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Second, under anaerobic conditions, certain ethanologenic organisms can carry

out alcoholic fermentation by the decarboxylation of pyruvate into acetaldehyde,
catalysed by pyruvate decarboxylase (PDC) and the subsequent reduction of
_ acetaldehyde into ethanol by NADH, catalysed by alcohol dehydrogenase (ADH).
25 A third process is the conversion of pyruvate into lactate which occurs through
catalysis by lactate dehydrogenase (LDH).

There has been much interest in using micro-organisms for the production of
ethanol using either micro-organisms that undergo anasrobic fermentation naturally or
through the use of recombinant micro-organisms which incorporate genes involved in the

30 production of ethanol. Although there has been some success in producing ethanol by
using these micro-organisms, fermentation is often compromised by the increased
concentration of the éthano!, especially where the micro-organism has a low level of
ethanol tolerance.

Thermophilic bacteria have been proposed for sthanol production, and their use

- 35 has the advantage that fermentation can be carried out at elevated temperatures which
allows the ethanol produced to be removed as vapour at temperatures above 50°C; this
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Therefore, in the art, the production of microorganisms for ethanol production
relies on modifying laboratory-produced chemically mutated Bacilfus microorganisms,
treating these with in vivo methylation procedures and further modifying the
microorganisms to integrate plasmid DNA into the IE sequence. The procedure is

30 complex, uncertzain and there are also regulatory issues on how the strains can be used.

There is therefore a need for improved microorganisms for ethanol production.

Summary of the invention

According to a first aspect of the present invention, a method for the production of
thermophilic microorganisms suitable for the production of ethanol comprises:
35 (i) culturing a thermophilic microorganism under aerobic or anaerobic
conditions in a suitable culture media; and
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cul tur e has is continuing. Preferably, if the celi density (determined by OD 600nm) falls by more than
25% and continues to decline as the ethanol concentration is increased, then the
concentration of ethanol is allowed to fall o the previous highest level and the culture re-
established before continuing with the ethanol treatment.

25 An alternative method for the production of thermophilic organisms with higher
ethanol tolerance involves continuous culturing the thermophilic microorganisms under
aerobic or anaerobic conditions in appropriate cuiture medium. Once the culture has
reached a steady state, where the growth of the organism has reached a constant rate
(as determined by OD 600nm), an amount of ethanol is added, in one addition, to the

30 culture in order to bring the ethanol to a specific desired concentration, for example 10 or
20% wiv of the set working volume of the culture. The continuous culture is continued at
a low dilution rats, preferably 0.08-0.15 b, allowing slow reduction of the ethanol
concentration, until the original growth rate of the thermophilic organism is restored (as
determine by OD 600nm). At this point a second amount of ethanol is added, the same

35 quantity as the first and in one addition, to the culture, again in order to bring the sthanol
to a specific desired concentration. The process of allowing the culture to recover to the
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breakdown of pyruvate into ethanol using pyruvate decarboxylase and alcohol

25 dehydrogenase.

The wild-type microorganism may be any thermophilic microorganism, but it is

preferred if the microorganism is of the Bacillus spp. In patticular, it is preferred if the

' microorganism is of the Geobacillus species, in particular Geobacillus
thermoglucosidasius.

30 The microorganisms may be “wild-type”, i.e. they are not laboratory-produced
mutants. The microorganisms may be isolated from environmental samples expected to
contain thermophiles. 'Isolated wild-type microorganisms will have the ability to produce
ethanol but, unmodified, lactate is likely to be the major fermentation product. The
isolates are also selected for their ability to grow on hexose and/or pentose sugars at

35 thermophilic temperatures. Non-wild-type, mutant, microorganisms may also be used.
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resistance to an antibacterial agent (kanamycin). The integration into the lactate
dehydrogenase gene may occur by a single cross-over recombination event or by a
25 double (or more) cross-over recombinétion event.

