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ABSTRACT 

Wild type E. coli ferments glucose to a mixture of ethanol and 
acetic, lactic, formic, and succinic acids. Mutants defective in acid 
production have now been isolated, including those defective in lac- 
tate dehydrogenase (LDH) or with excess alcohol dehydrogenase. 
These mutations had no phenotype without a pfl mutation. Novel 
mutants affecting acetate metabolism were isolated by insertion of the 
fusion vector Mudl. These aceG mutants cannot grow anaerobically 
on glucose or aerobically on acetate yet lack the pleiotropic growth 
defects of previously known pta/ack mutants. In some genetic back- 
grounds acetate negative mutations suppress the growth defects of 
adh mutations. These results are discussed in terms of redox balance. 

Index Entries: Anaerobic growth; alcohol dehydrogenase; lactate 
fermentation; acetic acid, redox balance. 

INTRODUCTION 

When  wild type Escherichia coli is grown under  anaerobic conditions, 
sugars are fermented to a variety of products (Fig. 1). There are two ma- 
jor alternative fates for pyruvate.  Under  acidic conditions pyruvate is 
largely converted to lactate by the fermentative lactate dehydrogenase  
(LDH) so consuming one NADH (i.e., two reducing equivalents) per 3C. 
This balances the product ion of one NADH per 3C by the glyceraldehyde 
phosphate  dehydrogenase  step of glycolysis. The NAD-linked LDH is 
soluble enzyme which  must  not be confused with the FAD-linked, 
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Fig. 1. Fermentation in Escherichia coli. The fate of pyruvate is shown to- 
gether with the flow of reducing equivalents. Genes indicated code for lactate 
dehydrogenase (ldh), alcohol and acetaldehyde dehydrogenase (adh), 
hydrogenase (hyd), formate dehydrogenase (fdh), pyruvate formate lyase (pfl), 
acetate kinase (ack), phosphotransacetylase (pta). 2H refers to a pair of reducing 
equivalents usually in the form of NADH. 

membrane-bound, lactate "dehydrogenases" (lactate oxidases) involved 
in aerobic growth with lactate as carbon source. 

The alternative route is more complex and starts with the cleavage of 
pyruvate to acetyl-CoA and formate by pyruvate formate lyase (PFL). 
The acetyl-CoA may be converted to acetate in two steps by the succes- 
sive action of phosphotransacetylase (PTA) and acetate kinase (ACK) so 
generating one ATP per acetyl-CoA. However, this route consumes no 
NADH and in order to achieve redox balance an equal amount of acetyl- 
CoA must be converted to ethanol by the associated alcohol and acetalde- 
hyde dehydrogenases that consumes two NADH per acetyl-CoA, but 
generates no energy. A variety of mutation affecting alcohol and acetal- 
dehyde dehydrogenase have been under investigation in our laboratory 
over the last few years. (1-3). Mutants lacking PTA and ACK have been 
isolated by Guest (4) and cannot grow anaerobically on sugars. However, 
the known ack and pta mutants are also incapable of anaerobic respiration 
using fumarate as electron acceptor suggesting that they may not be in 
the structural genes for PTA/ACK. Mutants lacking the fermentative 
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LDH have not  been repor ted  before. This work  compares  the proper t ies  
of previously  k n o w n  adh and  pta/ack mutan t s  with  some new  mutan t s  af- 
fecting these  two fermenta t ion  routes  as well as mu tan t s  deficient in 
LDH. 

Materials and Methods 

Bacteria! Strains and Media 

All bacteria used  were  strains of Escherichia coli K-12 and  are listed in 
Table 1. Minimal  m e d i u m  was m e d i u m  E (5) s u p p l e m e n t e d  with carbon 
sources (0.4%, w/v) and,  where  required,  amino  acids (50 rag/L) and  vita- 
mins  (5 mg/L). Tryp tone  broth  contained 10 g t ryp tone  and  5 g NaCI/L. 
Rich broth  was t ryp tone  broth  plus  yeast  extract (1 g/L). For aerobic pro- 
ton suicide selections, half s t rength  t ryptone  broth was s u p p l e m e n t e d  
wi th  a sugar  (0.8%, w/v) and  equimolar  sod ium bromide  plus sod ium 

