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Abstract

Bacillus subtilis is a well-studied microbial host that has been used for production of
industrially important enzymes and chemicals. B. subtilis utilizes glucose efficiently and
produces 2,3-butanediol (2,3-BDO) under oxygen-limited conditions and L-lactic acid (L-
LA) under severely oxygen-limited conditions; however, it lacks the ability to utilise xylose
natively. B. subtilis was engineered for efficient utilization of xylose at high concentrations
and xylose co-utilisation in the presence of glucose. Additionally, B. subtilis was engineered
for 2,3-butanediol production under oxygen-limited conditions from glucose-xylose mixtures

and food waste; and production of a non-native product, D-lactic acid.

For xylose utilization, highly active xylose isomerase (xy/4) and xylulokinase (xy/B)
from Bacillus coagulans were expressed, along with overexpression of the native B. subtilis
(araFE) transporter. The 3 genes (araE, xylA and xylB) were genomically integrated
downstream of a strong constitutive promoter Ps3, and their expression was optimised by
using different promoter-gene combinations. An engineered strain (Bs-BcABAr) with
expression of all 3 genes in an operon format under the P43 promoter exhibited growth on
xylose which was comparable to its growth on glucose. The Bs-BcABAr strain was able to
consume xylose at high concentrations of up to ~80 g/l. Further, this engineered strain
simultaneously utilised both glucose and xylose without exhibiting any diauxic growth. The
Bs-BcABAr strain exhibited robust performance in bioreactor studies and co-utilised ~20 g/l
glucose and ~20 g/l xylose to produce ~13 g/l 2,3-BDO (yield of 0.33 g/g sugar) under

oxygen-limited conditions.

B. subtilis was engineered to improve the yields of 2,3-BDO production from
glucose-xylose mixtures under oxygen-limited conditions. The Bs-BcABAr strain
(engineered for robust xylose utilisation) produced 2,3-BDO as the sole product only oxygen-

limited conditions but produced L-LA as a major co-product under severely oxygen-limited
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conditions. To enhance 2,3-BDO production, the L-/dh gene was deleted and the native B.
subtilis 2,3-BDO genes were simultaneously overexpressed under the robust constitutive P43
promoter in the Bs-BcABAr strain. The resulting Bs-BcABAr+BsBAL strain produced 2,3-
BDO as main product with no L-LA formation on glucose-xylose mixtures under oxygen-
limited conditions. For growth in a bioreactor under controlled oxygen-limited conditions, the
Bs-BcABAr+BsBAL strain showed good growth, and co-utilised ~54 g/1 of glucose and ~57
g/l of xylose to produce ~40 g/l of 2,3-BDO (yield of 0.36 g/g total sugars) with no L-LA

production.

The wild-type B. subtilis was engineered for better conversion of organic food
wastes to 2,3-BDO while eliminating L-LA formation. The native amyFE gene (coding for a-
(1-4)-amylase) was overexpressed under the P43 promoter in the wild-type strain to improve
its starch-degrading capability while simultaneously deleting the L-/dh gene. The
recombinant BSAL-LE strain showed faster utilisation of starch and food waste compared to
the wild-type; and produced up to ~10 g/l of 2,3-BDO from rice waste and about ~14 g/l of

2,3-BDO from fruit waste.

Non-native D-LA was produced at high titres in B. subtilis by redirecting carbon
flux away from L-LA and 2,3-BDO. First, the native L-/dh gene was deleted to eliminate L-
LA production. Heterologous D-Idh genes from native D-LA producers (Lactobacillus
delbruckeii and Pediococcus acidilactici) were expressed; and the acetolactate synthase gene
was concurrently deleted to stop 2,3-BDO production. The Bs-PaLALAB strain (expressing
P. acidilactici D-Idh) exhibited ~2.5 times higher D-LA production compared to the Bs-
LdLALARB strain (expressing L. delbruckeii D-Idh). When cultured in a bioreactor under pH-
controlled and oxygen-limited conditions, the Bs-PaLALAB strain consumed ~60 g/l of

glucose and produced ~35 g/l of D-LA (yield of 0.58 g/g of glucose).