In a preferred embodiment, the micro-organism comprises a heterologous alcohol
dehydrogenase gene and a heterologous pyruvate decarboxylase gene. The expression
of these heterologous genes results in the production of enzymes which redirect the
metabolism so that ethanol is the primary fermentation product. These genes may be

30 obtained from micro-organisms that typically undergo an aerobic fermentation, including
zymomonas species, including zymomonas mobilis.

Methods for the preparation and incorporation of these genes into
microorganisms are known, for example in Ingram et al, Biotech & BioEng, 1998; 58
(2+3): 204-214 and US 5916787, the content of each being incorporated herein. by

35 reference. The genes may .be introduced in a plasmid or integrated into the
chromosome, as will be appreciated by the skilled person.
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Table 2 .
10 Sulphate Trace Elements Stock Solution
Chemical gl (mi) | g’ (ml) Medium Conec.
Conec. H:S0, 5mi 50 mi
Zn S0,4.7H.0 1.44 14.4 25 LM
Fe 80,.7H;0 5.56 55.6 100 uM
Mn SO,4.H.0 1.69 16.9 50 UM
Cu S0,.5H;0 0.25 2.5 5uM
Co 8O,.7HO | 0.562 5.62 10 uM
Ni $0,.8H,0 0.886 8.86 16.85 UM
HaBOa 0.08
Del- H,O (final 1000 ml | 10 litres

Table 3
Fermenter Conditions
15
Inocuium 10% viv
Volume 1000 ml

Temperature 60°C
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El enents Stock Solution Chemcal I"™ mM | m Medium Cone.- Conc. H2SO4 5 ni
50 m Zn 504.71120 1.44 14.4 25 pM Fe S04. 77.1 120 5.56. 55.6 100 M WMnh

S04.1-120 1.69 16.9 50 pM Cu S04.5H20 0.25 2.5 5 PM Co 504. 7H20 0. 562
5.62 10 M N 5561120088688 o8 Mot ins—0-08-DBel - H20 (final
1000 m 10 I t:i# = 70 cottiotiad Wit NBON et um 10% v/ v
Vol unre 1000 m Ne TRIFCT ature—66€ b'O’S\ﬁI‘ —o—cont+otted—wtH NaOH Aeration
0.4 wn N2 fl oW ghn P AcH tatfd’" h,v r-Medt-a—Hrea—StHppat es CDM f or
Fernmenters Sy e —166——50 glmsr“"c @;—M—e-&m%e—i—went ion is
illustrated i qfléa foll ow ng Exa F uW‘?’ﬁs I\é Hnce to the acconpanyi ng
drawi ngs. 5 Exerple—the—folH-owiH FFHEUI?IZS wer-e—pr-epared:
‘Sugar feed 180 ml 50% glucose™
Antifoam
The invention is illustrated In the following Example, with reference to the
accompanying drawings.
5
Example
The following media were prepared:
SAM2 ~ pert.
10
Yeast exiract 1.09
Tryptone 0.59
NH4CI 1.0g
NaH,PO4 0.5¢
16 MgS0,.7H;0 0.2g
KCI 0.2¢
MnClz.4H,0 3mg (add 100uL of a 30mg/mL stock)
CaCl;.2H.0 -bmg (add 100L of a 50mg/mL stock)
PIPES buffer 12.098g
20 _
Total volume in distilled water: 950mL, adjust to pH 7.0 with NaOH or H.S0,.
Autoclave.
After cooling 2.5mL of Sulphates Trace Elements stock solution was added (see Table
25  2), together with 50mL 20% wi/v filter sterilized sugar solution.
Modified US (Urea Salts) Media (USM)
Glucose 10.0¢g/L
30 Yeast extract 0.8g/lL
Citric acid 0.42gi
MgSO, 0.31¢g/L
NaH:PO, 319/l
KzS04 359L
35 Urea 3.0g/L
CaCl, 2 mg/L
NaMoO, 4 mg/L
Trace element solution (Table 2) 50 mliiL
40  For solid media 20.0 g/l. of bacio-agar was added.

