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15BACKGROUND OF THE | NVENTI ON @Neum serves not only as the
primary source of fuel but also as the raw material for production of

various polyners used by the plastics industr The finite nature of the
pet r ol eum r eserESEERINOHY hd 5MQ/@WNB@#€%@W?€%Q@EMW§@@E he use of

petrol eum has shifted at tﬂ@@Dg@ﬁ@N@@ -RLheriakepr enevabl e source of
fuel s and chem cal s as repl acenents gf petrol eum (23). Fermentation of

car bohydr at es has been shown to produce vari ous short chain hydroxy acids

as well as other Che@‘R@SSREMEI@@E‘TQQ{ﬂ%WWP%EﬁEAﬂo% oduce plastics with

di ffering physical and chem cal properties. Anmong these fernentation

products, | acthie applicdtien atss chet bersfin oprli. FraPrpvisivesti Eead:nttmlqﬂmmmn Beiah

startl ng f fact.ur od adabl.e astics vvlth
otart  noIRLEr . ARINLARIE S o adRRs ATAR Sy ereabl e Bl st

lactic aby cfdetcesn baokirdty ipdedifg st Beiires, tablee sndamnd] COmmiEseqidkespr oduct | on of

Iactd c acid using pure bacterial cultures started as early as 1895 (3).

Al t]hough lactic acid is primarily used by food and pharmaceuti cal

i ndustries, lactic acid derl(y@ﬁERN@/mNyAmsuppgﬁqrctl on is expected to

outstrip theSﬁtBuses rovi ded th% cost of production of lactic acid based

pol ymer is cohPaFXBIODVEsRge HdihyERus EMerd sPRROE WHe i snet meRid fnergy 8ra08, 14,
3018).  number DEREGE0RGOMLI1S, Q”ﬁ@g&‘»@ﬁﬁiini 0k Qeﬂteﬁﬁh}gﬁ@m tﬁymvmﬁﬂ and

pol ymerized to polylactide (PLA), a thernoplastic (18, . By judicial

m xing of the D(-)- and L(+)- lactic acid, polyners W|th varlous physi cal
and st her nochem cal properghegcRnes ﬂ%‘fﬁdENﬂé?@ough lactic acid can be
2 synthesized frompetroleum the product is a mxture of the two isomers
and is not suPeEbewn ﬁwebPlQAOQIW@éd@tmwwry @ptréced fuyl ptipko hadkirew agidiat equi r ed
for PLA R{rgﬁj t:ﬁé:hnof §ar %U \Fgeéf bgyth a5 t?clgllgdustr "?l?enhnﬁ Qur(‘:llptg vari ous
| actic aci ct erl a, aC|SI ococcus, ., pro §-lactic
acid at hétepheuyi @IS@V@mthdt tlltamengtwertnfvmmmntahlnhmcs tﬁ@ar ﬂlesuse fof :pstrcgéum(hse and 5

sucr ose rltlona uire are. conpl ex and their
growth t géhrqr%edrl%%eatrl%n tfégﬁr & “HEriige, eqs Rd°35¢. iﬁaéﬁdc?g?lanﬁ]ﬁ §‘Fr§epi]a'l’i%ff‘er}5sr oduce
D( -20- | acfdr(petacdmdn axs)tmmpntamwfo‘aﬂ:roﬁmmag ha&l‘beeﬂi gighvat tohsdube emridie skdri bed and

is currentl ing u ed b ust 5 36 Lactic acid
f er ment at'i% Bﬁh Oxtyﬁaé: 2l§|°é er BF‘%@E‘E 1}?5?%“ ‘?eslg‘éifffl?rézﬁfi 119 PR URlEsEEs at

30-37 C and diffirsiz rpgyilm aga QHénflic@ MfoffeRleiBAMOAE Basd RAREHAHRodRsDe®> C i's
expect ed tgﬁm nimze 10 contamination of |large scale industrial

f er ment afSlOAENEIIUt F5 7 BEYEY $hsmiceh ek cambe aodarting magesiel for gpgrglasiedott i on

and al sopih@e@idabeNatiRwabR UBSHQ! WiROfhiGALDRYHS AL a8 a@tedééO%uﬂ} r lactic

acid production, alternate sources of fernentable sugars and fi crobi al

bi Gat al YEmsnaten whisAgredydpviserrid drighdedd Falpeshistots dmwndscmnmla}r active

source o : Ci cteria

Gsed by PiaiRnSt 1t ol Band K3 Bep Sl SRR o Ay bR A RRET e Ty

to | acti kctacipeddb thiowgly ubmer by deawl slek/eheamacastutlwirpn@str&SJ hptiowed tdeeivedy| ose

ferment af i i d bacter

Baci | | usglgg 6‘% g&g&%&s‘o}g%s% fgcggde{r??ogﬁ%tr? e Act Broﬁllde éée’l Ot Yfﬂé?dﬁp%\gf at

50 55 C kit g Baséd poigméeis mnpaaﬂj@tdthhpodmens daritkdpesth @eeshéibQals 23)14, Thi s
%herl uggghas been shown to produce L(+)-lactic acid at concentrations as
hi g 0 g/L in fed-batch fernentations from 20 both glucose and xyl ose

and is al so dmCecxmﬁdi Isenhdenssidhdaiceidé, @Drlﬁédfﬂﬂdtpa%wplﬁe(ﬁtagﬁ?@dchﬁd @anhan and

f er ment a&ll on @ g% % (9 P pti cal R %ﬁ ctic acij B. coagul ans

i s, genel&"%y, as‘i’% & AApeial 1y ‘?c,ﬂ G e (Y 185ty asish ﬁ%‘éi%‘@l?sd’l‘“

pr oduci NghrPpu$ BhylsREltdnd tl&ﬁﬂndd@i‘r@caﬂﬁ%gﬁﬁes(cﬂﬁbé pfodb@ddl X1iH§igA SacaengY b&Ald v

engi neered m croorgani sns that do not contain exogenous nucleic acid

sequences). One aspect of the invention disclosed herein provides a general

25 nethod for engineering this genetically recalcitrant bacterium Using

t he di scl osed nethod and grow h-based sel ection, the fernentation product

of B. coagul ans strain P4-102B is changed fromL(+)-lactic acid to

D(-)-lactic acid. The engi neered biocatal yst produced about 90 g/L of

DOl actic acid in less than 48 hours at 50C



30BRI EF SUMVARY OF THE | NVENTI ON Genetically nodified m croorgani sns
having the ability to produce D-)-lactic acid at tenperatures between 30C
and 55C awe2pravided. | n various enbodi nents, the m cro@cgamseanm®ersay have
t he chronosonmal | actate dehydrogenase (| dh) gene and/or the 3 chronosonal
acetol actate synthase (aisS) gene inactivated. Exenplary m croorgani sns for
use in the disclosed nethods are Baci Icé us .spp., such as Bacillus

coagul ans. M croorgani sns produced accordi ng to the instant disclosure

pr oduce nts of at st 6Qg/L of culture msdl um
(e.g., agr}t%eﬁézf’g%ﬁ‘/ﬁ_e%okﬁﬁlf gle %ﬂmcﬁmmﬁf’fa}‘e tWEt‘%&éSH’fdlﬁrﬁR‘i Hg¥and

usi ng th&r&&b@&%ogaﬂlﬁtoﬁnﬁbw Mmdla&aealuﬁwf@%%aﬁbmoﬂs%r@d@éh fupvi ded.
BRI EF DEECRI PT. gures 1A-1B. Fernentation profile

of B. co wl%fﬁé‘o‘s\#ﬂ%ﬁnﬁ“e}z&”@ﬂ Hipps éactlwl%b@te(rm frcabgyillgndappeorew. ¢F g, 1B).

Fer ment abidang MWe'j-BacGOndy 6t Bigh iyitiS Rl titeﬁﬁn@?a%ﬁﬁéblws&&xmcﬂ%g'm:&s lipgn LB
w th glucose. Starting glucose concentration was and 50

g/ L 2at pkrerosg. (6. 14). Thar gyirisiong xe@liremepiyeite aomplax @rld)ﬂhﬂuegwatcnmaigut ans
strain % € BLelRen f@’bsaﬁh 3%BC pr?ocQ e(nll:én% thgﬁ)r cﬁ@ I?le?ctlg aéld a8 the I%gmary

Ferrrentatlons were in snal errren ers wt roI by auto
addi t i onfamerapn produat hdsdileal@ d@erlb@l(ﬁngﬁﬂ_gurremﬁj':bgug esed. by@mbwtrh {Basdeds)

?gloe; ; 'L ;)@zgf a%u%ggg&lgewngngtéo%g %ﬂ'gggr ;&ﬁg’mgg@@tély&s% ghr%e%e ﬁn(h)&egﬂ fo. ggggse
sel ect i ofC efd Bisitgthe yioavtls ast feamentaQoh Jernpersueltd 56-65 |°Cueatpemsd iominBnize gl ucose

(50, 0/L) eadi n 14. Figure 5. h- bas sel ection
of B. cog(g% lglrrl%t?o Orflell?r %inglﬁaéatlrgﬁﬁne? g ﬁﬁeﬂborggdo ir%uﬁ‘\g%h-? gt gg’%c at pH
7.0 wit haéldl@mﬁiasmmgargl diwose:lianiae tHerat iod foddeachongdra@s 8§ FatifoQZbb lachkdi um
al so cont ai nOI% %{ /L CaCCB. Stg t| n ‘g%ltucose concentration was 50 g/L.

4¢ Or“a?'}

After th&9RN EF8fe PUredse'e T8 SR WHEoPiACheskdpis 45¢ Bong/ L.
d ucose eerRGPE.IELIRBINsIE Bﬁmﬂﬁ@éﬂisbuﬁl wasctitd Qodted okl %Z!u%oie' E&llaset gnsfer.

Figure 6. Fernentation profile B. coagul ans strain H7.0in LB

+ 25gI ucHewegTt e Jstig Apid baeteria u?f’(hlay th%éftdilﬁffya@ﬂéﬁ ¢ abibbniat %mmé Pﬁmses
detect abl@iclenil$ e fa@t'idr%@ﬁiaﬁl'tmglbrtﬁérg arf! QUESI %ttgﬁgtgpésaw @g&%&gﬁm% or

production of D(-)- lactic acid produci n& bact eri rally, the
target b&EEMERALAN psenesty of Besd laticlaciddectgen@i ¥al |y nodified to inactivate the

activity of Lplagkabeafshuds oganass, At RGLAISELAKS SYDLhASEss Competi ng

30 reactions at the pyruvate e culture
02-1i mi t PHg & amdietmatrsbagl hexosed afl pembsweéin, 275 Ta;mdoaﬁteﬁumcm bsenpshogthité Ng

b Shet opbl 5l Shcandes SRSSHEL PR Py eEi5 1 S OGRS |,
cul20ur edbethabrco@2andixylosé mad ara%ranmxwkemmindldm$oradima1tanbb1b&bmaﬁﬁ@b@ut 6.5
and 7.5. and4 fermentation of cellulose to optically pure lactic acid (26). B. coagulans is, generally,
recalcitrant to genetic engineering and metho;ls for producing pure lactic acid are needed
(particularly using genetically engineered microorganisms that do not contain exogenous
nucleic acid sequences). One aspect of the invention disclosed herein provides a general
25 method for engineering this genetically recalcitrant bacterium. Using the disclosed method
and growth-based selection, the fermentation product of B. coagulans strain P4-102B is

changed from L(+)-lactic acid to D(-)-lactic acid. The engineered biocatalyst produced about

90 g/L of D(-)-lactic acid in less than 48 hours at 50°C.

30 BRIEF SUMMARY OF THE INVENTION
Genetically modified microorganisms having the ability to produce D(-)-lactic acid at
temperatures between 30°C and 55°C are provided. In various embodiments, the

microorganisms may have the chromosomal lactate dehydrogenase (/dh) gene and/or the



Cel I's produci ng higher cell yields and/or production of lactic acid as
conpared to the original selected strain are selected for further

devel oprmewO 20r2/01$®2i n t he production of D(-)- |actic aciPdT/Usroia@stsar n
preferred aspects of the invention, the cells used for the production of
D(-)-lactic acid produce at |east 60g of lactic acid per liter of culture
medi um (preferably w thin 5about 48 h@urs). BRI EF DESCRI PTI ON OF THE
SEQUENCES SEQ I D NO 1 encodes | actate dehydrogenase gene of B. coagul ans

P4-102B. SEQ | D NO. encodes acet gl actate.synthase of B. coagul ans
P4- 102B. Cffege@%aﬁéiaaféa% ﬁ%‘B]ESTB% ?%/%SL&?&? @a?tb‘@#& ﬁewgﬂ@ EpFrpgregysngs, for
coagul angseRA-HOE B oSl HoEDAI FaClEBUIRE, <G ddBudihVEDTd .M. Microoagis@spect  of
t he subj ect application provides geneti calelng(lm)di fied m croorgani sns having

the abi | Piogussd aseseingéo the ystand disploswie pipdugenD( birlpcsig foiship gaioneih o5 aldeast hi s
aspect ofod/her cdifurd MYEDHI ﬁfb., & NGOG/ 006 HBNIEE oMY 13V R1kHAs GHRATRs ol

| act ate de ydrotgen,ase | dh) qene, .chronmosomal™ pyruvate formate |yase (pflB)
gene, pyri/Eing thedisgdeed poresiealyandiad migroereapisms prsfalsm)provadedha- acet ol act at e
decar boxyl ase (al sD) and/or the chronbsonmal acetol actate synthase (alsS)
gene inactivated and the m croorganismis a Bacillus spp,, such as Bacillus
coagul ans. M croor gani sBBIHF oAb CRIP THN UG DRAWREGB nst ant  di scl osure

d -)- i i i A t f at, | t. / t
produce D) AR oMo By TRHEL s oS3y SO B L PR e«
of the i higntA)amd pthe0 ¢higohid)s damlentadotsav@e demindico gie masle femetitdrs gamep

ccetor actae B RE sl PhouspkaBS RahtvedBian o en ApEe SRRt

m cr oor ggHi7ans i n which the chronosonmal | actate dehydrogenase (| dh) gene
and the chronpsonal etol actate synthase (alsS) gene 25inactivated. O her
aspects of th '@fﬁ?&ﬁ?ﬁo%erﬁ?e&tﬁ“ﬁ% pfoé‘lyle ﬁ&g r"66¥‘d%fﬁ'i EHE Wa (HE™ Vet ot

combi nat 50NEie0h A} AACGIH VBt EQ. EBE eahéRatRal Wekd M skial GerfleSEMSRIHOS B&IOW) -
The tern! " qene'} i ncl udes structural genes and regions that have specific
regul at oPY2fiemets wdiion gEKOkind Brtvatugess (HheiLoper at ors. The term "gene"

i nclsudes the ppgR §.ea/WiIBbhiA®Icfiorf HEs I6NE/AR Swﬁh'%z%si HG1 HRRELEAM and
downstream regul at ory sequences. The 30 upstreamr guflatory region is also
ref err edLBs" glheosp 38t )et PHEY) londing torsheing®s. The downstream regul atory
region is alsg; r S.aL n o] ( b on, Lhactivation
of 'l dn and_ sl DEUFLE! LERATaIE R BPSCLRFANCAER (2% MmelCeohdiE cee 1
chr onosomelB Bighucnss (66 g/L() &) pa7 & leadingl tw etckin @Zfldanscri pti onal regul ati on of
t he pronoter, .. 5 operatar, or, the .like of the |dh A, pf al sD and/ or
al sS gene; (Zflggref$aéﬁosvﬁ|{li‘btasefdn%e?ec(faﬁ%853 Sﬁogﬁ”ll?’ﬁ‘sa%raﬁ%gz(i\%g’ %@aﬁ%% Hase,
pyradvat eirf bBragbicbsgas @H pYrwidaterdsbgglieodey@meentation &biling (€ REMAE)Z15.
al pha- ac | act.at e decarpoxyl d/.or acetol actate synthase is/are not
expr esseg}eg‘émbﬂsqa%%%‘ée%p#&? %icﬁ,i%éfgt(‘%‘f’gtg 8°§§rff’fl‘feé‘“§tf%‘}é/ﬁ?}rba3/ LyeHe ,t{“br a
portion thdreskfe; g6 doA@ntraddnak & inbreGRNYS 150 AN ASRCcosP YohdLatrRidh TR €

ase activating enzyne, al phaacetol actate

| yase, pyruyvate formate |

decar box%eéé’g’a‘ﬁislﬁpgﬁcﬁeéﬁﬁé"cfﬁ’tt@néf%t hase has been deleted, In certain
preferred embpgires!t SFerbRARAN GBMNISITSR.1 HaieN stdhe @bl s rpeneiepgadi ng

| act at e dehydrogenase, pyruvate formate |yase, pyruvate formate |yase
actidvat i BgcazyHe, 201gdh 448t di(aklaglice agidcal Berrplcaswes arl/ dateczablt & dbe at e
synt haseghas,hegngg! eted are provided. Exenplary 10 sequences for the

| act at e dehydr ogenase gene and acetol act ate synt hase gene,

al phaacet ol ackiguee Wecakporpbasechgaate freprpdwitnef D(p- $&Ge | PidNGdudngnd 2,
respecti . od] eqgue, | vase, and .. vat e
formmte st (Bl o0LNGEN RAR: Bl e RUTE: B RRNSMSRY B e