In summary, this work demonstrated metabolic engineering of B. subtilis for
effective co-utilisation xylose in the presence of glucose; 2,3-BDO production from glucose-
xylose mixtures under oxygen-limited conditions; utilisation of food waste for 2,3-BDO
production and production of non-native D-LA. All engineered strains showed robust
performance in shake flasks and bioreactors without the requirement for antibiotics or
inducers because of the use of genomically integrated constitutive expression cassettes. These
findings underscore the successful application of metabolic engineering techniques to
improve substrate utilisation and product formation in B. subtilis, and furthers its use as an

industrially important host organism.
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L3RS
IRy gafeford U ot IRg ¥ 31w foan a1 Arsshifodd gRe & fordesT IuanT
MNP ¥U T Heayul TomgAT 3R ITE-T & Idred & for fpar mar 31 &t gefefery
WHS B HIAAYdD ITANT IRl § SR Sfaitoq-Hfd uRfufadt & 23-
SgeAfead (2,3-aetaf) iR TR ifRfiom-ifa uffufedt & va-afdes s @a-
Te) BT SUTGH Bl o; BIaDh, SN SIsale $I 7d ¥4 d JUINT B DI & BT
UG 31 . Fafeford &1 3= wigdl & Fisd & $A SUART 3R @i i Surdfd
H ey H8-3UdNT & fory SelieR fobar mam o1l 39 SffdRed, ot Fefeferd &1
T Iol-Tg et HeuT 3R W SulRy ¥ ifeioH-ifia uffufadl & 2,3-sgefeda
ST & fore SoiifeR faran ma o, 3R U TR-4=M IaTe, Sl-difdes TS &1 Sdred |

TS ITANT F e, SR S & e Wford Falel SgueRe (x//4) 3R
FEAABIT (/8 BT o ff TR (225 THUR BT NRTERE F Y e
foar T U1l 3 S (araf xyiA R xy/B) B TH HOEd Yaue gHIeR My &
SRR H Sfifie ®0 I ushigd fehar T o1, 3R fafts ymeR-oi IaeHl &
JURT b I e &I SHierd forar T Tl W UHeR & dgd U SATIRM
U=y | gt 3 SfFl 3 Sificafad o 1Y T Solias ¥ (Bs-BcABAr) o SITSdNl TR
gfa vefRfd &t o I R 5TD! 3G & SRIaR 2R Bs-BcABAr R ~80 U/ I
B! I Wigdl W AL Bl STHNT B § T&rH U7l 3T (aldT, 39 Soifas R A
ot +ft ssiifeas gfa &1 velRia feu fomr @i ol SEaw aFl &1 T Y
IUAIT 5T Bs-BcABAr R 7 SRINTTRR 3ot § Agd YexH Ueifd far sk
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~20 /TR GBS 3R ~20 ATH/HeR ASael BT Tg-IUdNT IRdb ~13 T/
2,3-d1St3N (0.33 UTHAMH T BT IUS) BT IATeH foban| ffadtoq-dhfara fufaar]

o efefom &t sifRiioH-diftg uhfufadl & Wee-TRas o § 2,3-detsl
IATEA B IR & GYR R & oY SofAer fam mam o1l Bs-BcABAr & (@SIgd
SISl SUANT & foTT SuifaR) = bad SHieRite-HifHd Rufadl # teaE Idig & &4
H 2,3-d1S180 &1 IdTe foha, o TR ®U ¥ SilRiioH-HifAd Rufaal & d8d b

TIE 5-3U1G & U H L-LA &1 Id1aA [T 2,3-d1S1ell IdTe & dgH & oy, Td-
TASIUE ofiF &1 geT faar man o1 iR g o afefed 2,3-dEten ofiF & te ury sieg-
JRATETsR T § Hofgg Fautd s THex & ded siforford fasar mar 11 oo
Bs-BcABAr+BsBAL ¥ 7 SHTRiToH-HiHd gRRUfaa! § o ol-Ssare Yo R &S L-
LA T34 & 914 T IdTG & FY T 2,3-d1818 &1 Iadre fohar Fafid siiwfier-
ity aRkfufcal & Iiuder o 9fg & AU, Bs-BcABAr+BsBAL WA o 3T gia
faars, 3R ~54 UTH/CCR DS 3R ~57 UTH/ACR FSANS BT Jg-ITANT TR ~40
UTH/AeR BT ST haT| 2,3-d18137 (0.36 TH/UTH $d Tl i 3u9)) foT Td-Tad