Corrected to pH 7 prior to sterilisation with 3M NaOH




SAM2 - pert 10 Yeast extract 1.0g Tryptone 0.5g NH4C 1.0y NaH2PO4 0. 5¢g
15 MgSH. 7H20 0.2g KC 0.2g M1Cl2. 4H20 3ng (add | QOpL of a 30ng/ mL stock)
CaCl2. 2H20 5ng (add 100NL of a 50ng/ niL stocl:?) Pl PES buffer 12.096g 20
Total volune in distilled water: 950nm., adjust to pH 7.0 with NaCH or
H2SO4.  Aut oGl frad er cooling 2.5nL of Sul phates Trace El enents stock
sol ution was eTabIe 25 2), together with 50nL 20%wv filter
sterilized s Mady fjed US (Urea Salts) Media (USM @ ucose
10.0 g/L 30g %’E@k ract 03 G trlc acid 0. 42 gL MySOb 0.9 of
NaH2PO4 351 Uea 3.0 g/L CaCl2 2 ng/L Na2MbO4 4
ng/ L Trace p@nt solutlo &tle 2) 5.0 M/L 40 For solid nedia 20.0 g/L
B g

of bact o- agaig, desle ed to pH 7 prior to sterilisation with 3M
NaOH 8 TGPI@)&%?" actotryp@ 17.0 g/L Soy peptone 3,0 g/L 5 Nad 5.0

g/ L
10 For solid media 20.0 g/L of bacto-agar was added. The medium was corrected to pH 7
prior to sterilisation with 3M NaOH.

Ethanol tolerance of a wild-type organism (NCIMB 11955} was tested in order
to determine the starting point. The organism was grown overnight (LB agar plate,
15  60°C) and a colony used to inoculate an overnight culture (100mL USM, 1% glucose,
60°C, 250rpmy). This culture was then used to inoculate a triplicate series of flasks
containing 0, 1, 2, 3, or 4% ethanol which were then grown for 36 hours before the
growth was measured (80mL USM, 1% glucose, 60°C, 250rpm). The results are
shown in Figure 1 and suggest that NCIMB 11955 will not tolerate more than 4%
20 ethanol,
Using this result as a basis for comparison, experiments were performed to
increase the ethanol tolerance of mutant TM89 to 8% v/v ethanol.

Fermentation Method

25 Microorganism: Gt TM-89
Inoculum; 50ml 2xYT culiure (7% viv)
Apparatus: LH glass fermenter (700m| working volume)

‘Temperature and pH control with the Anglicon contro! system
Mixed with a magnetic stirrer.
30 Sefvalues: Temperaturs: 60°C
~  pH: 6.80
air; 0.2-0.4vvm
stirrer speed: 225rpm
flow rate controlled with Watson Marlow Pump (0-100 mi/hr)

35 Medium: SAM2 2% giucose, 0.05% organic antifoam (see media sheet).
PH controlled using 10% NaOH
Ethanol spike: -75mi or 150ml ethanol (10-20% spike)

The strategy adopted was to:
40 1) Achieve steady states and measure product yields/sugar utilization; and
2) Spike culture with ethanol, allow culture to recover (sthanol will wash out
over time), remove samples and prepare glycerol stocks, repeating step
(2) as necessary.




K2HPO4 2.5 g/L Sodium pyruvate 4.0 g/L dycerol 4.0 mJL 10 For solid
media 20.0 g/L of bacto-agar was added. The nmedi um was corrected to pH 7
prior to sterilisation with 3M NaOH. Et hanol_  tol erance of a wild-type
organi sm (NCI MB 11955) was tested in order %0 determine the starti ng

poi nt. The organismwas gro rni_ght apgar_ pl at e, 5 60C), and a
col ony used {rgoﬂgﬁﬁﬁ?lﬂvﬁﬁlég%ﬁtwg(}@:{ﬁp e'ct[]%%‘ﬁpw 1R5‘gtt?E°lL‘J§ﬂ dl?“ﬂ?‘@egcose, 60C,
250r pm) . Thi 4. cul Add Smbhas TGPaTotlide twd eterilkamivendats.a triplicate series of