" por t i onineftivates theuativityalof getretateo deltyldeogemtsé rand sdcetotactatcabyngjene, conrpetig porti on
15 thereof ., may.refer to i hal ucl eotide.del etjqn .i.n the structural
gord por (et Thire Gaftet Gas P LM S Sl s BB gt ot Bl

nucl eot i fEsfibetvidar 4st sndct. Sir dellgpreucin® highr @fleyiabd ynd/@prb@uchbh poRL@Ot i des,

and yet nore preferably 50 to 100 nuclepotides. I n some aspects of the
vent i ot EHEEHES T iRet HrH S SHEC Ry B TR SEBamoe REETEISAEAS of ¢ he
i nvent i othePrcQMire® uh@h G NemiiabahicesbiOtoddaphate . dghyekRaeasse o(d &y 7.5pyruvate
formate | yase (07B), pyruvate 20formate |yase activating enzyne (pflA),

al pha- acet ol act at e decar boxyl ase (al sD) and/or acetol actate synt hase

(al sS). The open reading frames of the genes encoding the aforenentioned
enzynes are indicated in the sequence listing. As discussed below, |dh and
any conbination of pfl A, pflB, alsS and al sD can be deleted. In one aspect,
the nmutation of the genes in the chronosone of the mcroorganismis



25 acconplished wi thout introducing genes or portions thereof from
exogenous sources. Anot her aspect provides for the nutation of endogenous
genes by wbeoii7adducti on of one or nore point rnutati on@EX/UsL01bP61807

i ntroduci ng one or nore stop codon in the open reading frame of the
endogenous gene that is being nodified. In another aspect, the open reading
frame of the endogenous gene can be dqﬂeted fromthe chronosonal DNA. 30In
certain aspects an exogenous nucl eotide sequence may be introduced to
|nact|va or. the e of _selecting acterial straln
with a kfg F?'}Igylﬁldﬂé%q/ fé%:‘ig‘t%ﬁté?ib?%@c apies é&l&@%ﬁgwst HeRY DL i de
sequence séléﬁtécoﬁt@earelseﬁeae& e AHEdrQlRl@bpra@N O Bse B GEPrdABeRIASENUE Nckiy
renoved in _a seam ess fashion w_ thout |eaving behind any resi dual exogenous

nucl eot i @89s ey G&tdepreferred aspegts of s inyppBeNn. Misneclls ppegclat Bieypsedictigneofddtlect ed
for thei facabiabititodudc RIeAHE6: Q(l’a}tlc i@&%ér%t@%ﬂ:uﬁ&rei}h&imrﬁ '(ﬂr@frerabw itﬂn and
vol unetric productivity. One enbodi nent provides a biocatalyst” 5 capable
of produébity4dhourgast 0.5 nol e of D(-)- lactic acid for every one nol e of
carbon source (e.g., glucose) consuned. Such biocatal ysts nmay, optionally,
have been sel ected usi ng grow h-based sel ecti on. The term"titer”
means the nol ar concentB&EF@ESﬁRETﬁéNﬂFCHHEISEQUMESd in the fernentation
broth. Thus i [{e r,acess for the uc -)- lactic
acid, a 10ti tg}ib{ﬁ) 1&@0 @ésjl atgd%ﬁf%f%ax%as? Rencs Of%rn%(’rﬁg%flf” g(ﬁ ‘h at the
time of rreasuSEQeImNOohbmodmc&ﬁ&cmlyﬂﬁasefofIBacdagalaaCPzdl(pw Iiter of the
ferpentation

particul ar co%@dﬁl&dNBr%)a’E&?g%F ]Hé f?gt]f’gx%ff yﬁ?&?ﬁé@if%ﬁ a@ﬁﬁgﬁﬂ'ﬁi‘ during the

fermentation process. Thus in the fernentative process for the production

of D(-)- lactic acid ' S t he feedstock thetermyleld refers
to the 15nunber of W&P@%E%ﬁciéi{%gggﬁw (9‘] per nole of glucose
consuned. One asR€: drehdnubyeet uppchidh RHAMCEdnYEdaMy RS otdRisAgount of
particul ar conpound in grans_produced per unit volune per unit tine. Thus a

vol unet r frl@:vubg H’Glj’é’{lﬁ%fot Wo%p% )Olftctg‘ agldg In various cfr@:yodgj(xen)& of] thistappeched e woul d
neay t hagnBnidhndiRMitfoofdenidms }n%9thh§e t‘ﬁ@ bﬂofn%s&cfeﬁlﬂ&élt & dﬂogl I p&l&ﬁa%@ﬁe

fermentation broth during an hour grow h. The vo ctrvity
range 206Hromeoniad mEruvata fonatrplapde; (EﬂBbgqyl&myswtquogmt@éﬁelde h@wemrrg @apmbe up to

4 gll* f%ﬂﬁxa%'f;ﬁﬂﬁ' a%etof;éa;% d%@ﬂbg%g&aw%w pﬁm o talcevtaa gﬁﬁr than 3

g L-1 rnms "titer I’IC pro w‘fy as
used in {4 gﬂmﬁsmh@smtﬁé ay] o mlﬂobngdrasrhrmaﬁm:llzse@pt sttchras ‘Badifienevalilzesd

ield," V;0l u tr|c rod "ln t erm nat.i on of
%/he nor rrag}ﬂ?rg 8%9{,@@ P gO%ﬁcoerd el zlélé i e? dns 815 18¥Lﬁﬁlpf(§igﬁe §é3 faﬁ%f“fl
pr duct i winbynts bhat leest 60pEL of culfue: medlltlﬂha(dgz,l aﬂgeasteagﬂntssg/agid@gmtoo 10(eL).
f er ment aéhon vessel r t.o ain the grow h nmediumis
al so t ak&h PG SEHE %e&ﬁt‘fl}lﬁ’imogf W“?W\/ﬁja"taﬁef@ryémtgﬁm%éng}Tﬂﬁ‘“r?t of a

subst ancem@mﬂscglﬁaalp‘ﬁﬁuvﬁe forhlateQl§ase @éxhe) (pf1B) and the Themb &I ac SRR Stha¥e
engi neerfﬁﬂ)gg) - "geneti cal | X nodi fi ed” as used herein refers to the practice
t

of alter gs%f}}‘@geg, dHhest asperes BYPV‘ﬁlﬁrnécréﬁ%?Wé@ ihwhich3be ghremewmgani sm by

mani pul atdcfag HéSdBRAAN EaNbene THR hETMRmISARL A Aldotud Bz
m croorgani r(g} h%] 4R engtl calnle nmodi fCI eéln bact eri al Cs%ral n as@gal% ¥
Qﬁiﬁr

" biOcat alypsi lferegseef thﬁtlél"‘éﬁahg?é%mql%/ fo mmrwrgamsmsdhaymowmgs I n
certai n eiROA RN bFinad Rk ULy RRAL ity (2PBiscusBiofbeloRCt | I us coagul ans

strains, Bacil
The term ‘gene” includes structural genes and regions that have specific regulatory

functions such as promoters and operators. The term “gene” includes the open reading
frame of the gene as well as the upstream and downstream regulatory sequences. The
30 upstream regulatory region is also referred as the promoter region of the gene. The
downstream regulatory region is also referred as the terminator sequence region. The
inactivation of /dh and alsS may be accomplished by deletion of nucleotide sequences in

chromosomal DNA which: (1) are involved in transcriptional regulation of the promoter,



7 licheniforms strains, Bacillus subtilis strains, Bacillus

anyl ol i qui faciens strains, Bacillus negaterium strains, Bacillus macerans

strains, waeniaeciokl us spp. strains or Geobacillus spp. psuais2@s/o@sobaci | | us

st ear ot her nophi l us strains can be genetically nodified. Qher Bacillus

strain can be obtained fromculture collections such as ATCC (Anerican Type

5 Culture Collection) and genetically engineered as set forth herein for

t he production of D(-)- lactic acid I'n sonme enbodi ments of the invention,

the B. coagul ans strain Suy27- nd/ or B. coagul ans strains containing

t he poi nfP ’é\tofg?? 1?“6192&“3%/? gﬂﬁ‘zﬁf’ FSEh il ddietenssi (@t [rgmeshilf tigeduoef om t he

scope of stdneth&! Béta® -de )hié ehike OpRuRRP Rfitnated y e OF R Patd ﬂfrmEQQy&'éChQH%Ih%n of

| actic acid in comercial 10 signifi can%’ quantities fromthe car

conpound§M By egiRt fEilacipt arbméa% a@d/@rr4caq018§tateasyn@asess/yﬁ &9t eferEssed as

M croor ganizsiik SbictaRl @3 BE chite RLEAHELERD s [htidy HeAGE! Qn%ﬁlng 5@k be

cultured in one or two-step processes as di sclosed herein or "any of the

met Hod s depsrogerase gasmetaies Eirngte fipadic f pyadvad Eorovteglyaiesartivating dneymmi alplai ned at

a tenper r

cont enpl g%egg I%&??B%%X?H%%rﬁ/ %?agg?%gtﬁlés %Basg%gs b?f% dte%%%e?g?%?aén T %e%l%out 30C,

37C or 551@b0cmnhas, eﬁrbmdgmmssmcw}mbrthﬂ abtee cgent wncml@gt hetatxi d:ah@dmgamesns at a

tenperaturr%w er& %(a)s%t SZC\:,a ab ut1 a650 bet ween abog %%tabout

55C, bet Reen about - 45 Yab6ut P et SR LB P85 pgﬁﬁceé gt soc.
"Mt at i Odecaﬂfoxyhamaﬁd/mahcteoﬂacta’cefs?ﬂitﬁashOhageb‘&hI delgi@d afel §I@i{id@dl$ Bongldre the

geng, i ncluding the n rea frame, upst amre ulatqry regio and
downst r e TP Eulfg’f 6&5%%6 Cgbi"gﬂgenﬁ?eg%n%m{rﬂf % Pt &P aq

regul at i egtdlict0 A8y lafhbddie tak© Pro@fded hesEQammUspl |aﬁdﬂ 20fes§é&ﬁv<9ﬁerfhé eadi ng
frame (ORF) of the g Gene nutations can be achjeved either by deleting

the enti FRARDHAHECF @gPHHV%? ferpatef@rrernd oRrmyY Al oamgsp beseqitiviting irazsetsdi g

nucl eot i dgvarAuescE IOSF)3. by introducing a frame shift nmutation within the
codi ng regi on by introducing a mssense nutation, insertion of sequences
that disrupt PSPTRE ‘Dertiopiof ¢ sERCE epIco LRl EHEOHBIY e ofEneortby

| Nt pAUCgR $h9ReEAIAN R ARKARTRINRh tipnadggne
mutdtions. a9 ¢ (r}l%eerel n0 t he terﬁgg%%ﬁgébgﬁgﬂlgﬁtgn e% ltgg nmean
that a mﬁm@%taélymdeéa’qloa@f fivd tpyeld@cie@e@bsﬁm thesouttsiabgenef mere palférably tanrio r oduced
into theg r.obia n e an enous. nu Cc acid
nol ecul e ?n%élo%(%eddpr!dn%et gryﬁ%?rag Sqt e(?‘(?%u% % Udes&so? roduce (?C#u@fel c

aci d nmy irxntsin, &8 atire smietpmhgawtmgl bsdﬂldecbr Orey a:gned:ts loflthegnwheah pnotvrdet he

host chr DNA.. | e ic aci

encods ng B optstin o e HhBlssR R Bt VSRR Ge SUUE DR, o her
enbzdi nefidrmatl lyave faaivabhg)CbﬁZ'}&lhey@ﬁfi)p Qtjiha-ladi’ﬁtﬂgctﬁx Qgseﬂﬁbbs_{l@e ne&D) \imaroe
present, an exogenog}z g% | ei c adC| d se%uence may be introduced
ot he HRSBE aprtared WEoSn pPBes“sFm et dFRRiCh 21n et EoRnTeRY0E Por y
Sequencesfosdhedhiidsedn@PméLire md;atearimlﬁaste@rens@ga@gce@ diRL$sed BaAbWYBhY¥nd t he
exogenous nucl ei c acid nol ecul e |ntegrated into the host

chr onos o AR O ol lﬁgBLﬁ{ﬂ%#“dt %f’éiﬁ’?ldé ctedf the host regul atory
sequences. STHﬁOI’Ieeé{SIS@Ct SRIRGRAGYST thE %Er?erssrn HQ: cthﬁﬁn(ﬁgllnggy lﬁsm%qrg%féltsfnvht y that
are naturally (natively) present wi thin the host When use

r ef & encéccoaphishsil owjthruh einjredugtigi geney  ort pestioes ﬂiﬂ@fo@@nomt)gemm GBIt an
activi ty sk 4 4@&5&&;:%4 d MRbhse %%% ﬁEgn%QB&h%r &iuémn e 3pUr Ce
can be, for exa ogous or ous ‘encodi ng hucl el ¢ “aci d
that expresspentheatiel9rehy ddraloting iong of mbﬂecwmpr@domtmhd apdn madingframé he host
10 mcro [ f L. ncI | odln ein is obtained
fr omthemég1 egﬁ(%%mu%gen Jh?tﬁ %em f%fi organklleér‘?]sfg Fe the g SPre fegél%&ra of

horml ogot}@ eEDwgendads geimmmbeldelletedémrrdthe shrdmbmnmlDNAom a different mcrobial
spe;); i r%ferred as heterol ogcf Z resypt{mtlvqe C{ t.he nature of
t he V\/net SRR I RoHb S8 8P lfi‘é?e&ﬂu%c(?dga BHOqUSET B nt o a
host celk tax‘g@tegelaNl%raﬁlvei‘ﬂos@.Sf tdietiag tai bacteslaldefainy @dh farxﬁmfaﬁehagtend ndvigdaced 15
DNA i s rgf erred to agr enous. Thec[ef ore, exogen 'g‘xpres& on of an
encodi ng SFRIEY BRRORER e ARORFP TS EICE g RIeBte HEp A eRORE F BYag2lgsgome

honol ogous encodi ng nucl ei ¢ aci d. One aspect provides GVBS show ng
inpressive titers, high yield and significant volunetric productivity for
D(-)- lactic acid. The m croorgani sns disclosed herein can be 20 enpl oyed
in a production process for producing D(-) - lactic acid using various
sugars. I n one enbodi nent, the genetic nodifications involve only the

mani pul ati on of genes within the native genone of the mcroorganism In

t hat enbodi nent, no exogenous genetic material such as plasm ds bearing
antlblotlc re5|stance ~genes or any other exogenous nucleotlde sequences

o . . o o ~r-1t1 . r



9 regard is shown in Figure 7. This process for the growth-based sel ection
of a clone with the nost preferred phenotype is referred as grow h-based
sel ect i orw0 2012/07139Rur i ng gr owt h- based sel ecti on, the gemeriusadiporsodi fi ed
strain is repeatedly transferred into fresh mediumfor a period of tine to
obtain a clone that exhibits 5 fast/higher cell growth, rapid consunption
of different carbon sources, ability to use nultiple sugars sinultaneously,
ability to tolerate toxic chemcals i’ the carbon source and high
production yield and productivity of the desired organic acid coupled with
the | ow ﬁ%’éaétﬂ?saﬂueeﬂy SEREYeddP apfielens ifpbionpyihaty lepvinet behisdseny sseifledt i on,
attenti oRxégenpaidclsi®abfched he clone with the desirabl e phenotypes

di scussed above. A clone resulting from 10 the sel ection process showi ng a
very good gr ol Pnera@pkodipant.tepatalyss aneseloigdrfov égini abilithéo giodiiad 1 )- fdveic desi r ed
organi ¢ aghde high Bed, Beld R4 LARMErE ARG, (IR RIBEhIGE rg%déé‘aebig%a%ﬁ psed

net hods, strains are selected by gtartl ng the culture of a genetic 'l y
modi ¥ i ed carpli ¢f riedusbiccatl Irast Addmelsrafue:J- estiseacidafor pasyagiengolefoftchost r ai n

Ferment e B e P ARt o DB o

under oxyyerihibapdd schegticondi ti ons are sel ected for continued passagi ng until

m cr oaer obi ¢ naesobi.c_condi tions are reached. M croorgani sns._are then
anaer obi cal | yﬁ)f(%eui’El "Ur etgerun er i necpé’ef‘éicﬁﬁceﬁ[fﬁ%odlnﬁf?ipﬁﬁ§u§ﬁﬁg‘§8?'§@f‘8dt%8n t he
basi s of fd@ehtacdratrethpiodus thedarmenthedn bidveess tiditth¢ proa@itidh bl DOS- ladtRracaNY of the
met hod st.eps, e netical | odj fied m croqrgani sos ey be maintai ned at
a t{e@per i{%grog {)dg)t Wg/gnw%cﬁlﬁ’feagdg%athﬁ fﬁrﬁt&fﬁfa“@%%mﬁz% et sl SHBBETRht s

cont enpl abraifietl L00ThIIGlel BELabH oI BRE 5MBe Rtmanth@MREAL ure of about 30C, 37C
or 55C. O her_enbodi nents contenplate culturing the m croorgani sns at a

tenper at ur e bERWSER WeHutefay e hpamolsohpatgiar wapaesrradised I I@lantthabout
55C, bet wRefoalubutaGuang 1RIGHen G5 HocRETMEEM tﬁgﬁ%en‘%ége%gﬁs%e&qgﬂﬁe 50C.