JAeT & |

STl TR & o, Tafefer &1 Ud-TaT T34 &1 YU $HRd gU Sifdd WTe Safrst &
2,3-s1Stel # S8R FUIRU & fou goiifaR fobar mam o1l =it THis S (o-(1-4)-
THTSAS & [T HIfET) ) T-TASITE S B 8¢ & Y-y 381 Th-1SUET
& H GYR B o [T STell-UbR & a1 § Uty YHIeR & ded siforford fasar man
7| G YOISIP BsAL-LE A = STl THR &t gaT # T 3R W Uiy &1 dolt §
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IYINT feGmT: 3R T19d & B A ~10 UTH/ICR 2,3-siel3l 3R Bal & Hax F ATHT
~14 /AR 2,3-SEt3l BT IAG BT ¢ |

-2 S-uaT BT IdTET TA-TAT 3R 2,3-AS13 F QR FET Yag Bl GAHRE
RP o gafeforg H = ezeg WR fhar T Tl T Ugd, Td-UAU Jdled bl TH
FA & U Jd TA-UASILd SiiF &1 gel faan 7 11 ¢=ft S1-udu SdTed! (daciaRad
STgPs IR Ufsaiey TRifsafdedh) @ favw S-uasiva siF s fog U 9; iR
2,3-dEtefl e 1 A & forg wRieiaaee Ridet o &1 a9ad! wu ¥ get fgar
7| Bs-PaLALAB XA (P. TRIfSQfdest p-/0h HI STt FRal 8) 7 Bs-LdLALAB ¥ (L.
delbruckeii D-ldh ) ad &Rl §) BT gaT & ~2.5 AT 3 D-LA IadTe Hefid
foar) 59 dug-Fafd ek sifediom-wifta oRfufodl & arifteaer # Hafifa fo
T, A1 Bs-PaLALAB ¥ 7 ~60 TTH/TAIeR TSl &1 U &1 3R ~35 TH/deR S1-Taw

(0.58 UTH/ATH TIPS B IUS)) DI ITa b

e H, 39 B A qple B SURRIT H SEdle & UHE! T8-S & faw .
Tafeferd &1 Tamuey SoffaR &1 yeaxi foar; siaiter-fifta uRiRifadl & qere-
SIS ar 0 § 2,3-dSlel Ide; 2,3-AStef Ided 3R TR-CRM S-TaT & IdTeH
& foru W iy &1 IRl SHIfe ©U ¥ Thidhd Jaue sifiafad Hde &
JUANT & HRUT FHt SR IuNel = R a1 SRR P Aa=AHdl & (o1
VP FARD 3R IRINTFR H Aoqd HarH foamn 3 ey o gafefery & wsace
IUINT 3R Iare Ao & guR & oW Tamie SolifaiT da-ie! & Thd SIIuanT
I W(fhd I §, 3R SRNRIPS TU J AgaqUl Ao Siid & ¥ H 39 SUANT Bl
M FEd B