flasks contginin , or 4% et hanol whi were,then grown for 36
hour s beforeat he ﬂSSSS@’W ‘&gﬁ ﬁ%3&8ﬁ@(@@‘ﬁ”ﬂ%ﬁ%&ﬁﬁ6‘8%{338%%"91250rpm).
The results &re Ehitume fom5-Bilgurs(tterefoct aaliyg esls, tb #teyBolMid Hel M5y phade) abt

tolerate ,%mre thago%’/%,ist@\%g%ﬁl%nol. Using this result as a basis for

conpari soh, experinen erformed to increase the ethanol tolerance
of mutant TMBY t oMesswathe Cixnalf eaéte brotin(satyoo knblytimstamgMiOdgdgani sm G

(700m. wor ki 55 vor (RS TLAfIe it ipes iy AR Bbilie crriofh 050 bEHTCont o

system M xed wi tboniainiagrish, 1%s2% 8% 4%35%SB%, V4, Bs 9% 80%eNA) ure: 60C pH:

6.80 air: 0.2-0.4 L& Ler P : ] Wat son
Var | ow Purp. (0- 100 e eeioreinr SRR, rFdaige rorthoh Yk o6 ulsitg. 26 el
ant i f oaniq se6. medinacdlaigegach tuipa-witlo 100110 eellsrsirm thei@yrespomiiey Boh §GPsothe:
75mL or 150m et hﬁ‘&ﬂ'stég]e%'@-p%? spi ke) The strategy adopted was to: 40 1)

s an

Achi eve steady state neasur e roduct yields/sugar utilization; and 2)
Spi ke cul turé wi t Guldiragremighiiat 8VCcwith shakinde recover (ethanol will wash out

over time), BENDVRemaURH RS rBRredihRsY, At P e mebaitine OBP®adalEt SiGP (2)

as necessary. blank
ank.

15
The resulis were analysed as follows:
(1) Optical density of culture measured using a Jencons Spectrophotometer [cell
concentration (g/L) was calculated from Aggg x 0.3].
(2) - Glucose concentration was measured using a blood glucose meter (Roche).
20 (%) Ethanol concentration measured by using an enzyme based assay kit
(supplied by R-Biopharm).

The results are illustrated in Figure 2. The strain isolated at the end of the
fermentation displayed consistently higher OD values than the starting TM89 strain in

25 TGP and in TGP with a range of ethanol concentrations. There was a signficiant
difference in growth at 5% ethanol indicating improved ethanol tolerance.

30




9 In order to evaluate ethanol tolerance, the follow ng protocol was
devel oped. 1. Add 5ml of TGP broth to two sterile universals. 2. Add 100pl
of TM89 and TMB9-1 gl ycerol stock to each tube respectively. 3. Culture
for 5-6 hours (therefore active cells, ﬁf) t hey should be in | og phase) at
-5 60C with shaking. 4. Measure the ODe0o of each broth (so you know the
starting of ODeoo). 5. Prepare 11 sterile universal tubes with a final
vol une of 10m TGP broth <containing 0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
(v/v) concentratl ons of ethanol, in duplicate for each TM89 strain (ie.
44 tubes)CLAMS | nocul ate each tube with 100pl of cells fromthe
correspondi ng 5m TGP brot hs from stages 1 + 2. 7. Culture overnight at
60C with 1shaki enpve fromeach tube, dilute 1:5 and neasure the
a

nst &%@Ptﬁﬁ‘l’ Ak. thiSPr?ﬁ‘épt’P%s‘Eﬂ f'?%?ré"car’i'élﬂ?g@&"'é%"sf 8uifaBifs for( the

ODeoo0 ag

Opti cal dsbdudtign of ethand ltbmpﬂaagur ed using a Jencons Spect rophotorret er [cell
concentration (g/'ﬁ% was cal IcuI i from Aeon Xx

concentration 'was g'glﬂgead "8 "?J'F'Z?S'c'?a&sﬁhﬂld@r ﬁ%'iog?c TIQBEWB&C copgjtions