Genetic nani pul ations can be done in several different sta acconpani ed
by 25 gPowWbFionaddd-)kdidistacignusing Pugase eh thehgedstaglyebe sfrmgwipldtriefsrs to the

manj Pul akhARS-of HiGksSE BRI 1GcTRR L RS oy | |tering the
endogenous DA seqlﬁencgz1 ocrt coggﬁcﬁg%@?gﬁ%v&%&g%e% ?L{r%e%DNA sequences from
t he genoni ¢ DN& teTthevglemetricorrodustiptl”atfeons thaymahigofipatele comseantimg a

foreign ithin th enonl ¢..DNA sequence of .t.he m cr.organi sm
Cortain Cipsar Rt fe bl Dofl ke, SERAT. Tl R REMRR FoBentibonli Rt by
neans of Li déitdiei P¢)slpedi deiic whiNA nseq ulen Ossgrfimamn(he lgaaadti ¢s s0emolktet he

m croorgani sis W t hout. i ntroduci ng .an orei.gn DNA. Certai enetic

mani pul af ?eolrs’itgr %ﬁé\%ggeélgarlﬂ(/’ntbﬁ()ﬂi?ﬂﬁr&gi aﬁogyf’{@(’%r SOgHugHe ﬁrog@g‘él%ﬁ?ﬂ‘gﬁg for a
parld cul af thprgeteticallypmoditied ofg@elsthy @iSclésed hBSRY dan®R Wpfio @ o OF BT gor ¥ pREqUENce
into theﬁgggoma of th? m Groor.gani sg] 10. t o, sel,egt a clone with the desired
genetic FRLIERS YO %?m%s%fézﬂ‘gqﬂ&ty eBEhuLe kndii bi oti ¢ marker genes can be
used to inserthopaht iffracyitMat £dt-KeLLARERIKOIUSVBLNRSuAN G 1s S8LBGH. t he
clone with the desired genotype, |n one enbodi ment of the present

i nvent i oAlSO t HE!ydt rB‘éFH’@géFde%B‘{ifeno%HWe% eligElnc eddar eonpiafizedat wilymetaeroy ed
from t hepoaudBRGMIE R 1Rhidai6h 51 165 AARBRNISTELS ﬁ(g%ﬁﬁ&edtﬁad, ndRRRARARE Sm at
the end of the genetic engineering process wou ave lirttle or no

exoffe nousolpxattic proqustiyiss die valegme eh dhei reumixingpmagantsuddded (o the fexmgatious DNA
genes (o It ) i o i neer.ing techni gues
necessar 3655‘53#‘5 g@%@rorp% |9frt1%:1e %}ygﬁtg‘g%g?f@g%hrgfl %]%eta%ernel?né)r%?rés eéarr%rﬁ)gdi ment of
the present i Hwemim ow/ai ectfims twhe rmotri ef astbstanceqfirugthmg) pehkteti@d Jof pl asmi ds

10 exhi bi tingq ility.at elevated.tenperatures e,.for e l e, the
mat eri al andgrnﬂée?aéorgxlsg (ﬁeéééhcggﬁcf TEReEive E%%ar%ﬁf’%écag? Té‘?‘ge%pﬂf iuéﬁ‘i(?‘t? 0 Any
cited scrdesifo chpubidticat ofonleragy Wed lexpesfiad estt oflOCHNBRES cAl@néNGOrHor at ed

by reference in.their entirety for the rpose of praoviding any necessary
det il s PUFOYBREPT L AT IRAAIR G BTG USSR Lo Chaiierisr sehpicat Baupt ned

i nvent i omicrd&rganiemes)gmbogineRsllyof nlodefidar esentridNVeRdiAQN, (GNVeB9P Nagge of the
genes coplli?.n%ttfor he proteins known to functjon in fermentative pat hways
are i nact 9GS ro‘i‘,}gh Uhetsed Irehagewdly ViR Jus adipdawrer Iyerrstain

engi neer ifBodiReh] GueRuAS BdiFRHSHSH abe) eBac@ﬁﬂkesccﬁthlaﬁpzM%ﬁs,t%Fiﬂﬂlﬁy be

i nactivated include: |dh, lactate dehydrogenase; and al sS, acetol actate
synt hase. 20Accordingly, the followi ng non-limting enbodi nents are

provi ded: 1.A bacterial cell conprising genetic nodifications causing the

i nactivation of enzymatic activity for: a) |actate dehydrogenase and
optionally acetol actate synthase ancUor pyruvate 25fornate |yase; b)

| act at e dehydrogenase and acetol actate synt hase;



c) lactate dehydrogenase, acetol actate synthase and pyruvate formate | yase
or d) any of the follow ng conbinations of enzymatic activity: |lactate
dehydr ogewazen2#7ppeuvat e formate | yase; | actate dehydr ogemaseoH/0pysnuvat e
30 formate | yase activating enzyne; |actate dehydrogenase + pyruvate
formate | yase activating enzynme + pyruvate formate |yase; lactate

dehydr ogenase + acetol actate synthaseﬁ | act at e dehydr ogenase +

al pha- acet ol act at e decar boxyl ase; | act’ate dehydrogenase + acetol actate
synt hase ,+ al pha- 11 et ol act at e decar boxyl ase; |actate dehydrogenase +
pyruvateIW%Wﬁ&W@SPVQg% ac éﬁBL’Et%@E“sﬁﬁﬁﬁ%%@WW@%@ﬁ@W%ﬂﬁgﬁVHré@@ d8e +
pyruvat e reu@Blg suyaseBdcifl.Phaas ehodacdsalee A6&ANRONY! as€ns 6r2GEAEillus
dehydr ogenase + pyruvate formate |yase activating enzyne + acetol actate

synt hase SPR- a¢thpe CFehgar vy ehadenmppiiy sifans eanf by ganetically aradifiast | Qder ng
enzyme + palphaseaetah 86 tRlen Aaeah RaNYkadBect ASLALIL IR MY Er QISNRSE Th,PY I Uvat e
formate | yase activating enzynme + pyruvate formate |yase + acet ol dbfate
synthase Cujtaget Geléeciemyaidogranbendlypyeingeted af oenfrd Hoyeis domteipraductign efizyme +
pyruvat e of 9r pRLE 4kiMa | ~ carbexyl ase:. |actate.

Genydr ogetdserie sl oaE odmd CRREy AR RUaR B ot B P BTGy 8

al pha- acé? ghdlet &t eoatéern soRiph aswairingdb¢ pbiat hat@ios yhthhseSus2adBahsy be

dehydr og + fo e dyvase + al pha-acetol actate decarboxyl ase +
acet ol ac?%? gﬁglyn%glgéﬁrﬁrgﬁ%{%&d%ﬁ%edcr%Hgné‘nase + pyruvate formate |yase
activating enthuseintorpysspvat e pfarssafoe thy asdudtial phacacatialiaoaingrcially

decay boxyl ase + acet.ol act ate, synthase. 15 2.. The bacterjal cell

ac cgd; di né‘gf"o%gﬁtbg%ﬁ“&r@ﬁ? %Iiom 1(3{5? tcﬁrte‘r’lon c%’r‘?ﬁ’rolugﬁi%5yg%eﬁl§‘tl?a-c[lynﬁlﬂﬁ’ff}legalﬁ°8’ﬁ§?c ausi ng
t he i nactiraiad isgtoditied NisiobRANBAZ KIRIHIE f@Qhé Brddction of D(-)lacildgeilpagt eri al
cell acc rdilgﬁg&o enbodiment 1 or 2, further conprising genetic

20nodi fi afY eI BRI PRiBEE S 38 dgeltesd heiely- dar ampefchempthpd steps |

4. The baetRhdRAIEALHITRE GRETbREhIIR: AIPEYHIBMincl £4 (@npthgt SblSRkghgenetic
nodi fication conprises the nmutati on of a gene encoding |actate

dehydr ogéhis@d(@baw) 65y M aigesecrindirenes qopsawlapeyBying germigeoesafiomsat e | yase
activat i pehRRENERE GBSt Absc 2 PRa 5525, as@t,ol ﬁﬁ&ltsd&%@%n?c?%% 'rcﬁag&%qgﬂ]ié D)

and/ or acetol actate synthase (al sS)or the deletion o on of a
gene encBdipyLdnEnpata igahgdusgkatsea abbdh)’ C pyd abat 651G hettcen byag 8 7{(f | B) ,

pyni vat e oty _ j b e o N al pha-acet ol act at e

decar boxﬁ ﬁib%%l gD aencg%1 gélﬁgée(?%fdaa@tg %&@ (é%ﬁ%ggeél a?)gﬁ%s%)éa%%oﬁ‘ﬁ%) B'act eri al
cel | accor di ngMuetierbodi “mantivaiont hefersuteapémeric ohodfcdiogeneae aonpe igses t he

i ntroductj on.of . one or nor oint nutati s) or the introduction of one or
nore st o%)mg%énc?nth? r(l)g?rhreea%lﬁ)lé AP a PGP ?ﬁ}g?ﬂg‘fy rteﬁ’é)nj‘Bﬁg9wn%am regulatory

Z(r)rb 122)(’j 0713&21?(3"711@\/\3%@& Mﬂﬁtl(&ﬁgreﬂlﬂt tn Ih&)vbﬁfé]tgelratiah o€ @ompags HHlhiAen tod the

enbodi ment 1-.3. rein sai enetic i.fication caonprises. a point

nut at i onggl?scgp%%rl é’f iSh PR g g‘ia]?i’ﬁ @%he?ﬁg‘ﬁo%"éﬁ' CERE Ryations can be

achieved either by deleting the entire coding region of the gene (ORF) or a portion of the

coding nucleotide sequence (ORF), by introducing a frame shift mutation within the
coding region, by introducing a missense mutation, insertion of sequences that disrupt

25 the activity of the protein encoded by the gene, by introducing a stop codon or any
combination of the aforementioned gene mutations.

As used herein, the term “exogenous” is intended to mean that a molecule or an
activity derived from outside of a cell is introduced into the host microbial organism. In
the case of an exogenous nucleic acid molecule introduced into the microbial cell, the

30 introduced nucleic acid may exist as an independent plasmid or may get integrated into
the host chromosomal DNA. In certain embodiments, exogenous nucleic acid encoding a
protein is not found in the biocatalysts disclosed herein. Other embodiments allow for

biocatalysts containing exogenous genes. Where present, an exogenous gene (nucleic
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met hod according to e rurther conp iSOl
1ntroduced into a host cell, the DNA as well as the act1v1ty derlved from that 1ntroduced

15 DNA is referred to as exogenous. Therefore, exogenous expression of an encoding
nucleic acid can utilize either or both heterologous and homologous encoding nucleic
acid.

One aspect provides GMBS showing impressive titers, high yield and significant
volumetric productivity for D(-)- lactic acid. The microorganisms disclosed herein can be

20 employed in a production process for producing D(-) — lactic acid using various sugars. In
one embodiment, the genetic modifications involve only the manipulation of genes
within the native genome of the microorganism. In that embodiment, no exogenous
genetic material such as plasmids bearing antibiotic resistance genes or any other
exogenous nucleotide sequences coding for certain enzyme proteins is present in the

25 bacterial strain for D(-)- lactic acid production.

The present invention combines the technique of specific genetic modifications
with a process of growth-based selection to obtain strains showing high yield, titer and
volumetric productivity for D(-)- lactic acid production. The genetically modified
microbial strains produced by the disclosed methods may be subsequently grown in

30 under various conditions, such as low pH, for several generations to select a clone
producing D(-)- lactic acid at levels higher than the original parental strain and/or which

has a higher cell yield as compared to parental strain. An exemplary scheme in this



purifying the D(-)- lactic acid. 14. The nethod according to enbodi nent 13,
wherein said bacterial strain is cultured under anaerobic conditions. 10
15. The nmewbeadi2zzoededi ng t o enbodi nents 12- 14, wherei n saca/usedilomsednpri ses
bet ween 2% and 20% (w v) carbon source. 16.A method of neking a D(-)-
lactic acid producing genetically nodified 15bacterial cell conprising:

a) inactivation of |actate dehydrogen% e and acetol actate synthase activity
in said bacterial cell; b) culturlng sald bacterial cell at a pH

bet ween 3.0 O.u der b|c and/ or oxygen-limting conditions in a

medi um c & ’ﬁlSH%W% e llgBEFn ‘rsé’ ccesy &hsl Eevihppsad Bﬁé‘f‘&nl |2 dape with

exhi bi ti ag hog Hhedsed }Q@hbty}éé al @fe@@d/a%ro%h )oasédas@tebﬁo@m d production as
conpared to the parental strain,; culturing the selected bacteria

cel| at a pH BRribetafRER-Fsed saliction t&mo&eﬁetacpfé)ér podfiedosiehin i iorrepdateddy medi um

cont ai Ni fgndeS@ RAY f%é%HrEl@dluﬁingor a period @f ﬁx%l: et%t biGin@a efi, R gxfﬁ%ltL
exhibiting increased cell yield é) lactic acid 5production as
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6.5 to aPoQAl/'E)r du?t’lo ¢ R%eragr%gmc am%s During growth-based selection, attention is paid

to select the clone with the desirable phenotypes discussed above. A clone resulting from

10 the selection process showing a very good growth rate but that has not improved in the

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

methods, strains are selected by starting the culture of a genetically modified strain

acrobically and conducting serial passaging of the strain under conditions that limit oxygen

within the culture system (e.g., fermenter). Genetically modified microorganisms capable of

15 growing under oxygen limiting conditions are selected for continued passaging until

microaerobic or anaerobic conditions are reached. Microorganisms are then anaerobically

cultured under increasing pH conditions and selected on the basis of D(-)-lactate production

under the culture conditions. For any of the method steps, the genetically modified

microorganisms may be maintained at a temperature between about 30°C and about 65°C.

20 Various embodiments contemplate culturing the microorganisms at a temperature of about

30°C, 37°C or 55°C. Other embodiments contemplate culturing the microorganisms at a

temperature between about 37°C and about 65°C, between about 37°C and about 55°C,

between about 45°C and about 60°C or between about 45°C and about 50°C.

Genetic manipulations can be done in several different stages accompanied by

25 growth-based selection in between the stages of genetic manipulations. The genomic

manipulations involve either altering the endogenous DNA sequences or completely

removing specific DNA sequences from the genomic DNA. The genetic manipulations

may also involve inserting a foreign DNA sequence within the genomic DNA sequence

of the microorganism. Certain embodiments, the genetic manipulations are

30 accomplished by means of removing specific DNA sequences from the genomic DNA of

the microorganisms without introducing any foreign DNA. Certain genetic manipulations

necessary 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 the microorganism



19. The method according to enbodi nents 16-18, wherein steps d) and e) are
5repeated in nmedi um contai ni ng i ncreasi ng anounts of a carbon source.

20. The meOhot/Eeer di ng to enbodi nents 16-18, wherei n fCEas2m)i/oersd7 c) are
repeated in nmedi um contai ning i ncreasing anounts of a carbon source.

1021. The net hod accordi ng to enbodi nents 16-18, wherein steps b) - e) are
repeated i n nedi um contai ni ng i ncreasing anounts of a carbon source. .
22. The nmethod according to enbodi ment!€ 12-21, wherein the carbon source is
glucose, fructose, Xxylose, arabinose, galactose, mannose, rhamose, _
sucrose, '€efi%bi8en® 15Heiic éictiidogrrsticcapificesadr. digfcerasiplor wentsiuaat i on
thereof . antibiotic nddcer fBesah BOGs@CHARLMEhai19 iSRS rfﬁ@&ﬁloggﬁojag’ gFM%g in said
fermentation is conducted under anaerobic Conditions at pH of: a)about
6.5 to abouelept ghe glonpopithpbatdepirgd genotype. v onThenbedihod efcdwr diengitt o
enbodi nen 455 ek el oo QERRIA [ f] cterial -cel
pr oduces @%\?nﬁlé?iét%e éOg (1)1]? é?%%:‘t?élecogcpgkpg%hw%eg% ,gé g{t&?aéggtr%%fi{%f }818 l%I ti}al?:t ic
aci & per gepaneic DA odithd wagporganigmod thaidhd miacodapen dt itieeendaff thepererit at i on

medi um wi_t hi art of fernmen i on.. . 25. The

met hod agg:l%'}lgelrﬁ% %U%%@%l%ﬂ%eﬁ%ﬁ& %ril?o wher ar Wé P SRS STIREY to

cul ture $WA, getietladal doy examtnbisedNoadeees tdr pcgitibnsi sheg‘&iﬂjlt Hhﬂ@ﬁ; Bahetibe .
automatic_additio f. acid or base. 30 5 under caondjtions. that_ reduce e
arount. of "ot BeBlaR Poine” af el uPE G FE e Mool oBF e

anaer obi embodidieni oNthe pr@enci@acheidn 227 knohheinmet hadirraeeidihngsé or gaheds ment s

16- 26, .wWherejn.the bacterjal cell 5 a Bacillus spp., such as
Bacﬁfl 8; eé%‘BamgaH’éEag'é%i% ?a}EVE}t?Jc SRR MRS s(SeBatyr| Pﬁ’éﬂpé%bﬁw materigh @pgd | ys

anyl ol i quidiiagis@ngussBaa thle UscaRipbs! df $his Bﬁﬂlcbﬁb&g QE%QHE@Qﬁerﬁfﬁc%iilzét%ﬁf
thi am nol yti cus; wherei n Bacillus coagul ans Suy27-13 may be ‘optionally
excl uded 28 28! #healsak dasymenic ér9 insprnpsaieb @Yorefdayceoime their enibyoi feerths 1- 10

and 12- 2hurpose of providing any necessary details for genetic engineering techniques useful for
the present invention.

