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Abstract

Zymomonas mobilis produces ethanol at high yields and titres due to its high ethanol tolerance.
It utilises sugars via a highly active Entner—Doudoroff pathway, resulting in a rapid glucose
consumption rate. Z. mobilis has an incomplete tricarboxylic acid cycle (TCA) and a deficient
respiratory chain, which makes it dependent on glucose-to-ethanol fermentation for energy
production and redox balance. It exhibits low biomass yield and extremely high ethanol yield,
as a significant portion of the carbon flux (95-97%) is directed towards ethanol production.
Due to these characteristics, Z. mobilis can be an excellent host for producing non-native
compounds at high yields, provided the flux through the native ethanol pathway can be

effectively eliminated.

In this work, Z. mobilis was engineered to produce acetoin and D-(-)-2,3-butanediol (2,3-BDO)
by heterologously expressing the key pathway genes, acetolactate synthase
(alsS)/acetohydroxyacid synthase (ahasl), acetolactate decarboxylase (alsD), and R, R-2,3-
butanediol dehydrogenase (bdhA), through integration at two neutral gene loci. The engineered
strain produced acetoin and 2,3-BDO at low yields, as most carbon flux (77-88%) was directed
towards ethanol production. To improve yields, we targeted the ethanol pathway by deleting
the adhl and adh2 genes (based on previous work in our lab) while concurrently integrating
the acetoin/2,3-BDO pathway genes (ahasi, alsD, and bdhA). The Zm_AA1AA2 HS1D strain
exhibited a slight increase in acetoin yield compared to the wild-type strain and produced
negligible ethanol (~0.8 g/I). However, the Zm_AA1AA2 HSI1D strain could not consume
more than 10-12 g/l of glucose. The decreased glucose consumption could be due to the low
activity of the heterologous genes or the strain's inability to regenerate NAD(P)" without
ethanol production. The nox gene encoding NADH oxidase from Lactococcus lactis was
expressed in the Zm AAT1AA2 HSID strain to regenerate cofactor equivalents. The resulting
Zm_AA1AA2 HS1DX strain was further improved by expressing a strong alsS gene from
Bacillus subtilis to reroute more pyruvate flux towards 2,3-BDO and acetoin formation. The
engineered strain, Zm AAIAA2AM HSI1DXS (harbouring both Llnox and Bs.alsS genes),
produced acetoin with a yield of 0.27 g/g of glucose, corresponding to 54.5% of the maximum
theoretical yield (MTY). However, only 50-65% of the carbon flux was diverted towards
acetoin, 2,3-BDO, and glycerol.

We deleted the pdc gene in the engineered acetoin/2,3-BDO production strain
Zm_AA1AA2 HS1DX to improve yields. The Zm AA1AA2AP _HS1DXS strain (with the
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adhl, adh2, and pdc gene deletion) did not produce ethanol under any growth conditions.
Under aerobic condition, the strain achieved an acetoin yield of 0.38 g/g of glucose,
corresponding to 76% of the MTY. The Zm AA1AA2AP HS1DXS strain was cultivated in a
bioreactor under different dissolved oxygen (DO) levels to optimize the growth conditions for
acetoin/2,3-BDO production. Under 30-35% DO, the strain produced 39.09 g/I of acetoin and
7.86 g/l 0 2,3-BDO from 128 g/l of glucose over 11 days. At a DO level below 10%, the strain
produced 11.22 g/1 of 2,3-BDO from 30 g/l of glucose in 5.6 days, achieving 75% of the MTY
for 2,3-BDO.This study demonstrated the ability of a single recombinant strain to produce both
acetoin and 2,3-BDO at high yields, with the production profile being dependent on the aeration
conditions. The strain exhibited robust growth in bioreactors and consumed high glucose
concentrations. The Zm_ AA1AA2AP HS1DXS strain was further engineered to increase
acetoin yield by deleting the bdhA gene. The Zm AA1AA2AP KS1DXS strain (with the bdhA
gene deletion) consumed up to 80 g/l of glucose in shake flask and accumulated acetoin with a

yield of 0.44 g/g (88% of the MTY).

