. Rogers

<120> Metabolic Evolution of Escherichia cali Strains that Produce
Organic Acids

<130> MT2010_02pPCT

<150> US 61/281,483
<151> 2009-11-18

<160> 10
<170> PatentIn version 3.5

<210> SEQ ID NO. 1

<211> 39

<212> DNA

<213> Synthetic Primer

<220> Feature: PCR Primer BY38

<400> Sequence

cagcgttitaa tctatgatga tataactcaa ttattttca 39

<210> SEQ IP NO. 2

<Z211> 25

<212> DNA

<213> synthetic Primer

<220> Feature: PCR Primer BY39

<400> Seguence

ggcgataggg agacgggatg ttttc 25

<210> SEQ ID NO. 3
<211> 20

<212> DNA

«213> Synthetic Primer

<220> Feature: PCR Primet 49a

<400> Seguence

ccgattacac caaccacaac 20

<210> SEQ ID NO. 4

<211> 20

<2172> DNA

<213> Synthetic Primer

<220> Feature: PCR Primer 48b

<400> Sequence

ggcgaatttc atagctttcc 20

<210> SEQ ID NO. 5

<211> 20

<212> DNA

<213> Synthetic Primer

<220> Feature: PCR Primer 50a

<400> Seguence

gaaataggcg ctcacgatta 20

<210> SEQ ID NO. §
<211> 20
<212> DNA
<213> Ssynthetic Primer
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<210> SEQ ID NO. 10 <211> 20 <212> DNA <213> synthetic Primer <220> PCR Primer 18SPgalP
<400> Sequence tgcgttcaaa ggccagcctc

MT2010_02PCT_5T25
<220> Feature: PCR Primer 50b
<400> Seguence
azacgtcatt gccttgttig 20

<210> SEQ ID NO. 7
<211> 80
<212> DNA
<213> Synthetic Primer
<220> PCR Primer 5la
<400> Sequence
. taaccatatt ggagggcatc atgcctgacy ctaaaaaaca ggggcggtca aacaaggcaa 60

ctagcgeatyg catccattta 80

<210> SEQ ID NO. 8

<211> 81

<212> DNA

<213> Synthetic Primer

<220> PCR Primer 51b

<400> Sequence

ctgcaagagg tggcticctc cgogatggga ggaagetigg ggagattaat cgtgagcgcc 60

tggcgaagaa ctccagcatg a 81

<210> SEQ ID NO. 9
<211> 20

<212> DNA

<213> Synthetic Primer

>220> PCR Primer 17A5Pgalp

<400> Sequence

acccagcacg ttttccatca 20

<210> SEQ ID NO. 10

<211> 20

<212> DNA

<213> Synthetic Primer

<220> PCR Primer 18spPgalp

<400> Sequence

tgcgttcaaa ggccagecte 20
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