15 In one embodiment of the present invention, one or more of the genes coding for the

proteins known to function in fermentative pathways are inactivated through one or more

genetic manipulations or genetic engineering techniques as discussed above. Genes and

enzymes that may be inactivated include: /dh, lactate dehydrogenase; and a/sS, acetolactate

synthase.
20 Accordingly, the following non-limiting embodiments are provided:
1. A bacterial cell comprising genetic modifications causing the inactivation of

enzymatic activity for:

a) lactate dehydrogenase and optionally acetolactate synthase and/or pyruvate
25 formate lyase;

b) lactate dehydrogenase and acetolactate synthase;

c) lactate dehydrogenase, acetolactate synthase and pyruvate formate lyase or

d) any of the following combinations of enzymatic activity: lactate

dehydrogenase + pyruvate formate lyase; lactate dehydrogenase + pyruvate
30 formate lyase activating enzyme; lactate dehydrogenase + pyruvate formate
lyase activating enzyme + pyruvate formate lyase; lactate dehydrogenase +
acetolactate  synthase; lactate dehydrogenase +  alpha-acetolactate

decarboxylase; lactate dehydrogenase + acetolactate synthase + alpha-



10 wherein the bacterial cell has one of the follow ng conbinati ons of gene
i nactivations: Idh --h pfIB; Idh + pflA, Idh + pflA + pfIB; Idh + alsS; |dh
+ al sD; |wb 201241782+ al sD; |dh + pfIB + alsS; | dh + pfl BCFwk@aDosisdh + pfl A
+ alsS; Idh + pflA + alsD; Idh + pflA + pfIB + alsS; |dh + pflA + pfIB +
alsD; |dh + pflA + alsD + alsS; Idh + pfIB + alsD + alsS; Idh + pflA + pflB
+ alsD + al sS; or inactivation of one of the follow ng conbinations of
enzymatic activity: 15 lactate dehydrlbgenase + pyruvate formate |yase;

| act at e dehydrogenase, + pyruvate foiinate |yase activating enzyne; |actate

A
dehydr ogenase + pytlRBleFSFHADY aspdadata dehyideneerage drzyiatefomyatsvateet f or mat e
| yase; lactate deW&b&&ﬁﬂé%gﬁhﬁe%&ﬁt@h@&hﬂ%@n%}! NtRAR Sk f&%Rﬂ&%edeﬁg&Qr ogenase
+ al pha-acet ol act at e decarboxyl ase; | actate dehydrogenase + acetol actate
synt hase + al phaacétiBlegieteadcsariesdspolyirgsishydraetnatee T dehyvdicofganas dyase
pyruvate formate | - N 1 ; de enase +
pyruvate formate |ax§‘§a2‘“§ ea%}gé]eg- gg%@%lg?itgt% g%tg%gbfégt?%odfwda%é%?%ea%%tq {’aaqg
dehydr ogenase + pyPinest &apopgiapend yarymeactliphabiatgacaie yoerboxglost dicrtd at e

synt hase; lactate de nase + r e for e_lyase activating enzyne
+ al pha- acet ol act at e%g%gg%oxyﬁ %rls“é%wlfg%l?até ely%fgﬂ%élrv Byensvame ESyPXW‘é%e
formate | yase act ifvaatndyasnzy mectolagyte ussathesd, onerait eddhydrsgenhseaeepahiess at e

synt hase; | actate dehydrogenase. + ruvat e forpate as 5 activating
enzyme + pyruvate fg%?%{rea %&Iaﬁg‘éagmi eﬁ%ﬁi@@‘é‘f% @Elf‘%tf L’%ﬁ%‘ga%pﬁ%'%ﬂt EEC | actate
dehydr ogenase + pydetarbdsglabar hebe dohas@gantd vapiragat€Maniie tyase activating

al pha- acet ol actate deca&bqaﬁ/l ase1+ acet ol actate synthase; |actate

dehydr ogenase + pyPeat & #Biavellaciiss decarbgryipse. 5 dstiplagiaicabathase &4ty ase +
acet ol act at e synt hiEgirodeagdeat §yreeiy REALE RASE+ AIpRY AAhRat QB Ryhyase
activating enzyne + pyruvate formate |yase + al pha-acetol actate

decar boxyl ase 30+ KuBRHECEuI Sy Ml glehydrgeenase + pygivaten éorpaist drasal cel |
according to any qkiemaedi 1- rqin.t erl |
produces D(-) - lactic gcieg%g%éa tﬁéﬂagetzﬁfroé%%gt \%E{egﬁ gﬁogl?ﬁ%g%kcg%gqibout
65C, between aboutdegrxalige apeielagBcsynesaeen about 37C and about 55C;
betjseen about 45C and about 60C, between about 45C and about 50C, or at a
t enperature of 5about 30C, about 37C, or about 55C. 30. The net hod
accordi ng to any ofheehrbsdilneat sccoRlim8io whbodimantt hefunthth oemeGimr isesc
culturin i al, cel |. at erat ure .between about 30C and about
eaC bet HolitRaRAC AL el Bl ek ARl AR RS, S ane abour 550

bet ween about 1045C and about 60C, between about 45C and about 50C, or at a
tenperature of aboyt ,30C. ~about 37C; or .about 55C M .croor gani snms
were deposi te%l Wit letbﬁgeljfdrc?@ fepiiig topabadimet g@’f%’ifejétheﬁfff’?’ﬁ?%n%ane Ction,
1819 N. kdotiestiink yhuSthieed exoR@o0s genes Intd Jadi sicteBdGOH. U. S. A (Table 5). These
cultures 15 have been deposited under conditions that assure that access
to the cultures will be available during the pendency of this patent
application to onertdesaelehined Bytotdiy COBMbSEmORNE! #f2 RAteah SaRNgknlf@denar ks
to be entit] ed thereto under 37 CFR 1.14 and 35 USC 122. The deposits are
avai | abl Bogdicatiogurerariisey theo maitagion peft angeng fpsoding dentate rdebydrogranssi dah),

count er pg¥tiSatOfrodie j a Leat d LSy e r il i
However,ﬁ}ipt shoul deebglégdn%@’t %glgllvf&ﬁaﬂtomt%ﬁee adq’gvag}l é@glﬁ%{/mgf(ﬁﬁfé aﬁ%ﬁ)osi ts
doed not acstlpstate dpcarbaxylase ér{sld) and/op pepselpadase snghaseibi/sSatr thandedatioh ofiali or a

der ogat i : t j t S} ntal .acsion. Furt her,
thesubj oyt gl (kBine 1A AR PRI BBl TR bisee (e

publ i c i pyractofadmajct yagehectipatng grizpms (pfi4) hiphBadapegite Tdeeabyxylaae (4/k@) Deposi t
of Mcro i .8 1 wll be stored with all the care necessary to
keep the%{d\%qghﬁscgﬁ%{%S%nrtlhca(%%{]azgr@'nat ed for a 25 period of at least five years
after the nost recent request for the furnishing of a sanple of the
depasits, and.in case, for a period of at least 30 (thirty) years after
th %dat e of dapos ial{}]lgoki‘aaf’%?’l t eacé?fgg’igct(@aed‘i‘qbédfm?“é 40@%1%’5}“%8’8 OhtSAIREEE may

i ssue di sehBeNGe tiftodattidnusfesne dhBod §PRAS inti@4t AGHK RO WMLRABESuctiBE oflbbY of O

repl ace the deposits should the depo%itory be unable to furnish a sanple
when r eqUeSER cogeinily hsa redingitiansel g éeffe deposits. Al restrictions on
the 30availability to the public of the subject culture deposits will be
irrevocably renoved upon the granting of a patent disclosing them

The foll owi ng exanples are provided as way of illustrating the present
invention. These inventions in no way limt the scope of this invention. A
person experienced in the



17 field of industrial mcrobiology wuld be able to practice the present
invention in several different enbodinents without violating the spirit of

t he presemd 20rvEm%2 0onN. Al'l patents, patent appli eariusesL/opysovi si onal
applications, and publications referred to or cited herein are incorporated
by reference in their entirety, including all figures and tables, 5to the
extent they are not inconsistent with the explicit teachings of this

speci fication. Fol |l owi ng are ex npl es which illustrate procedures
for practici ng t he Hijent i_agn. These exanpl es shoul d not be construed as
limting. Al %percehit 248618 eellhyesnedignt oasmbedimeriof venvhassint stk gspadisor ti ons
are by velddicatiod esspehehing eul@bs dr a@ﬁ%@%&%&o@@%%&ﬁéﬁéé/éb@ Qfadf
D(-)-lactic acid producing thernotol erant Bacillus coagul ans {eri&l's and
Met hods BREEEY 04| ladqtp éiiewgd%%a@aaﬁgl (&4vd BeuBte oyt bns @WIBY ypets farain
P4-102B c dasGlih ' YAl cold strain ToplO
(I'nvitr o\é\%ﬁ% and B%glfjllyﬁlﬁgwg%t% }I)I\ﬁ?-gag%%l? giﬁﬁgagf%%%ia?ﬁ ﬁl’?[) %}{ad/oﬁsagég%éa osts
durihg ceévighasadelomranseyiinn G ploggwislscquesd int thhicedisg tegion/dpbm sailihg p GK12
carries ghlQ ' t | n.Iesistance s and replicates in
several G an*gszzgs? p?%g%%hct%re:ﬁ%xa(%&gﬁ% & R rfl‘?% gﬁe. 59%& ﬁh@ﬁ‘b‘ﬁtet fffg@atﬁl asni d
has a br dade hosatingagemei (pE4), ejphb-aattdlonate slecabaxybkd Yals@Sindl ot taeetolabrate

t enper at E}rfnefﬁaff%g% This tenperature sensitive nature of plasmd 20 pGK12
replication a provi des an opportunity to select for chronbsomal DNA
integrants of B. coagul ans that can grow at 50-55 C. Plasm d pGK12 and its
derjvati ves re intained jn B. subtilis strain HB100Q at 37C. \Wen
trafnosformed ;Aﬁ‘to gﬁ%@ﬁ@ﬂ‘%éﬁ%?CCPFpén%troéﬁgf”Eﬁﬂ%eﬁ‘ia@dW§ Isé1 Bt d, whgdein

mai nt ai nedd ahct@tCeelBlocs ARGUh@Mex bRt gty @igagioadtheRbasm ds used in the
construction of mutants are listed in Table 1. 25 Medium and growth

condi tion L-broth (LB) (19) was used as the rich nmediumfor culture
of bacteria ag. pH Phebbabteridl Ol a@SrdiGL@ady ofd MCRIRAMRRSE 874 Isi Z8dy SERAr atel y
and added to the nmedium at the indicated concentration, ’be’?or e I'nocul ation.
Chl or anpREATEHF 2c@YiDt ofr brigetath delrvdrogapsise Dirivatavbreatgdpiesd and@r tacetBetaredi um at
7. 599/ L i I , ded | ci um car bonat e
e v O B S BBkl ol NG st R 03 e S gar
medi um wienertgeni of CaCOB agar (solid CaCO3 suspended in water (1% w v)
with 1.5% agar) as described previously (30). 18 Aerobic cul tures
were grown in a shaker at 200 RPM Fernentations were carried out either in
smal | cust om 9.er meHteebsct¢r2) odll Zc&drdiher weriviodin{ee Ve, Biviaein GkidSebeati fic

Bioflo 1 o Qulture pH was i ntaiped,at. the set value by automatic

addi ti on%%%hﬁf%%lr e %ﬁ-l,cor%lgji%dor@@% C&‘%Itlgﬂeﬁ “3’(‘5{68“&*‘?“8? 1B AELYEGER, PA)
was20addesyratiast, hecthedihpdiopehasd arki@rr Rk &t f@mate 1Pasds needed, at a
concentration of 2.0% (wv) unless specified otherw se. Inoculumfor these
cultures was grown in the sanme medi um aerobically at 50C overni ght and

ferment ati onsiover eTigtbast@d c dddoiae(t¥/aMy odNGCHIbHMEmerR TR, §hciiEf € r enpved
periodically for de%er m nation of fernentation products and residual sugar

concentrati on® FEoRATURY ilond ofacdbisethion swilt ant SaaitlusB coendansl divsillus

| sol ati onc/ehisieliet BeILANLS HaclBus CORIMANCYRS BRT Blevd y
descri bed nethods in which a pl asm d %ﬁNJg\ c@??gl&ﬁi ng tﬁg ?L\{?\nolmév’ndésa%}g%kt he

t arlget geRa/aHsST PraciByriblosinoiicss ©hé chronosone at the target site with
appropriate SQMHLERE &, hanPLo [ A, -singhe reconbi nati.on.event. Such
r econbi nant s[%\ymAt h appropr Plat e aa%%ll{dg?gp ?2c7a1r321§1|q tbgn0 glo%aalﬁ 65(8111di(£fr81§st£?y

i denti fi egpesithgcleiapl i cati on-conditional plasmids at the restrictive
tenperature that elimnates the intact plasmd fromthe cytoplasm (13). The
pl asm d DNA and associated antibiotic resistance gene are subsequently
removed fromtlhe chportsdyendifial isicrghleceh aomirdigg usadyese wpiemdbdifan@f -

di fferent,parts of the.iptro | asm and_appropri ate chronosonal
DN&OIeav?%év5“3%?%{%@ﬁ“@ﬂyngggggﬁg?uégﬂg?Bgﬁsﬁﬁgzégnstruction of an |dh
gene 20 deletion of B. coagulans, plasm d vectors that can not replicate
in B. coagulans were initially enployed. However, using such plasm ds,
chronmosomal insertions of the introduced plasm d DNA was not detected. This
coul d be a consequence of plasmd transformation efficiency of B. coagul ans
strain P4-102B being | ower (29) than the potential reconbination frequency
of the incomng plasmd to the chronosone. To overcone these | ow frequency
events, plasmd



25 p&K12 was used as the primary vehicle for transfer of DNA to B.

coagul ans for deletion construction. Plasrnid pG<l12 is stable in B.

coagul answat2o0Z1@ad not 50C. Presence of plasmd in eaedTasko1tionsar

popul ation (109CFU/ nml) at 37C hel ps to overcone the | ow transformation
efficiency of plasmd DNA into this bacterium The |arge popul ati on of
cells with the plasm d DNA al |l ows sel ??ti on of rare reconbinati on events
bet ween the 30 honol ogous regions of 'the plasm d DNA and chronosone. These
rare reconbinants in_the ul.ation of cells, that have the plasn.d _DNA
(along with the anti fftg(fdi gpgrgg‘ilcé?gaﬁ&'g' Betefi FORBHNPS QUING % Bt b s ome
can be readifley baclendlictli egomitenotaie opt aSmdIDNAL B1eld fine@letofupashg he cel |'s
af ter growhh at 50- 35 C. .19 Isol :i\ti?n of Al dh nutant strain For
const r uct B WrredRIgsradifiong tat pilom forsle produstier Dok g5tir atifs were used
[primers 9 (BsaAl), 10 (EcoRl') and 11 (EcoRlI), 12 (Stul)i (Table 2) to
anplify the 5 and 3 -ends of the 5 |dh gene separately using the genomc

3
DNA ¥ rom B. cbhgul Hissmsthedjagcqpding go prhedingamp| 13t durtheh sempipsingrisolatihgve uni que
endonucl ga$®id;85000)-14QR asigquences at the 5' -end. The two anplified
fragnents were digested with EcCoRl and |ligated together. The |igation
product was used as tenplate (prinmers 9 and 12) to produce a pronoterless

| dh gene fragpent at juSql 9 J i i he,.m.ddl e of the |dh
Starting at 45t bp Ty SetPhSLERIR 8 R 99 SR LIPSl 1S

f r agment cwaseddinglesareerobictchnddsedl and Stul and then ligated to simlarly

di g]feosted plasm d p&K12 (plasmd pQZ44). Insert in this plasmd was
confirmed by sequencing. Plasm d pQZ44 was transformed into strain P4-102B

and erythronyti.n rBsi stalntd acdondihgStowempodialeast egklat vhékin Qaal afedilie
transformant s s cul fure 50C and an eryt hromycin-resistant derivative
that was C%{P%rbse%gitﬁﬁfﬁé}lﬁﬁg‘g%%@ﬁ) i%’]ow&m%a ected (strain 15 QzZ3).