We sought to engineer Z. mobilis to produce valine or valine pathway intermediates by
redirecting carbon flux from ethanol towards valine. The valine pathway genes (Bs.alsD,
Zm.ilvC, Zm.ilvD, and Bs.bcd) were integrated at the adhl and adh2 gene loci. The strong B.
subtilis ALS was selected to catalyse the conversion of pyruvate to acetolactate, the first step
towards valine production. For the subsequent two steps, native ketol-acid reductoisomerase
(ilvC) and dihydroxy-acid dehydratase (i/lvD) genes were overexpressed by placing them under
a strong Ppdc promoter. B. subtilis NADH-specific L-leucine dehydrogenase (BCD) was
selected to catalyse the last reductive step. The Zm AA1AA2 S.Zm.CD.D strain did not
produce valine, likely due to the inability of the native ILVC and ILVD enzymes to pull flux
downstream  towards  valine  synthesis. To  address this  limitation, the
Zm_AA1AA2 S.Zm.CD.D strain was engineered to express the E. coli ilvC gene, resulting in
the generation of a new strain, Zm AA1AA2AAT S.Zm.CD.D.EcC. However, valine

production was not detected.

In this study, Z. mobilis was engineered to produce acetoin and 2,3-BDO at high yields by
eliminating ethanol production through the introduction of an alternative pathway for redox
regeneration. This work demonstrated that complete flux rediversion in Z. mobilis is possible

by deleting the pdc gene and introducing an alternative pathway.



qrr

STSHIAAH AT Teh 3aTel Sculeeh SidIv] & it 9=l 3T sqeicl HgaTeierd
IR 39 & U ST Sar &1 I8 3w afpy Uea-SisRie AeT & #Aeyd
AT 1 YA AT &, TS IRUTHETET Tefehlel T U &I ool & glell &
$H 37clTdl, i AfAferd & 3R crSHheiiadioen TS T 3 Teh AT e
G §, ST 38 Foll 3cules 3R ElHH Toiel & [T Tofla-a-39aTel fohvaeT
AR X 1 FIeeT JaTg T Teh HAgedqul BEAT (R9 R0 %) SVUsAlel 3cUigsl &
IR HERT gt §, TR Sagegd T &1 AT FA g Sar §1 ¥ R[Avad 3
Afafed @1 39 deEr W IR AT & 3cueT & v w3 Aoe
gereT il &, aerd fr &2t ST AT & ATEyd ¥ Yalg &l THEr &9 ¥ AT
frar S E@&|

§A9 YHE AN e, URcedee A (veauHTs)/vicgssiadeds  [Eae
(TTaud1), vfddeeee BaEfiaadsl ( TTawds)), 3R 3R,3R-2,3-sge3ard
ReEgieesr (@ETav), e deey Shel fower 7 ifdcafea Far. @ 399 o &
deraR IR TS 3R 2,3-d1E131T &7 3carge fohar, Fifeh AT Haed Jarg (b
- 0¢%) FUATST 3culeal @1 AR FERIT 9T YR A guUR aa & fav, g
THRISA/2,3-dE3 #AFT ST (TuawE1, tvangs, 3R fi6van) F gHadl & &
3fAcTFd d gT TEva! AR TEUa2 gt Siiell P geh $AAeT AT F oAfaIT
frar| 3ude F AU 3AATA 3cUleaT (T 0.¢  AH/NT deh) TeiRid o, St gerfar
g [ Eivet 3R wEiwa2 ST & Jdua J sAATT 3cUe Sl T e FHT T
glellieh, Ig 3UdE 20-22 A/ § T Tofehlal &1 IUHNT Fgl A Fehl, 3N
Tl & IUANT F HAH H SHEN-THN & 3UAG T Jolell # TASH 391 H
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el AR e[ g5 A TS T IT A A favw ST B wA fafafr IR
3Uelel 3culeed & el TAwd () + @ g FA #A 3uNG A HAHA &
G THTE & HRUT AT| o7 IRIHUAS HT S it & fw, Taesr (d)+ Sedee
el o foIv oFciad fded TSt Jedss (TA3ived) 3R ew geafefeoa
¥ U HASd Tavdud Sl & 2,3-A8130 3R vdiidsa 3cuiee dr 3R s
qIEEAT FalE A JAGRIT ek 39dE A AR guR R ) o 63U
o 0._0 IMHA/ATH TfhlsT I Ul & AU THEISH & 3cUlead fohar, ST ifeehcdd
deuifarer 3ueT (TASETS) & 9¥.9% & 3T®T g glellfeh, el YaTg T dhael 40-
£3% THER, 2,3-dE83 3R FTomRiad & AT e T 3R AST 31 oan,