Table 1 
Bacterial Strains 

Strain Relevant characteristics Source/ref 

DC271 fadR (1,2) 
DC272 fadR, adhC81 (1,2) 
DC511 Acetate negative fusion of MC4100 See text 
DC512 Acetate negative fusion of MC4100 See text 
DC864 adhE2 of MC4100 This work 
DC865 adhE2 of W1485 This work 
DC866 adhE2 of LCB320 This work 
DC867 adhE478 of W1485 This work 
DC868 adhE478 of LCB320 This work 
FMJ32 Idh of LCB898 See text 
FMJ33 Idh of LCB898 See text 
FMJ38 ldh of LCB898 See text 
FMJ39 ldh of LCB898 See text 
FMJ112 pfl§ of FMJ39 See text 
JRG1078 facA (4) 
LCB320 thi-1 thr leu rpsL M.C. Pascal 
LCB898 pfl-1 of LCB320 M.C. Pascal 
MC4100 DE (argF-lac) araD relA ptsF rbsR rpsL M. Casadaban 
PRCll8 adhE478 of MC4100 This work 
PRC478 adhE478 of DC272 (3) 
RMK6 ADH overproducer of DC271 Ana-PS" 
RMK8 ADH overproducer of DC271 Ana-PS 
RMK3 LDH deficient of DC271 Ana-PS 
RMK14 LDH deficient of DC271 Ana-PS 
RMK24 LDH deficient of DC271 Ana-PS 
TA3516 DE (pta, ack) (10) 
W1485 Wild type B. Bachmann 
WL2 adhE2 of DC272 (2) 
WNK120 Proton suicide of MC4100 (6) 

"Ana-PS - Anaerobic proton suicide mutants. 
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bromate (50-150 wVI, as indicated). The selective medium was usually 
adjusted to a mildly acidic pH in order to reduce the level of bromate plus 
bromide required, as described by Winkelman and Clark (6). Anaerobic 
proton suicide was carried out on M9 minimal agar containing glycerol 
(0.4%), fumarate (0.2%), proteose peptone (0.1%), and glucose (0.8%). 
Less than 10 ~M each of bromide and bromate was sufficient even 
though this medium is initially buffered to pH 7.0. Tetrazolium indicator 
plates contained (per liter): tryptone (10 g), NaC1 (5 g), sugar (8 g), 
triphenyl tetrazolium chloride (0.05 g), and agar (15 g). MacConkey indi- 
cator plates contained 1% (w/v) of the appropriate sugar added to Bacto 
MacConkey Agar Base. The PPPS medium contains the nutrients of 
MacConkey base medium with the dyes and bile salts omitted, i.e., 17 g 
of bacto-peptone, 3 g of proteose-peptone, and 5 g of NaC1/L. Solid me- 
dia contained bacto-agar (1.5% wt/vol). Anaerobic growth was per- 
formed in Oxoid anaerobic jars under a H2/CO 2 atmosphere generated by 
means of Oxoid Gas Generating Kits. All media used for anaerobic 
growth were supplemented with trace elements as follows: FeSO4 (50 
~M), H2SeO 3 (5 ~M), and (NH44)6Mo7024 (5 ~M with respect to Mo). 
Growth was followed turbidometrically using a Klett-Sumerson colorim- 
eter equipped with a green (540 nm) filter. Aerobic liquid cultures of 10 
mL vol, were incubated in 150 mL culture flasks and shaken rapidly in a 
New Brunswick G76 gyrotory water bath (speed setting 6). Anaerobic liq- 
uid cultures were grown without agitation in tubes inside and anaerobic 
jar. Resazurin indicators were used to ensure anaerobic conditions. Cul- 
tures were grown for 3-4 cell doublings before beta-galactosidase assay. 

Genetic Manipulations 
A set of TnlO containing Hfr strains with points of origin scattered 

around the E. coli chromosome was used for mapping. The TnlO inser- 
tion in each Hfr strain was close to and behind the origin of transfer and 
thus acted as a proximal marker which could be positively selected. This 
set of Hfrs was constructed in the laboratory of Dr. B. Wanner, and made 
available by Dr. B. Bachmann of the Coli Genetic Stock Centre. Each fu- 
sion strain was crossed with each Hfr using standard procedures (7). A 
30-min mating period was used. Exconjugants were selected on rich 
broth agar containing tetracycline (10 mg/L) to select for transfer of the 
TnlO into the recipient and streptomycin (100 mg/L) to select against the 
donor. Colonies obtained were checked for the retention or loss of the 
fusion phage be testing for sensitivity to ampicillin. 