Presence of the plasmid DNA in the I dh gene in the chronbsone of strain QZ3
was confirmed by PCR applification Qf the genomic DNA with appropriate
prinmers and s&yuendiREfhehet daping rellChr Beifc cidppiofvng gsncgigilu medifich medi um
Wi thpout  e5ddrr ey &ntpristpe / dh-m nus property of strain QZ3 was found to be
unstabl e and 1 dh+ revertants were readily isolated. Strain QZ3 was serially

transferred i®to firedivatdiflinpiate dehyipeenesscandaspioboiaresyathase 20ty i858dwi t hout
eryt hr omygi i 041. 10 days. The final culture was diluted and plated on
LB-agar medium After overnight growh at 50C, the colonies were
transferred by replultoangsaad bastprinbedliBt agdl betivBeraly rnd-6 @ruptlérrasmpisi andéamd
cal ci um carhonat. um. (4 B- i.th.glucose and CaCC3
(30)). T&%@gﬁ%ﬁﬁrﬁqﬁéﬁé]bgvgq%ﬁdﬁg&gégﬁg&%@g%o ug%h LB-agar + erythromycin
and2al so di d got préduce bacriat @lllzabkibding mdrémwedcocdlendld efd/ el R@)- ilavge beid 25

cal cium car bQ[nat e medi um V\%re éd)nilt)aﬁkted and tested further in liquid cultures
for |actBUSUBISAGELTBHSd PHE RSP ATH B onbi nati on is expected to yield
erythronyci n 8ensi dultuéng éfei sedticd esiclefigikéellgatla bBHfalsdwvasint ¢/5 RAa auUs andth t he
100 bp deletion in the |dh gene. I.n these experinents the frequency of Al dh
was 1 of a%wl%?%ww&i’ﬂq L8 @ GBI %‘g‘.’rcetﬂ@ of these Al dh nutants,
strain QZ4 wag) selelesh £ Bictehidr deNekhibltind YncreBbdidngidd md/ & DORIRAssiaa Al dh
mut ant coul d not be isol ated usi n%ﬁchl oranpheni col resistance as a

sel &t i vEORHTeas coppaediodhs RageniAl Daieriah pelkor the BrskriBlisl selptedioiiy df

chl oranpheni col resistance gene was found to target plasm d DNA i nsertion
to a unique location in the chronosone that is unrelated to the B.

coagul ans chr bhosohisl meshid pesordieg toxanbsidirant d 6 ShereindteRHB s penipaisti ias hed
dat a) . TPQ%?: results indicate that chloranphenicol resistance gene is
unsui table for mutant construction in this B. coagul ans strain.
Construction ®f a dhabist.hotabitor5A nut ant derivative of strain Qz4 |acking
acefpl actate nthase a¢tivity is not expected to produce acetoin and
2, 3-but anedi ol, fernentation products produced by |dh nutant of B.
coagulans (30). As a first step towards the construction of this double

nmut ant (Al dh | s)....the alsD (al pha-acet ol at g decar boxyl ase nd al sS
(acetolactateﬁgyntlggg?h%e ﬁ@%ﬁggm q§%5W??ﬁ%1@§“ﬁ9S%@ﬁﬁﬂ¥8ﬁ%¥%@g§%ﬁonic
DNA of spHaifn P4-102B using priners 10 17 and 21. This PCR fragnent was
treated with T4 pol ynucl eoti de kinase and ligated to Hincll digested
plasm d vector pUC | 9 to formplasmd pQ45. This al sSD DNA insert in

pl asm d pQZ45 was verified by sequencing with appropriate prinmers. Priners
18 and 22 were used to anplify by PCR a 2,380 bp DNA from plasm d pQzZ45
containing only the al sSD codi ng regions (w thout the pronmoter). The
anplified DNA was cloned into the Hncll site of 15 plasm d pUCL9
generating plasmd pQz45-1. A 596 bp region of the alsS was renoved from

. - — o p— a Y T . B AL 1



Transformation of E. coli, B. subtilis and B. coagul ans E. coli

transfornmati on was based on standard techni que as descri bed previously. 30
Baci | | us wokniZa7e393t rai n JI B 1000 was transfornmed accor @#cmgsta1obiso7
procedure descri bed by Boylan et al. (4) with some changes. Cells from an
overnight culture in stationary phase of growth in LB nedi um was i nocul at ed
(10%v/v) into 10 m of freshly prepargd nodi fi ed conpet ence nedi um (29),
whi ch cont ai ned 100nM phosphat e buf f et (pH 7.0), 3nmM 21 trisodiumcitrate,
3nmM magnesi um sulf g Iuc e, 22 1.1.g/ml ferric anmoniumcitrate,

0. 1% casein h?drol%@&’t@ OBt %°pot assi um gl utanate, in a 125 m

Erl enmeyer fl sk asgdui neubated at 37C with shaking for 3 h. Wen the
OD600111 reached around 0.6, 0.6 m of the culture was renoved to a 13 Xx
100 mm test tube and DNA was added to the cells. This 5 culture with DNA
was i ncubatedign argOhy I I d by
centrifugation at r oom@%g%géroéﬁﬁgg gﬁg%@g‘ﬂggﬁl&g& elleﬁbgﬁlgsnii ) B#d %B%rgnd

pl ated ofFPEBcAFaRediin Korippne proreasiag ampibi oftd eshonBbates were i ncubated at
37C and transformants were sel ected next day. For
transformation of wild type B. coagul ans P4-10213, Cells growing in 10 m
of LB 10 in 20.125Td mithad kcardit© ¢QD4dEBoms 0638, wasreimaensl Bt ad ¢)1080 v/ v)

into 100 iter. flask. were incubated at 50C with
shaki ng %Bégwé#mﬁ Cgltgmltngéncﬁeaﬁn%n?l tt‘%ga@ogt OHSOnm r eached about
0.3-0.5. Cells were collected by centrifugation (4C 4,300 x g; 10 mn) and
washed three 25 and 15 ml . of SG medi um (sucr ose,
0.5 gl ycer%1 , 15% metf‘ﬁgsatgc‘gfhé‘@ttPoe“&WH%?“é%t gé§1 ECRGRy eRps BY - Shmaseli at el .
Seventy tdpegtedrin mddBurdtor@@hing $nsRSAS bBBUMASE A0aXRM sWwirkd 0.1 i.tg of plasm d
DNA and transferred to chilled el ectroporation cuvette (1 rrmgap). The

el ectroporation conditions (Bio-Rad el ectroporator) were set as square wave
for 5ms at 1.75 KViheAht®6d 8b@edifOROGM IR on [ 2 m
of pre-warned %&ZC or 500 RG negol um (LB nttescl?id!rszmr&nrt%eﬁﬂ&z%@r%ggce lg

gl ucose &REOS20 "IV&EIWOSWI' AEBiB0e [SRlsCifRsy anannases freammede.t Bicwsd 3cekotiog, nm

SCI B CaRerhiBfilosed c@ﬂgoéen%?‘t@dl%gcd ifatfoRRrdgt ator for 3 h at 5S0C before
plating on sel ective antiblotic nmedium For transformation of tenperature
sensitive plasnids, the regeneration tenperature was 37C and the cultures
wer e i ncubat egh ov i E S f.th

concentrat i on%vvasef}%clrggaég% gcror&uiga h grg‘fo meng E)%IAS Wg%feltl hsgl e%?qladlt%rlétl on
condi ti ononﬂastefébm@r@tﬁet@l@ohdlnmscm)asﬂaﬁt of 10 ns at 1.5 KV, 251.1F and 600
ohnms. 25 Gomg)h based 6S§J[Oea t)ltoinsfor spont aneous nutants with desired

phenot ype SRV i % Pbbi al culture will have a certain number
of Apont aneoub) r andboun hiut atl ons, a mutant with desired phenotype can be
readily isolated fromthat popul ation by providing a gromh condition that
woul d preferentially support growth of the specific nutant. 30 Since A dh

Aal sS nutant,2&traie Qéhodi SccadaRl PlembBdiNhN ﬂﬁﬁ?c%é’r@magm@- gMdne pH of
5.0, nutati onégﬁ(ﬁt hat woul d i ncrease anaerobic gr owth by initiati ng a new

f er ment atiogiic Faa) c¢lt rdesenptdeast 60s gl dectir acid roliter adewst B ayf lastiesgpbct ed to
have a gpawid @%Y%Eta}ﬁeg QM&Lic b8 pbeRts cﬁ"ffeﬁttéﬁtaﬁé’l{ El@dmﬁ)n%t”n?‘ﬁg Rdtrs é‘%ﬂé eVI ng a
hi gher anaerobic growth rate may require nore one mnut ation

ini4d at eStﬁlﬁéffGQFﬁ‘éﬁtoatl on pat hway, to enhance met abol | c flux to that

pat hway by increasing enzynme concentration, etc.). Accunul ati on of
beneficial nutations, each providing increnental increase in growh rate
and/ or produci’. pr odwandtion, aceadinp & aatidevets 152y245arhblain the pisf @rdiof wedul t ur e

mani f ost & gekr ey Bled e PR <O KRALES o heCp@n ool . ™

growt h defi¢écthage, cultures were started in small pH controlled fernenters
(2 m in a 500 mM vessel) with air as the gas phase. As the culture
starts to grow, severe 02-limtation would Iimt growh and cell vyield.
Further increxse ITheCﬁtleihodlezﬂ:Sd)rHMgV\@UIeﬁibdﬁmeﬁtﬂ w3 hehabihl iy Rhetlch® cell to
f er ment sugl?(i1 res |nth %‘gt Ht To isaolate a nutant derivative of
strain QP8"HA gcre]dvtf injpi ]é(n P58i @4r Vroql%éoqdétt%ﬁp‘érsef&ﬁlb’tﬁi‘ﬁ@g%
sequentially subcultured under indicated conditions using small pll
controlled fernenters. The transfer conditions were adjusted to different
time and i nocul um anount. On an average, transfers were after every 2 or 3
days of gromh with 2% i nocul um during adaptation to increasing sugar
concentration. 15Determ nation of nRNA | evel s For determ nation of
nMRNA | evel s in B. coagul ans, cells grown under different conditions were
collected by centrifugation (16,000 x g; 30 sec, roomtenperature). RNA was
i sol ated usi ng the aC| d phenol extractl on met hod as descri bed bef ore (30).

— .0 R I A e o I I Y 4 T I T "~ SN



20 copy was prepared with Superscript Ill reverse transcriptase
(I'nvitrogen) using priners specific for the gene of choice. The cDNA (nRNA)
concent r avpaniavEs3ddet er mi ned by PCR using gene speci fi c PpTiusesis/oersd?
SYBR- green containing PCR reaction m x (Bi o-Rad Laboratories, Hercules,

CA). The threshold cycle for each of the PCR reaction with different
concentrations of cDNA was determ nedlg'ind conpared agai nst a standard DNA
tenplate that 25 was also run at the sane tine (16) Fromthese results, a
rati o of %he co entratlon of, gene- spgmflc nRNA p ent in the sarTIe was
cal cul at & F?QB ‘P’ésdthﬁteéeﬁi{lufes t}é?r gmeHis o WéV%edbp@Fe“ét‘nlt & SHItrR sgyerg i ments.
The pri mMiGoatssic brohadbiPERd@ids hicstRBed N the Table 2; Idh prinmers - priner
23 and 24, pfl prinmers -priner 25 and 26, pdhA (El a) prinmers - prinmer 27
and 28, dldh primers - prinmer 29 and 30, als prinmers - prinmer 3land 32,

pol A primers wmsed BS rhéih&y J&@J)rd?h%(fé)@ﬁlh&ﬂunentp'w-@?'br §§ V@Q:geu?’ﬁle baddridER4y e
anal ysi s To determne the | evel of PDH and LDH activity, cells were

cul tur ed@iBacitlps Wit isheht aseBasibius geagvices dissidius ﬁéhemf@rmzi (ﬁarfél@tewb@kp(ﬁaelﬂw al
phase of I Y

mn; r oo?n lg»rr%@rﬂagtgﬁgr é;%; il ﬁ WD%; o%%‘gﬁ?v%\n g%u&%p%f Ba)f.’gﬁ}SI 14 é(%t%kggqpﬁé{e?%r (50
mv pH 7nglllaﬂ1@aglé€w§;w2\aé&imam bg optiarhllpéxchwlng phosphate buffer. Cells were
broken by passage through a French pressure cell (20,000 PSI). All
operations after this step were at 4C. The cell extract was centrifuged at
12,000 x g for_ 30 mn to renove the cell debris and the supernatant was

centrifuged atfhin HE %@“610@1&0@“](3@@@ IirgRY one rof enppogignensni @ apdrige’,
parto cul ahegindRE bABRIRI &Mena¥ S8k 6f B foll%%%rd%%@xgﬁl H\@tzfe%éﬁggxa Rlati&fd2 ¥E. assay.

PDH 10 activity assay was based on pyruvate-de uctl on of NAD at

340 nm (&5 igh ZZGMV\IthhPﬂf)l W@ééfcha%dldpﬂeku@%y* 138y .algxudi 1 piB r eact i on

e W e

(2.6 m\) ;+ AW pOB 75l dlanch/llr tideDexulsSiddh + P8 + elaDtﬂ alnS,Vidis + gA7drt g by t he

addition,o vét e nas a 15 .descr.i bed
previ ousl ycgl lg)é) é;'15§‘ hédcgw élt(ilfé)rllle 8? tﬂﬁfﬁ)@/ IR C?lhl %]S?eozfgzyg?a“b)??m% e. Each
1 n’dS reatﬂbta&ndahy&bgﬁmsecﬁtpymvmed‘ommaslmw bac i dghlyatogeraisd #qun(véﬁ foddhatpH 7. 5),

;ym\% Q ffﬂa{% The reaction ) sﬁarte by the addltlon
of pyr uvREE oK Wﬁpenzylgi‘ aS[AHF CORTRHTPY DR RToHRte Pl v BiPe BPAMGT d

met hod WpivdieWirfete S@iselTaddtb Uetiydroasnasé anekasiek {18 kyntleAnadty titigatogthods.

d ucose and .fernentation ﬁ?i(OFUCtS wer e determ ned b?gFHPLC wth the Am nex

HPX87H i driRtRErTelrgaie doraiPary st dnet k dAvEingFnase +ssiofrBisrypihas oy~ (32) .

Optical haemige aécal!%&ymse %L%té—déh“y)irogbx@a@é I Cp RIS FMRIRE 19%@6# aae'fb%ttet%é/
11.-1PI.,C, with a Ch |rex326( - 25 penicillam ne colum X 4.6 mm

5 Alr onjyniliesg m@ydwm@s@ RV stames sy s atpha-Teatolprtqte Jeda Kfé@@ was

al so anal ety t Si gma
Chem cal a)ét%%ddéﬂ ar8 oui s, lia?/%%itel\/ht e%dglwése %S%to%% @%d?agg{aggg%gﬁﬁgg

Cheni cal 139@“3 é@rydrog@wﬁ@ + M)}W@tﬁcfomag@rhya@e apidvating regaye c hiphd- @@tcéacmer e from

Feher SSLERLLS, GRS O o ALSEUL AL LOLSGN LSRR g PPl

Labor at ofdregte ly2st meotastamndyrﬂxascubstm@ndehydrogenaﬁoﬁoppgwe Gt“oﬂnaastet hyasaci d

ba ria uch as ul ans rodu | act i aC| e rlmary

fe?}nslea nt af' |16'ﬁtm eIcllzu%:nte ig'é%vﬁeec ]f%aﬁe %%\tfaba&ﬁto 8%('1&%{1 : e Jadqq ose,

cel | obi o8eyydrogereke. ¥ (pjzﬂwa@? foxir&)e uymsesupmmgofemtymes +1 B@hz[@%l&fh@@dl ng

| dh gene waéj gr esent at1 t he hi t?lhes Iev‘ﬁelél nong the genes_encodi ng pr ot ei ns
at the p§ravatEaToddccRIpTRE saprsse lagtale fiy grite pI-PYcS‘Ilvaéfi' Brpacdyasge” (Tabl e

3) (30) . alphgenreleaodiadoiade+ agkditard ehyiiodenas Qek &&g‘éhas@aspﬁ@xea&
|dent|f|§g in B coagul ans, cloned and expressed in Escherichia coli in an

active f ¥Rl %fé%’/amtgrf‘élérl@%|waat9(f°r)na1edx%saﬁealﬁh% acefelagtate fesrrbey 85 br ot h
of 4. coaggh@gﬁm@gﬁﬁﬁw@xceeded 10 5% of the total lactic acid produced and
nost of the fernmentation broths indeed | ack detectable D(-)-lactic acid
(27). The level of 1dhA nRNA level in the cell was |ess than 0.5% of the

| dh nRNA | evel (Table 3). Smal | anmobunts of acetate, ethanol and
formate are al so produced by B. coagul ans during sugar fernentation
especially during fernentation of pentoses, such as xyl ose



15 indicating the presence of an active pyruvate formate-|yase (27).

Al t hough the genes encoding the enzynes in the 2, 3-butanedi ol pathway are
present iwothe/weiyaenced genone of B. coagul ans, 2, 3- butramasal/oess7 not
detected in the fernmentation broth of wild type B. coagul ans irrespective
of the growh pH This is apparently a consequence of poor expression of
the al sSD operon in the wild type (Tag{se 3) or the flux to lactate is high
enough to deplete 20 the pyruvate po In order to construct a derivative

of B. coagula§ hf‘gfl?md ce -),-lactic ig s the major fernmentation
product, the g i ma nfatdc d‘é‘&ttﬂ\it)é%‘) ‘( e‘t‘téét]rlc‘”az& Yhesstiahg zed by
L- LDH (| @jteriteeels pkiube 0e) etiedc asd 4 %teh@&@tur@foete%&{ Q@o’iﬂt@."@fand dhfe

to_be enhanced. 25Construction of Al dh mut ant

d ed
2“30 ngég JS%‘{‘%M put 32 K 2P 20Vt PRI G deiERR Woors SEFG IBad awlééﬁtﬁjéqewem)
produced a%@@b@,an@%&ﬁiﬂ@bo(j f&&meab@MSZC%nngbgﬂte%D@l o5t £ i e‘g% len

products but not IX(-)-]|act ate. This Idh nutant, Suy27-13, carri a single
base chafg!t PR G Reoyt df Cgéhéb@ﬁé5\£és subj ect to reversion during anaerobic
growt h, especially during growmh at pH 5.0. In order to overcone 30the high
reversion rate of the Idh mutation in strain Suy27-13, the | dh gene was

del et ed. 30. Seltwrmbthad theydding oo acbmﬁﬁmbodimgtsg% ddlestin drsmicthodbact eri a

are avai riat r
posi t i velcgﬁeq) Igsgt§1 ?%HHEI %]eeogsaﬁ%ﬂga%ellgatrtl anﬁfeﬁ be&reeegras?uér?@%éle(ﬁl\%flm%%ged by
short DNAetSvequebwe 3¢6r melsqimnﬁﬁi’f@ taetwtebreattoat getC gﬁ:h&o@?SS“ZD betRéddn abodb

weyver t.s fruct i near
uns uccess?iclt %Epa v g%@g&e ans. alf?ﬁt cgulf‘f@ E%Utﬁlo@s?ﬂ fen}pgrﬁ,tqre aﬁ&t%r mat i on
ef fici enGQ"CQfachxw@‘triBgulaam s56airbi ned with the need for the incomng DNA to
reconbine to yield selectable transformants. In order to overcone this
limtation, an alternate nethod that has proven useful in gene deletions

was 5 used ( 1R)icrobreh@HRE fakd! HEpcSRAS With Be PloRSMludal'R &sBardid B QR @ﬁlﬁ; £ arget