X



Table of Contents

CRITITICALE ...ttt ettt ettt et st e e bt es et e seten b e s bt ense bt ene et e ebeensenseeneenteas i
ACKNOWIEAZEIMENITS ......euieeieeiieiiet ettt ettt et e e ete et e et e e bt e st e saeeeseeeneeenseeseeseenseenneas ii
AADSIIACE ...ttt sttt st h et h e e h et a e n et e st e bt st e e s e beent e beeneennen v
E.3 1 PO TSP ST O PP PUPPPOPPPPP vil
TaDIE OF COMLEILS ...eneieeiieeie ettt ettt ettt e et e et e et e et e e st esseeeseeeneeenseenseenseeseenneas X
LSt OF FI@UIES -ttt ettt ettt st e et e et e st e sseeeseeeneeenseenseeseenneenneens Xiv
5 o) i 10 [5OSR PSRUSP XVvi
ADDIEVIATIONS ...ttt ettt ettt et et e et s bt et e s bt e st e e e et e e s be et enaenaeens Xvii
I INEOAUCTION ...ttt ettt ettt b et e b e ae et e sbe et e nbeseeenees 1
2 ReEVIEW OF HEETATUTE .....cuee ettt ettt ettt e st e et et eeseenseenneas 4
2.1 A brief OVerVIEW Of B. SUDLILLS ......cccvevuieieiiiieieieeeeeceee et 4
2.2 MetabOliSI OF B. SUDLILIS ....cc.cocuevieiiiieieseeeesteee et 5
2.3 B. subtilis as a production hOSt...........coeouieiiieiiiiiie e 7
2.4 Lignocellulosic biomass and food wastes as feedsStocks ..........cevvvieviieciiereeneenieiie e, 8
2.5 XYI0SE ULIIISAtION ....cuvieiiieiieiieetieeieeete ettt e eteeeteeeeaeebeesbeesseeseessaasssessseesseenseenseensens 9
2.6 2,3-butanediol - Production and applications...........cccceeveerireiieeieeseenienie e 10
2.7 D-lactic acid - Production and applications............cceeveerieeiieiiiecieesieeneeseeseeeneeveeneens 13
3 Motivation and ODJECTIVES .....eeiuierireiieiietieeiieete et e eteete ettt e st e st esaeesteenseeaseeseeseesseennes 16
4 Materials and MELhOAS .........ccuieriieiieie et 18
4.1 Strains and PlasSmIdS ........cccueeevieriieiieiieeieete ettt et e see st e beebe e beesseesreesaseesseenseens 18
4.2 Media and growth CONAItIONS ........c.cecveeiiieiiiiiieiieie ettt ere e ere b sreeseeeeeneenneens 18
4.3 Construction of an optimised B. subtilis expression cassette.........ccoocvrverrvereereeneenen. 20



4.4 Construction of integration cassettes to introduce xylose uptake pathway.................... 21

4.5 Construction of integration cassettes for strains to delete L-/dh and overexpress 2,3-

BIDIO ENES ...ttt ettt et e e bt e e et eebe e e eaeeeebeeens 24
4.6 Construction of integration cassette for amylase overexpressing Strain. ....................... 25
4.7 Construction of integration cassettes for D-LA producing strains...............ccoeevverueennenn. 25
4.8 DNA transfOrmation.........ccceoueeiiririiriinieienicet ettt ettt ettt 26
4.9  Analytical MEthOAS.......coiiiiiiieiieiieeeeecee ettt be b e be e beesreesaseesbeenneens 28
2 L 53 1) (2101 10 a0 1S) 13 0 4 USSR 28
5 RESUIES .ttt et sae et 30
Construction of an optimised B. subtilis eXpression CASSEE ......ccvvevveerreereereerieereereesreenieens 30
5.1 Engineering of efficient xylose utilisation pathway in B. subtilis.........ccccceevveeveeuensen. 32
5.1.1 Overexpression of native B. subtilis AraE tranSporter..........ccceeceeieerienienieeieeieeenne 32
5.1.2 Heterologous expression of xylose utilising genes from E. coli and B. coagulans........ 34

5.1.3 Combined effect of Bs.araE and B. coagulans xylose utilising genes expression on

Xylose cONSUMPLION OF B. SUBLILIS .....cc.oeueeeeireieiisiieieseseee sttt 35

5.1.4 Shake flask studies of fast xylose utilising Bs-BcABAr strain at high xylose

CONCEINETALIONS ...evviietrieitieeitreeeteeeiteeestteeebeeestseestbeeesseessseesssaeessseesssesessessssessssesenssessssesensseeens 38
5.1.5 Growth studies of Bs-BcABAr strain on xylose in presence of glucose........................ 39

5.1.6 Growth studies of xylose utilising Bs-BcABAr strain on glucose-xylose mixtures under

oxygen-limited condition in & DIOTEACLOT ..........ccveeruierieriieie ettt e e ere e e e e e 42

5.2 Enhanced 2,3-butanediol production in B. SUDLILIS..........cccceeeeeeeeiiinieieee e 43

5.2.1 Deletion of L-Idh with concurrent overexpression of native 2,3-BDO pathway genes in

WILA-EYPE B. SUDLIILS ..ottt sttt ettt s e e aeebeesbeeseesseesseesssaesseenseenseeseas 44