Transductions were carried out with Plvir essentially as described by 
Miller (7). TnlO-containing transductants were selected by addition of 
tetracycline (10 mg/L) to solid media. 

Enzyme Assays 

Beta-galactosidase was assayed as previously described (8) except 
that cultures were grown to mid-exponential phase (approx. 5 x 108 
cells/ml) before assay in a variety of media, under both aerobic and 
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anerobic condit ions.  The uni ts  of beta-galactosidase activity are micro- 
moles  of 0-ni t rophenylgalactoside hydrolyzed/109 cell/h, at 37~ Alcohol 
deydrogenase  was assayed as before (1,3). Acetate kinase and  p h o s p h o -  
transacetylase assays have been  described (4) as has the LDH assay pro- 
cedure  (8). 

RESULTS 

Acetate Related Mutants 

We have been  previously  s h o w n  that  mu tan t s  defective in alcohol 
dehydrogenase  (ADH) cannot  grow anaerobically on sugars such as glu- 
cose or sugar  alcohols such as sorbitol, yet  can grow by anaerobic respira- 
t ion us ing fumarate  or nitrate as an electron acceptor (3). The 
phosphot ransace ty lase  (pta)  and  acetate kinase (ack) mutan t s  of Guest  (4) 
or Ames  (10)  were  tes ted for g rowth  on a variety of carbon sources both  
aerobically and  anaerobically. As s h o w n  in Table 2 (p ta/ack)  mutan t s  are 
defective in anaerobic fe rmenta t ion  as already k n o w n  (4 ,10 ) .  However ,  
the p ta /ack  mutan t s  were also defective in anaerobic respirat ion wi th  fu- 
marate,  a l though  not  wi th  nitrate. This sugges ted  that  the p ta /ack  muta-  
tions which  are closely l inked to the m e n q u i n o n e  genes  required for fu- 
marate  respirat ion (4,11) migh t  be regulatory mutat ions ,  affecting several 
aspects of anaerobic growth.  We, therefore,  isolated new  acetate mu tan t s  
by two approaches .  The first approach  was the p ro ton  suicide technique 
of Winke lman  and  Clark (6) which  selects for the survival of mu tan t s  
which  no longer  p roduce  acid. Acid producers  are killed by the reaction 
of pro tons  released into the m e d i u m  with a bromide /bromate  mixture 
that  generates  e lemental  bromine.  

Selection of acid nonproduce r s  on glucose m e d i u m  aerobically gave 
a variety of mu tan t s  (6). However ,  a m o n g  these were  some incapable of 
aerobic g rowth  on acetate. Mutants  defective in ACK or PTA grow poorly 

Table 2 
Growth Properties of Acetate Mutants" 

Aerobic Anaerobic 

Strain Mutation ACE GLC GRL/NIT GRL/FUM 

MC4100 Wild type + + + + + + + + 
DC511 Ace fusion - -  - -  + + + + 
DC512 Ace fusion - -  - -  + + + + 
JRG1078 facA - -  - -  + + - -  
TA3516 DE (pta, ack) - -  - -  + + - -  
W1485 Wild type + + + + + + + + 
WNK120 Ace (PS) b - -  - -  + + + + 

"ACE = acetate, GLC = glucose, GRL/NIT = glycerol plus nitrate, GRL/FUM = 
glycerol plus fumarate. 

~'WNK120 is an acetate negative mutant of MC4100 by proton suicide. 
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or not at all on acetate depending on the strain background and we there- 
fore thought these mutants were in pta or ack. Although some were in- 
deed in pta/ack as demonstrated by cotransduction with a nearby TnlO 
insertion, the majority were at another, as yet unidentified locus (6). 
These novel acetate negative strains are exemplified by WNK117, 
WNK120, and WNK145. 