| dh gene sequence and erythronycin resjstance gene was constructed (plasmd
pQzad) . ApHefionrighs NoPH’é(FtSBh Stﬁtet B’CO%&@@PI&@@‘? Pai-f (Pahla §p G higse cultures

el et I opaLRtHeM depfokiad MndeRKd: { f d at

37C t hat supSortfeﬂg lst abI% mai ﬁ? %ﬁtg%t?gwéygm é&%é(g%ﬂﬁ%gm?ﬁgigagﬁl uring

of this PW#enihgPebdeney pf Ads priert\AgPplicaton & @)@p@&t@re@eﬁdoynﬂmblqmsmmr pf asni d

to the c r [ y. n

r econbi ngétrg%%gﬁrwanﬁ%éﬁjtge’%e&ﬁ a(r)fhret%fmgr oWt g?iilgdég Eeﬁf‘g%F 1%I r{g%r lity

of the pHemsitgare availelle raumewedt byt foredgrt mnqmetaatsun eounplicasytieeisn wiuntergagts ofir ed of f
t he cell sr stant ies tha ear .at 5
expect edﬁt %ﬂﬁ]av ea%%thaBE%/ 'as rln fl% g 3@?’“8 "5 ﬁg‘?‘ﬁl‘?gﬁ “a%eﬁ%oodﬁgr&tfﬁ%r

cul20i vat ioulalgfityt éfese dehesutw@des \nes ccwsththtel EldniotoNtice aer aBen@dnsioh @adi ng to

del etion é)t:) tmhe é t%)g %F a One s ch.ldh nutant, strain 15 QZ4, was
i dent i fi SA°HYOFREPIGE Lie g’@r“é? t??@ﬂi}eé‘iuﬂer’rt &'ance and absence of lactate as
a fernentati O]Fhrﬂtlé@dmhbjéat&laltﬁreﬂelgosﬁé will Be AgHe@ eRtRhdevvalafid® tRY fuliews report
on | dh nut ant (t Ol%j naerobfl %Sﬁvwh of strain QZ4 was very mninmal even in
rich medfEAdAMTR By RiRYEanse %Fr gpestbyepty pe the dicpasit plhMickperpanisnsai-n, Qz4
The | dh iHdy anll bs bordd RvilZAl Bk Qs Gecks@tNanekp %mt@%l@%dquﬁc%ﬁtgﬁ%?eﬁ'fﬁgh product
when cultured at pH 7.0 and 2, 3-butanedi ol as the primary product during

gr Gt h aReod& AblsashiveHeast afisrtis most Tspitacagest Eprghe fiynisiBag bf PRMpEmef 1RDH

contri bug acetdin oy tribution
of PDH to&gtq1 anol1 \/?/agg%%sg{)fgﬁtagteﬂegi Ct)f%&géea&a%o(g?ﬁ@d’ ﬁ%ﬁéglgthgﬁgefgg?p%%amunt of
format e fon thagafgseenbls. lify af suppeent whichtrvey iRDEldbalbeidg dtehanttotes. pPhedigpdsiton, t he
PDH act t. i 7.

Fer mont ot o s THOMy 5 e SCUEPisTabl® SR YRR Binel B ishiever.

t he PDH stotpley ivthgn deglesndd das to he cuhditiore oénherdepbsstt anilorattiytigRase tha

ctage Ryl BleTRRE bR il St Rl PR e s BLEBIE and pH.
cont r ol | gdntir@dfhearrentiatdsmg tBetrmrted with air in the gas phase (02-limting

condi tion) di rovvt of the nutant. ver, as the 02 becane very
linmiting due 'ﬂg ﬁl h%‘i“é‘g éaﬁ“ﬂ et ér prﬂ@ﬁu‘# &% &y Wa?jr'ggwqt‘?t@fl%ﬂﬁoprﬁﬁﬂt fjetiopnal  cel |
yi el d of Thde ipkhthon® iff @6 WRiytiahit @t &ubd bf BisWASRDh YA 3RAYA clfedieRdedtiignpar ent
culture. In such an oxygen-limted fernentation, the | dh nmutant produced
very low 26 |evel of ethanol conpared to the pH 7.0 fernmentations. Mst of
t he product of the pH 5.0 culture was 2, 3-butanediol (Table 4; Fig. 1).

The conparatively low | evel of expression of pf/B gene in pH 5.0 cultures
and low |l evel of formate in the 02-limted fernmentation (Tables 3, 4; Fig.
1) suggest that at pH 5.0, the 5 Idh mutant is phenotypically LDH and
PFL- m nus. It has been reported prevr ously that an Ic/h pr doubl e mut ant

Y p— o - o o o . o o



20 foiniate, pyruvate and acetate. Significant amount of pyruvate in the
fermentation broth of pH 7.0 cultures of the double nmutant indicates that
t he PDH awio 2PRLl07¢392bi ned coul d not match the rate of gl BCOAS2@09BPTI Oon t O
pyruvate by glycolysis. Neither the single or the double nutant produced
L(+)-lactic acid at detectable |level. Since the double nutant produced
significant anmount of formate and oth . products of 25 PFL activity, a
triple mutant | acking the PFL activity'was constructed. However, this
triple nt, ALS FL activities failed to grow

anaer oblmél 'S ’ﬂﬁ‘bsé'?al gﬁﬂthgE@h‘Y%@ g'f églle 0 PEgead m%%enh‘é’éfﬁflt\‘)ﬂr‘f‘ [feyeral

G owt h- de&derﬁ@ﬂnB@dﬂn@rﬁ’ts fvaholiolating€hd Hira Gt dleﬁ)lfé%&&i(iﬁ\leﬁtnorso-rhe smal | anount
of lactic amg produced by the doubl e nutant was C?-I actic acid (Table

4) . | ncreasi ngltR3En{seRAignt gpplisptions) preyisiens @ppligsties ot Bivlipaficas pdereddot o
SUPPOTr t  BNGERKIHRkSn & MVbkpothed: Hyere ALDL f 01U} it smanangaﬁ% weg me B | d
type strain that can grow anaerobically w the

primary fehperestheyfronednrepsisiam avithdhe wh@htea@umwﬁﬂm &Pegﬁmﬂmne V\D

2012/ 071392PCFi a1/ oggaggq 24n §g é R fo the
wild type |rrespect%1vee of th eég cu %8?‘2&%*4 {L’?a ieS3 P er I\%Fc}\gvgﬁ%(/e of PFL
activi ty Thtraseemplas slonkiancs bpcoaitrutd @mblm(tfﬁablﬁdl forcareges mwblyeweght(aﬁd all

expr essi r wt h..of .t he tant strains at pH 5.0
suggest ?ﬂg@t%{(&rg h%n?%re%wo r]iess' ?tﬁemesocnrio}gu of PFL. To increase the
anaerobic growmh rate and ceII yi eId in 5 pH 5.0 fermentations due to an

i ncrease in [ 0 ctl of LDH over_that of PFL, a
grglv(\)/teh basegwg@f%:lorrlbo\%guc F%@%?i?ﬁ? ?Ch Bré’ PR er“é?t%lFrﬁ?tl%ficn f owt h- based
sel ection of the |dh, alsS doubl e nakgitnsat pH 7.0 that has higher |evel of
PFL activity %‘ogl d Iead(rtha 8eri vatives with elevated | evel of PFL and not
D-LDH. Anaer oS EIGR &‘ﬁ hdent selection of strain QZ5 at pH 5.0 in LB +
glucose 10 fBadeiilatiaoRanipdlsdfds a derivative after about 120 days (Fig.

3). This strajn, QZ13, produced hlg‘ er cell yield than the starting strain
QZ5 in pH 5. 0B SefEhpTBriRe ReimB gH2R mas é’é?qﬂbﬁ eregionrly (§Nudsderichia
consunpt ;&N sefin Thp A &%B&éuﬁﬂﬁ[bﬁm R he same
in pH 7. fzrrlr%ntgtlgrrll RZ | actic aclll &;/a?eF%ﬂb?O ?%? Vyé% %??%Q?IES%H 7.0

f er ment afi‘ilréﬂ%s corsirugispue! Teripw @lﬂﬁingih‘erlsedh@n ﬂnlheSﬂIlelctRI@snadl @G&iiélodrrmﬁ strain
QZ5 at t PR SAPR T ontr| ution to
the fer menst) at i O%Jlé;‘):? %E %%‘?Esﬂrgﬁy&yr%gs?aggesg%e?o E)eg P ¥er plfcsblél
consunedbéctasin Od g5 chldf1 7s £ FaAth@izh. this plasmlcrllhrs anterea! mast-rangef,etasr@l@atioaoﬁl c aC| d

yield w n i d erlve ro uct

f er ment a%%hcl)l%lsl ?ﬁgﬁar&a?onﬁe&%%%%%gﬁ%(? shéelmpggl Lg%tsf‘r&?h“}a ﬁﬁ@ h and
cel0 yi epdKa? mpplicatién iah J0BC 4prgiz1desoae dp@bmaﬁttyatd o¢lsct oF roa;tdind@Zﬂqél WA der| ved
after 20abo ays of continual sel i 0 n nrichment at pH 7.0 (Fig.
4). Lact él?eégmms fg ¥0a§‘t‘[}’%ﬁ AP s tas(@o{?t (8 Pgasgflgtpﬁéq I‘Eéd%deflé?tﬁ@ﬁt ed and
t he PFL/ REMd Iﬁmﬁarnedbmgcmmzescst@aﬁﬂsww Aabout. Wfﬁ{erptf;anfsﬂaﬁn&i P8 e iBllyed

products Tabl Strai L}FQ%M fermentation broth still contained
det ect abi"8 i erm S PeeuGstied agd geddengy ak HAC: theompiars Mmeys| stipis hé cel |

i s not nplh&hidngsedlin@eenstriehonto LR Bt NGQ] MSiBle INext set of sel ections
focused on increasing lactate 25 titer to isolate a nutant derivative that
ef f8ct i vel y couples LDH activity to glycolytic flux of glucose. Strain QZ15
was isol at ed gkl Ak a9l LRGP0 days of sequential transfer and
selection with increasing glucose concentration (Fig. 5). The D(-)-lactic
acid titer ofl-$rotallP)zIbwpnugsHiay g fidr medivat foongtuod ofybastoiset whiss.0ver 80
g/ L. Con$pn I r.t her ..i ncrease | ucose
flux to ?gc%ﬁ%egéﬁﬁdg%}q?{lsg@g Her%alé; E&?ﬁa egst§ t}fehrg%dlmﬁc? ti}g 8‘0??(%‘90f pH
7.0 fer mencetiiatos belry abeul z(gzmQChWahiphemqol Firgthro@ycinFead maipé&:ilia sverodddetet ect ed

i n 4,hese d@éi il i Lhhi act cigﬁutlter The smal | unt of
et htaonol B ac%@%’%{gﬁg\'r@o% cfg %1§ EOCB} 1SPeFLvely MBIVG%Q%QWW rom
PDH- pr oduclecha@cetdilimGod frifxred by overlaying glucose-supplemented (2%, w/v) LB-agar
medium with 2.5 ml of CaCO; agar (solid CaCO; suspended in water (1% w/v) with 1.5%
agar) as described previously (30).



28 These results show that by deletion of the I dh and al sS genes
conbi ned with anaerobi c grow h-based sel ection for appropriate nutations
based on w0 20redgieandi ng of the physiol ogy of the orgamC3Sat1iohsopyr uvat e
node can lead to alteration of the primary fernentation product of B.
coagulans to D(-)-lactic acid fromthat of L(+)-lactic acid. 5 Although
the pfl AB genes are still intact in the final derivative, increasing
nmetabolic flux to D lactate through D! DH, essentially neutralized any
pyruvate flux to acef yl - CoA through PFL. Further studies to identify the
mutation(s) th&PPISY!tEEs @Fré\gé‘tvétdmﬂihﬁﬁréb%(?%w% Feimeptagons sxeee eded @bnduct ed
(the resuihes iREmWN e BB eRBRN2PHOL 55 tf'&fﬂleht@rsa(ﬂle@r Eﬂuﬁév@cl@@&kﬂtlfﬁd&oﬁef ol ution

of DI act at e _dehydrogenase activity from gl ycerol genase and its
utili ty %LQ) ?B’rturDPHaW%Sa}P@n@P’éélﬁbthﬂéﬁt Yalusrhv @W@Iﬂd@m@@ @f Nwarfdy BOHat |

Proc. i 1; doi
10, 1073/pnas 0600, aier Scilfithc, Hitdh %kg%%%r@%ég?e%cruélﬁ}%g'}egmﬁmﬁﬁ?re e

i ts %enti pepgeded GdacionesinErions U Mg (a/ wremlksedsieified (opledwﬁa) Anabeluet fangheae

specific, I o~ CO t he Idh gene
encodi ng %ﬁf@%&é‘\sﬂéﬁ%%ﬁ?@%%aﬁ%@%ﬁ&& &Jf&ﬂ? a%tas:él etﬁwgg gr ovf/f Soerasniany at
pH 5. 0 wwicteestggtedwrith Hto (WH) ﬂmo@ll\msSmmlesswga|rémc@dtﬁeyodiéailgdbedhterﬂlﬁ{anoﬁm and

2, 3- but angdi ol _. pat hwa, orte errrent tive growh at pH 7.0. Deleting
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E. colt Top 10 Invit rocl; B.. subtilis HB10O
B. coagulans strain P4-102B being lower (29) than the potential recombination frequency of

the incoming plasmid to the chromosome. To overcome these low frequency events, plasmid
25 pGK12 was used as the primary vehicle for transfer of DNA to B. coagulans for deletion
construction. Plasmid pGK12 is stable in B. coagulans at 37°C and not 50°C. Presence of
plasmid in each cell in a population (109CFU/m1) at 37°C helps to overcome the low
transformation efficiency of plasmid DNA into this bacterium. The large population of cells
with the plasmid DNA allows selection of rare recombination events between the
30 homologous regions of the plasmid DNA and chromosome. These rare recombinants in the
population of cells that have the plasmid DNA (along with the antibiotic resistance gene)
integrated into the chromosome can be readily identified when the plasmid DNA is

eliminated from the cells after growth at 50-55 °C.
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Isolation of Aldh mutant strain

For construction of /dh deletion derivative, two sets of primers were used [primers 9
(BsaAl), 10 (EcoRI) and 11 (EcoRI), 12 (Stul)] (Table 2) to amplify the 5° and 3’-ends of the
5 Idh gene separately using the genomic DNA from B. coagulans strain P4-102B as template.
These primers have unique endonuclease recognition sequences at the 5’-end. The two
amplified fragments were digested with EcoRI and ligated together. The ligation product was
used as template (primers 9 and 12) to produce a promoterless /dh gene fragment that is
lacking a 100 bp region in the middle of the /dh starting at 431 bp from the “A” in the “ATG”
10 of the /dh gene. This fragment was digested with BsaAl and Stul and then ligated to similarly
digested plasmid pGKI12 (plasmid pQZ44). Insert in this plasmid was confirmed by
sequencing. Plasmid pQZ44 was transformed into strain P4-102B and erythromycin resistant
colonies were selected at 37°C. One of the transformants was cultured at 50°C and an
erythromycin-resistant derivative that was also L-LDH-minus (about 1%) was selected (strain
15 QZ3). Presence of the plasmid DNA in the /dh gene in the chromosome of strain QZ3 was
confirmed by PCR amplification of the genomic DNA with appropriate primers and
sequéncing the amplified product. During sub-cultures in medium without erythromycin, the
Idh-minus property of strain QZ3 was found to be unstable and /dh" revertants were readily
isolated. Strain QZ3 was serially transferred into fresh medium (1% v/v inoculum) everyday
20 at 55°C without erythromycin for 10 days. The final culture was diluted and plated on LB-
agar medium. After overnight growth at 50°C, the colonies were transferred by replica
plating to LB-agar, LB-agar + erythromycin and calcium carbonate medium (LB-agar
supplemented with glucose and CaCOs (30)). The colonies that grew on LB-agar, but not on
LB-agar + erythromycin and also did not produce lactate based on the extent of clearing in
25 calcium carbonate medium were picked and tested further in liquid cultures for lactate
production. The second recombination is expected to yield erythromycin sensitive derivatives
lacking L-LDH activity because of the 100 bp deletion in the /dh gene. In these experiments
the frequency of Aldh was 1 of 5000 erythromycin-sensitive colonies. One of these Aldh

mutants, strain QZ4 was selected for further study.
30 Using similar methods, a Aldh mutant could not be isolated using chloramphenicol
resistance as a selective marker. Irrespective of the plasmid backbone, presence of
chloramphenicol resistance gene was found to target plasmid DNA insertion to a unique

location in the chromosome that is unrelated to the B. coagulans chromosomal DNA in the
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plasmid (Su and Rhee, unpublished data). These results indicate that chloramphenicol

resistance gene is unsuitable for mutant construction in this B. coagulans strain.