5.2.2 Growth studies of BsAL-Bs.B strain in minimal-glucose media under severe oxygen-

limited cONdItioN 1N @ DIOTEACLOT ......cceiiiieeieieeee ettt e et ee e e e e e e eeee et e e e e s eeseeaeeeeeeseeenraees 46

X1



5.2.3 Effect of oxygen-limited condition on growth of xylose utilising Bs-BcABAr strain...47

5.2.4 Growth of Bs-BcABAr strain on high glucose-xylose mixtures under severe oxygen-

limited CONAIION 1N @ DIOTEACTOT ... e aeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 48

5.2.5 Deletion of L-Idh with concurrent overexpression of native 2,3-BDO pathway genes in

xylose utilising Bs-BCABAT SEIAIN ......ccuevuieriiriieieiieiieiesiteeerie ettt 49

5.2.6 Growth of Bs-BcABAr+BsBAL strain on glucose-xylose mixtures under severe

oxygen-limited condition in & DIOTEACLOT ..........ccvvevuierierieeie ettt e e re e e 50

5.3 Consolidated bioprocessing of food wastes for 2,3-butanediol production.................... 52

5.3.1 Overexpression of B. subtilis a-amylase gene (amyFE) in wild-type and growth on

MINIMAal-Starch MEdIA..........cociiiiiiiiiic e et ertr e e e v e e etre e s tveeeabaeens 52
5.3.2 2,3-BDO production from food wastes by recombinant B. subtilis strain. .................... 55
5.4 D-lactic acid production in B. SUDLIILS ...........cceeeuieeuiecreesieeseeseesieeie e eseesseesseesaesnne e 57

5.4.1 Screening and heterologous expression of D-LDH with concurrent deletion of a/sS and

L-Idh in Wild-tyPe B. SUBLILIS ....cceeeeeeieeieee ettt ettt et neeneeens 58

5.4.2 Shake flask studies of Bs-PaLALAB strain and effect of pH control on D-LA

PTOAUCLION ...ttt ettt ettt et e st e et et et e et e et eeeaeeemeeeaseenseenseesseeeseesnseenseenseenseanseesneens 60

5.4.3 Growth studies of Bs-PaLALAB strain expressing D-LDH from P. acidilactici in a

DIOTEACTOT ...ttt ettt b ettt ettt b e e bbbt 62
6 DISCUSSION ..ttt ettt ettt ettt et b et ettt sb e et s bt sbe et e e bt ean et e e bt eaesbeeneenee 64
Construction of an optimised B. subtilis eXpression CaSSELE .......ceevuvereerieniieriieeeeeieeeeeieans 64
6.1 Engineering of efficient xylose utilisation pathway in B. Subtilis...........ccccceevvevenuennen. 66
6.2 Enhanced 2,3-butanediol production in B. SUDLILIS..........cccceevieeeeiienieieee et 69
6.3 Consolidated bioprocessing of food wastes for 2,3-butanediol production................... 71
6.4 D-lactic acid production in B. SUDLIILS ........c..cceeeureeuievreesiieieesiesieeieeseeseesreesieesaesene e 72

Xii



7 Research summary and future PerSPECtiVES ........ceevereeerieeriierierieete et ee e 74

8RBT T EIICES . ettt e e e e e ee et et e e e et ee e e e e e e e eeteeeteeeeaaees 77
O APPEIAIX .ttt ettt ettt et e et e b e et e e b e e taeeraeanbeerbeere e teeeraeenaeenreenneenns 88
BIOGATA ..o ettt e e e e ettt e e e e ee e e —taeeesaaar——aaeeeraana 98

Xiil



List of figures

Figure

No. Title

2.1 Metabolic pathways map of Bacillus subtilis

5.1 Schematic representation of an optimised B. subtilis expression cassette

5.2 Schematic representation of metabolic engineering strategy for xylose
utilisation in B. subtilis.

53 Time-course profile of xylose utilising strain (BsAr) overexpressing native B.
subtilis araE gene.

54 Growth comparison of strains heterologously expressing xylose utilising genes
of B. coagulans and E. coli under P43 promoter.