T TAIIAT & FII AT Gohd &l 2

g YeraR # UR & v wdesa 3R 2,3-d181370 3cuies & fau ##aq fee
AT 39R H A AT W gar Il geaw v 9l e are
Zm_AA1AA2AP_HS1DXS 39dig o [l off fasra & Feufa & gd«lel &1 3curee
sTg1 foha| ararael fEufd & d8d, 39E o 0.3¢ ATH/AH Tofehlsl HI THESA 3usl
gIiael I, Sl TATETS & be% & e gl fashe fEufaat & 3R 3 seqsfod
A & fIT Zm_AA1AA2AP_HS1DXS 3usie 1 Th Rueer & faffed gfod
AT (3131) TR & dgd Aefad fohar amam ar| 30-39% 33 F dgd, 399G
o ¢ A/ TfhlsT A 3R.0% ATH/CMET T 3R b.¢e AHA/MET 2,3-NE30
&I 3cdieat fhaT| 20% & FF I3 TR W, 3UAG o 30 ATH/CNET Tofhlsl & 22.3
PH/NEX 2,3-dAE3T & 3cUTeaT fohar, T THACES & 8% & HAS 3T Ired
gS| 39 LT o 3Td YAR W TS AR 2,3-E3N el 1 Icheed e &
foT v tehe H@ASE 3UAG Y &THAT T TS TR, FEH Icured w@r fasa
fEafaat & 3R W e gt &1 30 3u9E A JRIRvaey # Aoy J5fY weiid
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o AR ITT TSl Wigdl H IUHAET w B AT WERT
Zm_AA1AA2AP_HS1DXS 39#E &l bdhA S &I gea THRCIS 39a] dold &
T 3k 3f0e Soffaa fFar s ar Zm AA1AA2AP_KS1DXS 398 (bdhA

faegeT & arY) =7 0. ¥8 g/g (MTY & 0¢%) FT 3TT & AT THCISA Fl 3cdGeT

foaT| Ak Felleeh H 3UdE O ATA/ACT deh o[l T WIT AT Bl

o5 AfSfod @l 39T @ dfled T 3 FleeT Jarg A GoATIardld Feh dfelel a1
afersT AR #Egad! &7 3cuesT e & v SeifaR fhar arar ar| afes &Er e
A TSITT! AR TEITE2 Sl & TA W THhd RAT IAT AT| §AA IIFEAT HI
tfAcielaee H dgadd & fat 3cART oo & fav &t gefefod voavard S &t
TG fohar, St afeleT 3cureet & feRrm & ggell weA gl 3MeTel el TOM & fav, gae
et hlel-ufis ReFdgas (3Msverdid) 3R sEEEgai-tis  esges
(3TSUEN) ST A Tk Holgd NS 318 Fgaidrel & 30T 7 Wl IW
HAIFT HEAT ATl Y. Fafefod TaAvsive-fafse va-egdlie Sersgieier (d1Hs)
1 3ifde Refeea woT 1 3R A & AT g1 3171 U7| Go: FAloteh 308 o
afelsT &7 3cure gt forar, G3Tad: &2 FSTadE! 3R IsTadEr fFuaa &t afes
RAYOT I 3R garg i A f 3R diea # 3aASAT & HROT| $H W Iel
& T, T 3R 3udE &1 AT fohar r fSws 3faRed §. Pl 3mSvaddT sia
ATfder ATl 6T 8, AfeeT 3cdieet a1 373fT 8 9ar &g <o g

SH AT H, EiFH ToAoiolol & ToIU dehfeush AT Y& Heh YT FAedlel Seaelel
& OIT Th A3 Afdford 3UHG ST AT AT| 39 T & gdT ol T dESEr S
oI5 i # 3aeTs =g § 3R IS Wierw THFET Gelolelel & [T Ueh depfodeh
AT UeTeT [T ST & df S g/l S Tl & (SH 34T # TI3ivad)| IS
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AT @ AT A 8T 3G e FHIel Tag Hl U e ¥ JoATerardd e
3T YgaR W THIES 3R 2,3-d18131 &7 3cUiead el & Tl Solliferay fhar
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