Construction of a Aals mutant

5 A mutant derivative of strain QZ4 lacking acetolactate synthase activity is not
expected to produce acetoin and 2,3-butanediol, fermentation products produced by Idh
mutant of B. coagulans (30). As a first step towards the construction of this double mutant

(Aldh Aals), the alsD (alpha-acetolactate decarboxylase) and alsS (acetolactate synthase)
sequences were amplified by PCR from the genomic DNA of strain P4-102B using primers

10 17 and 21. This PCR fragment was treated with T4 polynucleotide kinase and ligated to
Hincll digested plasmid vector pUC19 to form plasmid pQZ45. This alsSD DNA insert in
plasmid pQZ45 was verified by sequencing with appropriate primers. Primers 18 and 22 were

used to amplify by PCR a 2,380 bp DNA from plasmid pQZ45 containing only the alsSD

coding regions (without the promoter). The amplified DNA was cloned into the Hincll site of

15 plasmid pUC19 generating plasmid pQZ45-1. A 596 bp region of the alsS was removed from
plasmid pQZ45-1 after digestion by Afel and Hincll and an erythromycin-resistance gene
cassette was inserted at that location. This new plasmid, pQZ54 served as template (primers

18 and 22) to amplify a fragment with the alsSD genes with a 596 bp deletion in alsS and the

gene encoding erythromycin resistance. The PCR product was phosphorylated with

20 polynucleotide kinase and ligated to plasmid pGK12 digested with BsaAl and Afel. The
resulting plasmid, pQZ64 was transformed into B. coagulans strain QZ4 (Aldh) by
electroporation and erythromycin-resistant colonies were selected at 37°C. Using the
procedures described above for construction of Aldh, a AalsS mutation was introduced into

strain QZ4. This method yielded several alsS mutants differing in their growth rates under

25 both aerobic and anaerobic condition. One of the mutants with the highest growth rate (strain

QZ5) was selected for further study.

Transformation of E. coli, B. subtilis and B. coagulans
E. coli transformation was based on standard technique as described previously.
30 Bacillus subtilis strain HB1000 was transformed according to the procedure described by
Boylan et al. (4) with some changes. Cells from an overnight culture in stationary phase of
growth in LB medium was inoculated (10% v/v) into 10 ml of freshly prepared modified

competence medium (29), which contained 100mM phosphate buffer (pH 7.0), 3mM
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trisodium citrate, 3mM magnesium sulfate, 2% glucose, 22 pg/ml ferric ammonium citrate,
0.1% casein hydrolysate and 0.2% potassium glutamate, in a 125 ml Erlenmeyer flask and
incubated at 37°C with shaking for 3 h. When the ODggonm reached around 0.6, 0.6 ml of the
culture was removed to a 13 x 100 mm test tube and DNA was added to the cells. This
5 culture with DNA was incubated in a rotator at 37°C for 2.5 hours. Cells were collected by
centrifugation at room temperature and resuspended in 0.1 ml of LB and plated on LB-agar
with appropriate antibiotics. Plates were incubated at 37°C and transformants were selected
next day.
For transformation of wild type B. coagulans P4-102B, Cells growing in 10 ml of LB
10 in a 125 ml flask at 50°C (OD4zpnm 0.3) was inoculated (10% v/v) into 100ml LB medium in a
1 liter flask. Cells were incubated at 50°C with shaking (200 RPM) for about 3-4 h until the
OD at 420nm reached about 0.3-0.5. Cells were collected by centrifugation (4°C; 4,300 x g;
10 min) and washed three times with 30, 25 and 15 ml of ice-cold SG medium (sucrose,
0.5 M, glycerol, 10%). These electro-competent cells were used immediately. Seventy five pl
15 of cell suspension was mixed with 0.1 pg of plasmid DNA and transferred to chilled
electroporation cuvette (1 mm gap). The electroporation conditions (Bio-Rad electroporator)
were set as square wave for Sms at 1.75 KV. After electroporation, cells were transferred to
2 ml of pre-warmed (37°C or 50°C) RG medium (LB medium with 0.5M sucrose, 55.6mM
glucose and 20mM MgCl,). These cells were transferred to a 13 x 100 mm screw cap tube
20 and incubated in a tube rotator for 3 h at 50°C before plating on selective antibiotic medium.
For transformation of temperature sensitive plasmids, the regeneration temperature was 37°C
and the cultures were incubated overnight. For transformation of the mutant QZ4, the DNA
concentration was increased to 1 pg plasmid DNA, and the electroporation condition was
altered to a time constant of 10 ms at 1.5 KV, 25uF and 600 ohms.
25
Growth-based selection for spontaneous mutants with desired phenotype
Since every microbial culture will have a certain number of spontaneous random
mutations, a mutant with desired phenotype can be readily isolated from that population by
providing a growth condition that would preferentially support growth of the specific mutant.
30 Since Aldh AalsS mutant, strain QZ5, is anaerobic growth defective at a culture pH of 5.0,
mutation(s) that would increase anaerobic growth by initiating a new fermentation pathway
(for example, D-lactic acid production) is expected to have a growth advantage over the rest

of the parent population. Achieving a higher anaerobic growth rate may require more than
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one mutation (to initiate the fermentation pathway, to enhance metabolic flux to that pathway

by increasing enzyme concentration, etc.). Accumulation of beneficial mutations, each
providing incremental increase in growth rate and/or product production, can be achieved by

serial transfer of a culture until the desired number of mutations accumulates in a single cell

5 and manifests as an identifiable phenotype. Since strain QZS5 is anaerobic growth defective,
cultures were started in small pH controlled fermenters (250 ml in a 500 ml vessel) with air

as the gas phase. As the culture starts to grow, severe O»-limitation would limit growth and

cell yield. Further increase in cell density would depend on the ability of the cell to ferment

sugars present in the medium. To isolate a mutant derivative of strain QZ5 that can grow

10 anaerobically, the fermenter culture was sequentially subcultured under indicated conditions
using small pH controlled fermenters. The transfer conditions were adjusted to different time

and inoculum amount. On an average, transfers were after every 2 or 3 days of growth with

2% inoculum during adaptation to increasing sugar concentration.

15 Determination of mRNA levels
For determination of mRNA levels in B. coagulans, cells grown under different
conditions were collected by centrifugation (16,000 x g; 30 sec, room temperature). RNA was
isolated using the acid phenol extraction method as described before (30). Total RNA
concentration was determined from the absorbance at 260 nm (NanoVue, GE). The cDNA
20 copy was prepared with Superscript III reverse transcriptase (Invitrogen) using primers
specific for the gene of choice. The cDNA (mRNA) concentration was determined by PCR
using gene specific primers and SYBR-green containing PCR reaction mix (Bio-Rad
Laboratories, Hercules, CA). The threshold cycle for each of the PCR reaction with different
concentrations of cDNA was determined and compared against a standard DNA template that
25 was also run at the same time (16). From these results, a ratio of the concentration of gene-
specific mRNA present in the sample was calculated. Reported results are the average of at
least three experiments, The primers used for RT-PCR are listed in the Table 2; /dh primers —
primer 23 and 24, pfl primers -primer 25 and 26, pdhA (Elo) primers - primer 27 and 28, d-
Idh primers - primer 29 and 30, als primers — primer 31and 32, pol4 primers used as internal

30 control - primer 33 and 34.
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Enzyme analysis
To determine the level of PDH and LDH activity, cells were cultured in LB until the
culture reached the mid- to late- exponential phase of growth. Cells were harvested by
centrifugation (10,000 x g, 10 min; room temperature), washed once with 10 ml of phosphate
5 buffer (50 mM, pH 7.0) and resuspended in 5.0 ml of same phosphate buffer. Cells were
broken by passage through a French pressure cell (20,000 PSI). All operations after this step
were at 4°C. The cell extract was centrifuged at 12,000 x g for 30 min to remove the cell
debris and the supernatant was centrifuged again at 100,000 x g (Beckman) for 1 h to remove
large particulates and membrane vesicles. Supernatant was used for enzyme assay. PDH
10 activity assay was based on pyruvate-dependent reduction of NAD" at 340 nm (s = 6,220
M em™) as described previously (33). Each 1 ml reaction mixture contained potassium
phosphate buffer (50 mM; pH 7.5), thiamine pyrophosphate (0.4 mM), CoA (0.13 mM),
MgCly-6H,O (2 mM), dithiothreitol (2.6 mM), NAD" (0.75 mM) and crude extract. The
reaction was started by the addition of pyruvate (5 mM). LDH activity was assayed as
15 described previously (35) as the oxidation of NADH in the presence of pyruvate. Each 1 ml
reaction mixture contained potassium phosphate buffer (50 mM; pH 7.5), NADH (0.1 mM)
and crude extract. The reaction was started by the addition of pyruvate (25 mM). Protein
concentration was determined by Bradford method with bovine serum albumin as standard
5).
20
Analytical methods.
Glucose and fermentation products were determined by HPLC with the Aminex HPX-
87H ion exclusion column (300mm x 7.8mm) as described previously (32). Optical isomers
of D-(-)- and L-(+)- lactic acids were determined by HPLC with a Chirex 3126(D)-
25 penicillamine column (150 x 4.6 mm, 5 micron) (Phenomenex) with 2 mM CuSO; as eluent.
The D-(-)-lactate was also analyzed by enzyme-based method with D-lactate dehydrogenase

(Sigma Chemical Co., St. Louis, MO).

Materials
30 Biochemicals were from Sigma Chemical Co. (St. Louis, MO) and organic and
inorganic chemicals were from Fisher Scientific (Pittsburgh, PA). Molecular biology reagents
and supplies were from New England Biolabs (Ipswich, MA), Invitrogen or Bio-Rad

Laboratories,
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Results and Discussion
Sprorogenic lactic acid bacteria such as B. coagulans produce L(+)-lactic acid as the
primary fermentation product irrespective of the carbon source (glucose, xylose, cellobiose,
5 etc.) (10, 27, 28). In support of this, the mRNA encoding /dh gene was present at the highest
level among the genes encoding proteins at the pyruvate node, irrespective of the growth pH
or growth stage (Table 3) (30). A gene encoding D(-)-lactate dehydrogenase (/dhA) has been
identified in B. coagulans, cloned and expressed in Escherichia coli in an active form.
However, the level of D(-)-lactate in the fermentation broth of B. coagulans never exceeded
10 5% of the total lactic acid produced and most of the fermentation broths indeed lack
detectable D(-)-lactic acid (27). The level of /dh4d mRNA level in the cell was less than 0.5%
of the /dh mRNA level (Table 3).
Small amounts of acetate, ethanol and formate are also produced by B. coagulans
during sugar fermentation, especially during fermentation of pentoses, such as xylose
15 indicating the presence of an active pyruvate formate-lyase (27). Although the genes
encoding the enzymes in the 2,3-butanediol pathway are present in the sequenced genome of
B. coagulans, 2,3-butanediol was not detected in the fermentation broth of wild type B.
coagulans irrespective of the growth pH. This is apparently a consequence of poor expression
of the alsSD operon in the wild type (Table 3) or the flux to lactate is high enough to deplete
20 the pyruvate pool. In order to construct a derivative of B. coagulans that produces D(-)-lactic
acid as the major fermentation product, the primary fermentation pathway to L(+)-lactic acid
catalyzed by L-LDH (/dh) needs to be deleted and the level of expression of /dhd encoding
D-LDH needs to be enhanced.

25 Construction of a Aldh mutant
A B. coagulans mutant lacking L-LDH activity described previously (30) produced
acetate, cthanol, formate and 2,3-butanediol as fermentation products but not D(-)-lactate.
This /dh mutant, Suy27-13, carried a single base change in the /dh gene and was subject to
reversion during anaerobic growth, especially during growth at pH 5.0. In order to overcome
30 the high reversion rate of the /dh mutation in strain Suy27-13, the /dh gene was deleted.
Several methods for constructing gene deletions in bacteria are available and many of
these utilize appropriate linear DNA with a positive selection gene such as an antibiotic

resistance gene flanked by short DNA sequence corresponding to the target gene (7, 20, 24),
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However, attempts to construct Aldh mutants using linear DNA were unsuccessful in B.
coagulans. This could be a result of low transformation efficiency of B. coagulans combined

with the need for the incoming DNA to recombine to yield selectable transformants. In order

to overcome this limitation, an alternate method that has proven useful in gene deletions was

5 used (13). A temperature sensitive plasmid with appropriate target /dh gene sequence and
erythromycin resistance gene was constructed (plasmid pQZ44). After transformation of B.
coagulans strain P4-102B by electroporation, plasmid pQZ44-containing transformants were
selected at 37°C that supported stable maintenance of the plasmid. Continued culturing of this
plasmid-containing derivative is expected to mobilize the plasmid to the chromosome in a

10 fraction of the population by a single recombination at the /dh gene. During growth at 50°C,
due to the inability of the plasmid to replicate at this temperature, plasmids will be cured off

the cells and erythromycin-resistant colonies that appear at 50°C are expected to have the
plasmid DNA at the chromosomal Idh gene. Further cultivation of these derivatives will lead

to DNA rearrangements leading to deletion of the target gene /dh. One such /dh mutant, strain

15 QZ4, was identified by the loss of erythromycin resistance and absence of lactate as a
fermentation product (Table 3 & 4). In agreement with the previous report on /dh mutant

(30), anaerobic growth of strain QZ4 was very minimal even in rich medium with glucose at

pH 5.0.

20 Properties of the Aldh strain QZ4
The Idh mutant strain QZ4 produced ethanol as the main fermentation product when
cultured at pH 7.0 and 2,3-butanediol as the primary product during growth and fermentation
at pH 5.0 (Table 4; Fig. 1). Both PFL and PDH contributed acetyl-CoA to ethanol production
at pH 7.0 and the contribution of PDH to ethanol was calculated to be about 80% based on
25 the amount of formate in the broth. In support of the PDH-based ethanol production, the PDH
activity was about 2-fold higher in the mutant grown in pH 7.0 fermentations during the
exponential phase of growth (Table 2). However, the PDH activity declined as the culture
entered stationary phase in contrast to an increase in activity in the parent strain at the same
growth stage. At pH 5.0, anaerobic growth of the mutant was undetectable and pH controlled
30 fermentation started with air in the gas phase (O»-limiting condition) did allow growth of the
mutant. However, as the O, became very limiting due to increase in cell density, growth
stopped and the final cell yield of the pH 5.0 fermentation culture was only about % of the

parent culture. In such an oxygen-limited fermentation, the /dh mutant produced very low
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level of ethanol compared to the pH 7.0 fermentations. Most of the product of the pH 5.0
culture was 2,3-butanediol (Table 4; Fig. 1).

The comparatively low level of expression of pfIB gene in pH 5.0 cultures and low
level of formate in the O»-limited fermentation (Tables 3, 4; Fig. 1) suggest that at pH 5.0, the
Idh mutant is phenotypically LDH- and PFL- minus. It has been reported previously that an
ldh, pfl double mutant of E. coli is anaerobic minus (15) and the same characteristics is also
carried through to B. coagulans. Although the /dh mutant produced 2,3-butanediol as the
major fermentation product at pH 5.0, it failed to grow anaerobically using this fermentation
pathway. This is apparently due to redox imbalance since introduction of small amount of O,
into the pH 5.0 fermentation did support production of higher level of 2,3-butanediol and
associated growth. Since butanediol is a significant fermentation product of the /dh mutant
even during growth at pH 7.0, a double mutant, strain QZS5, lacking both L-LDH and ALS

was constructed.

B. coagulans Aldh AalsS double mutant

The Idh alsS double mutant, strain QZS5, grew aerobically at both pH 5.0 and 7.0.
Anaerobic growth of the double mutant in pH-controlled fermentations that started
aerobically was detectable only at pH 7.0, a property, the double mutant shared with the
parent, strain QZ4 (Fig. 2). The primary products of the pH 7.0 fermentation were ethanol,
formate, pyruvate and acetate. Significant amount of pyruvate in the fermentation broth of pH
7.0 cultures of the double mutant indicates that the PDH and PFL combined could not match
the rate of glucose conversion to pyruvate by glycolysis. Neither the single or the double
mutant produced L(+)-lactic acid at detectable level.

Since the double mutant produced significant amount of formate and other products of
PFL activity, a triple mutant lacking the PFL activity was constructed. However, this triple
mutant lacking L-LDH, ALS and PFL activities failed to grow anaerobically under all

conditions tested and was not used further.

Growth-based selection for D(-)-lactic acid production

The small amount of lactic acid produced by the double mutant was D(-)-lactic acid
(Table 4). Increasing the level of D(-)-lactic acid production is expected to support anaerobic
growth of the double mutant as the case with the wild type strain that can grow anaerobically

with L(+)-lactic acid as the primary fermentation product. The /d/ mutant strain did produce
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higher level of /dhA mRNA compared to the wild type irrespective of the culture pH (Table
3). Very low level of PFL activity (based on formate production) (Table 4) and low level of
expression of pfiB (Table 3) during growth of the mutant strains at pH 5.0 suggest that culture
pH plays a role in the control of PFL. To increase the anaerobic growth rate and cell yield in

5 pH 5.0 fermentations due to an increase in expression of /dhd4 and/or activity of D-LDH over
that of PFL, a growth-based selection was implemented. In contrast, a similar growth-based
selection of the /dh, alsS double mutant at pH 7.0 that has higher level of PFL activity could
lead to derivatives with elevated level of PFL and not D-LDH.

Anaerobic growth-dependent selection of strain QZ5 at pH 5.0 in LB + glucose

10 fermentations yielded a derivative after about 120 days (Fig. 3). This strain, QZ13, produced
higher cell yield than the starting strain QZ5 in pH 5.0 fermentations. Although the cell yield
and glucose consumption of strain QZ13 and its starting parent, QZ5 were about the same in
pH 7.0 fermentations, the D-lactic acid yield of strain QZ13 in pH 7.0 fermentations was
about 10-fold higher than the lactic acid yield of strain QZ5 at the same fermentation pH

15 (Table 4). The PDH/PFL contribution to the fermentation products also decreased to about
0.4 of the glucose consumed from 0.85 for strain QZ5.