5.5 Plasmid maps showing integration cassettes for the expression of B. coagulans
xyIAB and B. subtilis native araE genes under P43 promoter.

5.6 Comparison of xylose consumption by different strains overexpressing B.
coagulans xylAB and B. subtilis araE genes under different P43 — gene
combinations.

5.7 Time-course profile of Bs-BcABAr strain grown at high xylose concentrations.

5.8 Time-course profile of Bs-BcABAr strain grown on glucose-xylose mixtures.

59 Time-course profile of Bs-BcABAr strain grown at high glucose-xylose ratios.

5.10 | Time-course profile of Bs-BcABATr strain grown on glucose-xylose mixtures in
a bioreactor under aerobic condition.

5.11 | Schematic representation of metabolic engineering strategy for enhanced 2,3-
BDO production in B. subtilis.

5.12 | Plasmid map showing integration cassette for the overexpression of 2,3-BDO
genes with simultaneous L-/dh deletion.

5.13 | Screening of transformants overexpressing 2,3-BDO genes with simultaneous
L-Idh deletion in B. subtilis.

5.14 | Growth profile of strain BSAL-Bs.B on minimal-glucose media under oxygen-
limited condition in a bioreactor.

5.15 | Effect of oxygen-limited condition on product profile of Bs-BcABAr strain
grown on glucose-xylose mixtures.

5.16 | Growth profile of Bs-BcABATr strain on glucose-xylose mixtures under
oxygen-limited condition in a bioreactor.

5.17 | Effect of L-Idh deletion on product profile of Bs-BcABAr+BsBAL strain
grown on glucose-xylose mixtures under oxygen-limited condition.

5.18 | Growth profile of Bs-BcABAr+BsBAL strain on glucose-xylose minimal
medium under oxygen-limited condition in a bioreactor.

5.19 | Plasmid map showing integration cassette for the overexpression of B. subtilis
amyE gene.

5.20 | Time-course profile of B. subtilis amyE gene overexpressing strains on
minimal- starch media under aerobic condition.

5.21 | 2,3-BDO production from food wastes by B. subtilis amyE overexpressing

X1v




strains.

5.22 | Schematic representation of metabolic engineering strategy for D-LA
production in B. subtilis.

5.23 | Plasmid maps showing B. subtilis alsS deletion cassettes expressing
heterologous D-/dh genes in B. subtilis.

5.24 | Screening of strains expressing heterologous D-/dh genes at Bs.alsS locus of B.
subtilis.

5.25 | Time-course profile of D-LA producing Bs-PaLALAB strain.

5.26 | Time-course profile of D-LA producing Bs-PaLALAB strain under pH
controlled condition.

5.27 | Time-course profile of D-LA producing strain (Bs-PaLALAB) grown under pH

and oxygen-controlled conditions in a bioreactor.

XV




List of tables

ngfe Title

1 Summary of xylose consumption by different strains.

2 Comparison of growth profile of xylose utilising strains under oxygen-limited
condition.

3 Comparison of growth profile of amylase overexpressing strain with wild-type in
minimal-starch medium.

4 Screening of D-LA producing B. subtilis strains under oxygen-limited condition.

S1 List of primers

S2 List of plasmids

S3 List of strains

xvi




Abbreviations

Percentage of maximum theoretical yield

% MTY

AA Acetic acid

ALDC Acetolactate decarboxylase

ALS Acetolactate synthase

ATP Adenosine triphosphate

BDH Butanediol dehydrogenase

BDO Butanediol

BGSC Bacillus genetic stock centre

CCR Carbon catabolite repression

DNA Deoxyribonucleic acid

DO Dissolved oxygen

EGTA Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
EMP Embden-Meyerhof-Parnas

GRAS Generally Regarded As Safe

HPLC High-performance liquid chromatography
LA Lactic acid

LB Luria Bertani

LDH Lactate dehydrogenase

NAD* Nicotinamide adenine dinucleotide

XVvii




NADP* Nicotinamide adenine dinucleotide phosphate
OD Optical density

PP Pentose phosphate

PCR Polymerase chain reaction

RBS Ribosome binding site

RI Refractive index

TCA Tricarboxylic acid cycle

YE Yeast extract

*(Gene names are written in lowercase and italicised. Protein names are written in uppercase.

XViil