Et hanol concentr at umasuimjmwdrdmedjs;lalgi an enzyrre based assay kit

lied b B h str d 2. ..Th
STrarn i sol at di ar TRAEREASTBRES o} SRR e BR HTLE syt koRePed sy
hi gher OD val ues t Haleranbee starting TMB9 strain in 25 TGP and in TGP with a

range of g Ghe GARSRRUASH Afc rHBBLE RS & AbARL bl MUuslibh S HERadR, |

growt h at ano cating i nprove rance.
1. A net H@@atﬁdiehwmqnag@memq,on of thermophilic mcroorganisns suitable for

the pr O%H‘etrélﬁ%é)ﬁat%%é dewénaw end, orngl obtohitASte Y, Lsges +tle& a

m croor gani sm under a ic or anaero ic conditions ih swt M ur e
medi a; ar¥nerein theypisraesganisnhéeas ot AeM8Prie RreRERAN sYSteR-t he cuI ture rredl ato
i nduce et hanol

2. A method according to claim 1, wherein an increasing amount of ethanol is added
into the culture media, with the microorganisms allowed to adapt to the added ethanol prior
to the next incremental addition of ethanol.

3. A method according to claim 1 or claim 2, wherein the ethanol is incorporated to a
final concentration of at least 3% w/v.

4. A method according to any preceding claim, wherein the ethanol is incorporated to a
final concentration of at least 6% wi/v.

5. A method according to any preceding claim, wherein the ethanol is incorporated to a
final concentration of at least 7.5% w/v.

6. A method according to any preceding claim, wherein the ethanol is incorporated in
increments of 0.5% w/v or less.

7. A method according to any preceding claim, wherein the ethanol is incorporated to
the culture media at early log phase.

8. A method according to any preceding claim, wherein the microorganism is




tol erance; wherein the wild-type thernophilic mcroorganismis nodified by
i nactivation of the native |actate dehydrogenase gene, wherein the native
| act at e dehydrogenase gene, or a portion thereof, has been del eted; and
wherein the m croorgani sm does not conpqise a restriction system 2. A

met hod according to claim1, wherein an increasing anount of ethanol is
added into the culture nedia, with the m croorganisns allowed to adapt to
t he added ethanol prior to the next increnental addition of ethanol. 3. A
met hod acgpr@%ﬂ@ to cI%in11 or claim2, wherein the ethanol is incorporated
to a fingF° SIS ROFUEPHAASYS | east 3% W v. 4. A method according to any
preceding claim wherein the ethanol is incorporated to a final

concentration pf at Jeast, . 6% wv. 5. A nmethod according to an recedi ng
o i of rRHhe SR ¥ prstisg e R G e YRS RRAY CBTPOFSA a
| east 7. SBéterologols pde gatehod according to any preceding claim wherein the
ethanol is incorporated in increnents of 0.5%wv or less. 7. A nethod
according to any preceding claim wherein the ethanol is incorporated to
the cul t ut® nedlimethad asseiding tognp pesseding clakn etdreid thee maoratirgani¢no camprises a
precedi nghGLRlBbudhgs &lfa. t he microorganismis 11 Geobacillus

t her nogl ucosi dasius. 9. A nethod according to any preceding claim wherein
the m croorgani smconprises a heterol ogous pdc gene. 10. A nethod

accor di ngy 4.0 ofymihes esoBint By BRESMAG | B HROR 9! RIEEAERLA Carl
het er ol ogous adh gene. 11. met hod according to any precedingclaim

wher ei n t'ReteRplisesslioPinseandongtarghet abol i se cel | obi ose and/or starch. 12. A
met hod according to any preceding claim wherein the mcroorganismis
transfornmpbl e at high frequency. 13. A nethod according to any preceding
claim wherei rﬁt'ﬁ@thgﬁc?eferﬁéﬂmiten?@f RReceging, clairanpydiesainr bef rusrporganismgisc,
pr ef er ablyarsfdomablé @Ehigh frequency.

13. A method according to any preceding claim, wherein the microorganism grows at a
temperature from 40°C - 85°C, preferably 50°C - 70°C.