The need to increase D-lactic acid yield with a concomitant reduction in PFL/PDH
derived products in pH 7.0 fermentations of strain QZ13 led to further selection for higher
growth and cell yield at pH 7.0 in LB + glucose fermentations. Strain QZ14 was derived after

20 about 40 days of continual selection and enrichment at pH 7.0 (Fig. 4). Lactate yield of strain
QZ14 was about 0.8 of the glucose fermented and the PFL/PDH contribution decreased to
about 7% of the glucose derived products (Table 4). Strain QZ14 fermentation broth still
contained detectable level of pyruvate, suggesting that the D-LDH level in the cell is not
matching glucose flux through glycolysis. Next set of selections focused on increasing lactate

25 titer to isolate a mutant derivative that effectively couples LDH activity to glycolytic flux of
glucose. Strain QZ15 was isolated after an additional 60 days of sequential transfer and
selection with increasing glucose concentration (Fig. 5). The D(-)-lactic acid titer of strain
QZ15 in pH 7.0 fermentations of glucose was over 80 g/L. Continued evolution of strain
QZ15 led to further increase in glucose flux to lactic acid reaching about 90 g/L in less than

30 48 hours of pH 7.0 fermentations (Strain QZ19; Table 4; Fig. 6). Formate was not detected in
these derivatives with high lactic acid titer. The small amount of ethanol and acetate

produced by these cultures is probably derived from PDH-produced acetyl-CoA (15).
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These results show that by deletion of the /dh and alsS genes combined with
anaerobic growth-based selection for appropriate mutations based on an understanding of the
physiology of the organism at the pyruvate node can lead to alteration of the primary
fermentation product of B. coagulans to D(-)-lactic acid from that of L(+)-lactic acid.

5 Although the pfl4B genes are still intact in the final derivative, increasing metabolic flux to
D-lactate through D-LDH, essentially neutralized any pyruvate flux to acetyl-CoA through

PFL. Further studies to identify the mutation(s) that led to elevated D-LDH activity in QZ19

have been conducted (the results of which have been published in an article entitled
“Evolution of D-lactate dehydrogenase activity from glycerol dehydrogenase and its utility

10 for D-lactate production from lignocellulose”, Wang et al., Proc. Natl. Acad. Sci., USA, 2011,
published online November 7, 2011; doi 10.1073/pnas.1111085108 and which is hereby

incorporated by reference in its entirety).

Conclusion
15 Using a method developed for deleting a specific gene in the genetically recalcitrant
B. coagulans, the ldh gene encoding L-LDH was deleted. The Aldh mutant failed to grow
anaerobically at pH 5.0 while growth at pH 7.0 was not significantly affected. PFL, PDH and
2,3-butanediol pathway supported fermentative growth at pH 7.0. Deleting ldh, aisS and pfIB
eliminated anaerobic growth of the mutant although a gene encoding D-LDH (/dhA) is
20 present in the chromosome. Based on an understanding of the physiological properties of
Bacillus coagulans at various growth pH and the flow of carbon at the pyruvate node during
anaerobic growth in this bacterium, a growth-based selection starting with an /dh, alsS double
mutant yielded a mutant with enhanced ability to produce D-lactic acid to levels that are
comparable to the L-lactic acid yield and titer of the wild type. Further increase in the rate of
25 lactic acid production is expected to eliminate the small amount of co-products ethanol and
acctic acid present in the fermentation broth. This is the first report of a thermophilic lactic
acid bacterium in which the primary fermentation product has been changed from L(+)-lactic
acid to D(-)-lactic acid using only the native genes of the bacterium (without foreign gene).
This is based on selective mutations and evaluation of the physiology of the bacterium that
30 led to appropriate additional strategies. Availability of thermotolerant B. coagulans strains
that produce optically pure D(-)- or L(+)- lactic acid at 50-55 °C is expected to help reduce

the cost of lactic acid as a feedstock for production of bio-based polylactide plastics of
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varying thermochemical properties by minimizing potential contaminants that can lower the

optical purity of lactic acid.

Table 1. Bacterial strains, plasmids and primers used in this study
Strain Relevant genotype Source or Reference
P4-102B Wild type (26)
E. coli Topl0 Invitrogen
B. subtilis HB1000 (11)
QZ3 P4-102B ldh::pQZ44, Em® This work
QZ4 QZ3 Aldh This work
QZ5 QZ4 AalsS This work
Q713 QZS5 evolved at pH 5.0 for This work
higher cell yield
QZ14 QZ13 evolved at pH 7.0 for This work
higher lactic acid titer
QZ15 QZ14 evolved for higher sugar | This work
use
QZ16 QZ15 selected for higher rate | This work
of glucose use and lactate
production from CaCOj;
medium
Q719 QZ16 further evolved for This work
higher rate of lactate
production.
plasmid
pGK12 Broad host-range, Cm", Em® | (16)
pUC19 Plasmid vector Ap" Lab stock
pQZ44 pGK 12 with promoterless Idh | This work
(P4-102B) with 100 bp
deletion
pQZ 45 pUC19 with P4-102B alsSD | This work
pQZ45-1 pUC19 with 2,380 bp This work
promoterless P4-102B alsSD
pQZ54 pQZA45-1 with 596 bp alsS This work
deletion with Em® gene
insertion
pQZ64 pGK12 with 506 bp alsS This work
deletion with Em" gene
insertion
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Table 2. Primers used

Primer Sequence(5°-3")

name

Primer9 ccctacgtaTTGGAACGGGTGCAGTTGGT (SEQ ID NO:
Primeri0Q cccgaattcCCGGGTTGCTGGCAACAAGA (SEQ ID NO:

( 4)
‘ ( S)
Primerl] cccgaat tcTTTGAGCGCCCAATTTGGAA (SEQ ID NO: 6)
Primeri2 cccaggect CCGGARCGCCAACGTACACA (SEQ ID NO: 7)
Primerl7 ACGAGCCGCTGACACTGGAT (SEQ ID NO: 8)
SEQ ID NO: 9)

Primerl8 GCCGTCTTCGCCTTCGTTCA

Primeri9 TGAACCGAACCGCCTGCTGT (SEQ ID NO: 10)
Primer20 TCGCGCCAGACGATATGCAC (SEQ ID NO: 11)
Primer21 TGTCATAAGTCGCCGAACCG (SEQ ID NO: 12)

(
(
(
(
Primer22 TGATTGTATGCCGCCACGAA (SEQ ID NO: 13)
Primer23 GGTGTTGCAGAAGAGCTTGT (SEQ ID NO: 14)
Primer24 GTGCCGCAATCGGAATAATC (SEQ ID NO: 15)
(
(
(
S

Primer25 | CATCAACGCCGCCGTTAATC (SEQ ID NO: 16)
Primer26 | TCGTTCCGCTTCCTGAACAC (SEQ ID NO: 17)
Primer27 | CCCGCCGCARATCATTATCG (SEQ ID NO: 18)
Primer28 | TAAAAGCACCCGCARAGTT (SEQ ID NO: 19)
Primer29 | AGATCTTAAGCCGTGTGGAG (SEQ ID NO: 20)
Primer 30 | CGCAACAATACTGCCGATTC (SEQ ID NO: 21)
Primer 3] | TCGCTTCCGCTCGTCGTCTT (SEQ ID NO: 22)
Primer32 | TCCCGCAAATCCCTITACCTG (SEQ ID NO: 23)
( )
{ )

Primer33 TTGGAGGCGAACAAAGAACA (SEQ ID NO: 24
Primer 34 | CGGCAATGGAAAAAGAAATG (SEQ ID NO: 25

Capital letters represent B. coagulans sequence. Lower case letters indicate the restriction
enzyme recognition sequence and 5’extensions for optimum cleavage of the amplified

5 product by the respective enzyme.
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Escherichia coli D (-)-lactate dehydrogenase gene (I dhA) with the
L-(+)-lactate 10dehydrogenase gene (|l dhL) from Pedi ococcus acidilactici.
App! EnviworroMwoibi ol 69: 2237-2244. WO 2012/ 071392PCTPUSAB2M1106B8D7 37
CLAIMS W claim 1.An isolated genetically nodified bacterial cell
conprising: (i) inactivation or deletion of the L(+)-lactate dehydrogenase
gene; and (ii) inactivation or deleti gn of the acetol actate synthase gene.
2. The bacterial cell as in claiml, Pt her conprising i nactl vatl on or
deletlon n ope no sele froma roup consisting

pyr uvat e >for mate" 575%3 %é@y& @d‘ﬁb(’%zbw&v%te éehy&f%ﬁwée |°91a§1@x
activati gg en 9 car et s %‘B?laﬁgé)t | ase gene, bﬁzr uvat e

dehydr ogenas g @I‘Odﬂ‘cqqli’e()f ‘-Beliqpci¢el |
according to P&yl Osef‘in%lﬁélﬁanEW??@FH%?@h@lq fermaseation eaing dagolastiueduci ng
exogfénous gen@%ryWﬂ’W“sS&Pﬂ’ foaeeat. BigtechaplLeti25TH61 B4e4 eri al cel | according to
cl ai m 1, 3wher éPthidhaid %eﬁ%tﬁ él%éhﬁﬁqt@atqe@fﬁr@gm‘pﬁel Bey BavdluyuubtilisoMol a gene
encodi ng Iactﬁfl@’ﬂd%ﬁg@ bdehase (1dh), pyruvate formate |yase (pflB),

pyr uvat e 3for n& giyaKilndneazy kO @ﬁ%A)Funaﬂlcphb-radmemleatctoﬁtthc

decar boxyl aseE(Cé?FiSfEb)la and/ Br(- )é@@@t@)l@bﬁhbgnwngh&sédwl o8 the Ii-hve-lgedtet i on of
al I'lor a port ildndokemsgerre @fdodiong Pedictoatie abélijndr 6gap@ Senv(rba Micropiot uvat e
format e | yaset{:p337B)244pyruvate formate |yase activating enzyme (pflA),

al pha- acet ol act at e decar boxyl ase (al sD) and/or acetol actate synthase

(al sS). 5.The bacterial cell according to claim4, the nutation of said
genes conprises the introduction of one or nore point nmutation(s) or the

i ntroduction of one or nore stop codon in the open reading frane of the
gene. 6.The bacterial cell according to claim3, wherein said genetic

nodi fication conprises a point nutation or a deletion in the coding
sequence of |actate dehydrogenase, pyruvate formate |yase and/or

acetol actate synthase or insertion of an exogenous sequence into the coding
region of |actate dehydrogenase , pyruvate formate | yase and/ or

acetol actate synthase. WD 2012/071392PCT/ US2011/ 061807 38



7. The bacterial cell according to claiml1l, wherein said bacterial cell does
not contai n exogenous genes or portions thereof. 8. The bacterial cell
accordi ngvoaodaiisel, wherein said bacterial cell enzyneCirasaeniogispy of

| act at e dehydr ogenase, pyruvate fornmate |yase and/ or acetol actate synt hase
is inactivated by honol ogous reconbi ngyion, optionally using a plasmd
sensitive to tenperature. 9. The bacterial cell according to claimS8,

wherein said genetic nodification cgmm{ges conplete or partial deletion of
the gene encoding acetol actate synthase. 10.The bacterial cell according to
cl ai m 1Wewtemei n said bacteriumis a Bacillus spp or is a bacterium
selected fromt he group consisting of Bacillus coagul ans, Bacill us
l'icheniforms, Bacillus subtilis %dsus arrylolqu|faC|ens Baci | | us

puni | us, Baci'll u 15 eté‘iaﬂﬁé’&(?q‘qc backrightelotapenresing: 11. A genetical ly

nodi f i ed ba I eneti cal |
Todi {160 bacyaradbalal br REGRIIIME LG Fbl St RhEL kel g 9o ] LR ot hod

of produci ngﬁllb(naytlvdﬁamtordelatwtclofctbﬁpqcat@lacnqesuhﬁhalsrei gegea genetically nodified
bacterial cell according to in a medium conprising a carbon source under
conditions that allow for the production of D(-)- lactic acid, wherein said

geneti cal |y odi fTietbdeaeiabtd Bhs @edldind B, ﬂiﬁh&%ﬂ)rfs[@”ihactlvatlon olaélel@tlon in
genetically nodified bacterial cell conprising (i) 1nactivation or deletion

of L(+)EdBerstasneretpjrsiesybrmsteipaneonssing(dfi the pavvdty frimate brsadginet por of

acet ol 15 or
Qz19. %%H%%ﬁé{%b%é g%%ga{r%ll a8t gdivating ¢ n@?(gzﬁg Pe ﬁ%?ml%tﬁ%rdleg ﬁ&xylgélgfp?’ng or
pur i f yipyguttahedddydogehame igbme amlmhohmnd&llyero@emetge@emcordl ng to claim 13,
wherein said bacterial strain is cultured under anaerobic conditions. WO

2012/ 071392PCT/ US2011/ 061807 39 15. The net hod according to claim 12,
wherein sal & meditim cARKLeESIDSLURERL 2% AP0 (. CBERANBONLES

16. The met hod according to claim1 erein the carbon sotrce ucose,
modifications introducing exogenous genes into said bacterial cell.

4, The bacterial cell according to claim 1, wherein said genetic modification
comprises the mutation of a gene encoding lactate dehydrogenase (/dh), pyruvate formate
lyase (pflB), pyruvate formate lyase activating enzyme (pfld), alpha-acetolactate
decarboxylase (alsD) and/or acetolactate synthase (a/sS) or the deletion of all or a portion of
a gene encoding lactate dehydrogenase (Idh), pyruvate formate lyase (pfIB), pyruvate formate
lyase activating enzyme (pfl4), alpha-acetolactate decarboxylase (alsD) and/or acetolactate

synthase (alsS).

5. The bacterial cell according to claim 4, the mutation of said genes comprises
the introduction of one or more point mutation(s) or the introduction of one or more stop

codon in the open reading frame of the gene.

6. The bacterial cell according to claim 3, wherein said genetic modification
comprises a point mutation or a deletion in the coding sequence of lactate dehydrogenase,
pyruvate formate lyase and/or acetolactate synthase or insertion of an exogenous sequence
into the coding region of lactate dehydrogenase , pyruvate formate lyase and/or acetolactate

synthase.



fructose, xylose, arbinose, galactose, mannose, rhamose, sucrose,

cel | obi ose, hem cel |l ul oses, cellul ose, glycerol or conbination thereof.

17. The nmawbadizzoededi ng to claim 12, wherein said fernelrCaitiseniiosisednduct ed
under anaerobic conditions at a pH of: a) about 5.0 to about 7.5; or b)
about 7.0; or c) about 5.0. 18. The neggod according to claim12, wherein
said genetically nodified bacterial cell produces at |east 60g of lactic

acid per liter of Jentat.Le 1 LA r
fermentati onj.e' 19_T_|_e§15 met ﬁogé aggé)gr%%:nggbt%oa cl gi‘?nﬁefgg%ﬁzdeggeﬁtéﬁﬁ?ﬁgﬁ %ﬁgsoﬁ&rredi um
used t ccontdin exoezesaisgegenatpoctadrsyharedi fi ed bacterial cell is maintained by
the autonmatic addition of acid or base. 20.The nethod according to claim

12, wherein the nmethod conprises culturing the bacterial cell at a

tenper at ure et weph eyl 30CadReiAP RGP E; WREWESRd BRQME Al 34 AN ARRO UL
65C, between about 37C and about 55C, between about 45C and about™ 60C,

bet weeractbiyitof 48Cataréthadwgenado.Cpywratatfommate ipecaindy@ afetadmait s30@ascalsout
37G, Orin&t%ﬂ,lg{{ed5%9 homologous recombination, optionally using a plasmid sensitive to

temperature.

9. The bacterial cell according to claim 8, wherein said genetic modification

comprises complete or partial deletion of the gene encoding acetolactate synthase.

10.  The bacterial cell according to claim 1, wherein said bacterium is a Bacillus
spp or is a bacterium selected from the group consisting of Bacillus coagulans, Bacillus
licheniformis, Bacillus subtilis, Bacillus amyloliquifaciens, Bacillus pumilus, Bacillus

circulans or Bacillus thiaminolyticus.

11. A genetically modified bacterial cell according to claim 1, wherein said

genetically modified bacterial cell is QZ4, QZ5, QZ13, QZ14, QZ15 or QZ19.

12 A method of producing D(-)- lactic acid comprising culturing a genetically
modified bacterial cell according to in a medium comprising a carbon source under
conditions that allow for the production of D(-)- lactic acid, wherein said genetically
modified bacterial cell is selected from:

a) a genetically modified bacterial cell comprising (i) inactivation or deletion of
L(+)-lactate dehydrogenase gene; and (ii) inactivation or deletion of acetolactate synthase
gene; or

b) QZ4, QZ5, QZ13, QZ14, QZ15 or QZ19.

13. The method according to claim 12, further comprising isolating or purifying

the D(-)- lactic acid.

14.  The method according to claim 13, wherein said bacterial strain is cultured

under anaerobic conditions.
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15. The method according to claim 12, wherein said medium comprises between
2% and 20% (w/v) carbon source.
16. The method according to claim 12, wherein the carbon source is glucose,

fructose, xylose, arbinose, galactose, mannose, rhamnose, sucrose, cellobiose,

hemicelluloses, cellulose, glycerol or combination thereof.

17. The method according to claim 12, wherein said fermentation is conducted
under anaerobic conditions at a pH of:

a) about 5.0 to about 7.5; or

b) about 7.0; or

c) about 5.0.

18.  The method according to claim 12, wherein said genetically modified bacterial
cell produces at least 60g of lactic acid per liter of fermentation medium within 48 hours of

the start of fermentation.

19.  The method according to claim 12, wherein the pH of medium used to culture
said genetically modified bacterial cell is maintained by the automatic addition of acid or

base.

20. The method according to claim 12, wherein the method comprises culturing
the bacterial cell at a temperature between about 30°C and about 65°C; between about 37°C
and about 65°C; between about 37°C and about 55°C; between about 45°C and about 60°C;
between about 45°C and about 50°C; or at a temperature of about 30°C; about 37°C; or about
55°C.