Our second approach was to screen a bank of random insertions of 
the lac fusion vector Mudl(Apr, lac). This bank of random gene fusions 
has been previously described (12,13). Eight gene fusion mutants incapa- 
ble of aerobic growth on acetate were isolated and most were defective in 
the glyoxylate cycle. However two mutants were found that behaved 
very much like pta/ack mutants except that their mutations did not 
cotransduce with the TnlO insertion close to pta/ack. Moreover they dif- 
fered from previously isolated pta/ack mutants in using fumarate as an 
anaerobic electron acceptor (Table 2)/These mutants DC511 and DC512, 
therefore behave as expected if they had defects in the structural genes 
for ACK or PTA. 

The strains DC511 and DC512 together with the WNK proton sui- 
cide isolates therefore represent a novel type of acetate defective muta- 
tion. Preliminary mapping experiments indicate a location in the 80--90 
rain region, far from the known pta/ack genes. 

Revertants of ADH Mutants 

Mutants defective in PFL can grow anaerobically on glucose by fer- 
menting pyruvate to lactate so long as they are provided with small 
amounts of acetate for biosynthetic purposes. However, neither adh nor 
pta/ack mutants (old or new) can grow under such conditions even 
though they have a functional lactate fermentation pathway. This sug- 
gests that it is not the lack of ADH/ACDH or ACK/PTA per se that is fa- 
tal, but the redox imbalance caused by production of acetic acid in the 
absence of ethanol or vice versa. If this is true, then double mutants with 
defects in both branches of the acetyl-CoA fermentation pathway should 
be able to grow anaerobically by lactate fermentation, in the same way as 
pfl mutants. 

We contructed strains bearing the adhC81 adhE2 and adhC81 adhE478 
mutations in several genetic backgrounds since preliminary observations 
had shown that different lines of E. coli K12 varied substantially in their 
anaerobic growth properties. Next, revertants of these adhC adhE strains 
were selected for growth on glucose minimal medium anaerobically. Re- 
vertants were purified and checked for anaerobic growth on glucose and 
aerobic growth on ethanol or acetate. Mutants regaining ADH in full con- 
stitutive levels should regain the ability to grow on ethanol in air (Eth +) 
whereas those which have lost PTA and/or ACK should grow poorly or 
not at all on acetate aerobically (Ace-). A third possibility consists of 
leaky mutants in PFL which produce enough acetate for biosynthesis. 
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We therefore tested for anaerobic growth on sorbitol, which is more re- 
duced than glucose and yields 3 NADH per hexose. PFL defective mu- 
tants do not grow anaerobically on sorbitol irrespective of acetate 
supplement ion  since lactate fermentation can only dispose of 2 NADH 
per hexose. As shown in Table 3 all three types of revertant were  found 
al though not every parent  strain gave each type of revertant. In addition, 
a fourth type of revertant (Ana+ in Table 3) was found that was neither  
Ace nor Eth+, but that could grow anaerobically on sorbitol. These re- 
vertants are not unders tood,  but might  be partial revertants of any of the 
other classes. 

Anaerobic Proton Suicide 

The proton suicide technique was adapted for anaerobic conditions 
by incorporating glycerol plus fumarate into the selection med ium in or- 
der to allow the growth of fermentation defective mutants  by fumarate 
respiration. Aerobically, concentrations of up to 150 IJ, M bromide and 
bromate are required for selection. Anaerobically we found that 2-5 I~M 
each of bromide plus bromate were  sufficient. We selected mutants  by 
anaerobic proton suicide and screened them for growth on a variety of 
carbon sources both aerobically and anaerobically. We found that almost 
none of these mutants  had any observable phenotype.  We then assayed 
about 20 mutants  for ADH and LDH. We found several mutants  that had 
substantially reduced levels of LDH and several other with an approxi- 
mately two-fold increase in ADH. Selected examples are given in Table 4. 
The majority of the anaerobic proton suicide mutants  remain enigmatic. 
Al though we tried various parent strains and variant procedures we 
were unable to obtain an ldh mutant  lacking more than about 75% of ini- 
tial LDH activity by proton suicide. 

T a b l e  3 

R e v e r s i o n  o f  adh M u t a n t s  

R e v e r t a n t  t y p e  o b t a i n e d "  

S t r a i n  M u t a t i o n  B a c k g r o u n d  E t h  + A c e  Pfl  A n a +  

W L 2  adhE2 D C 2 7 1  + - - - 
P R C 4 7 8  adhE478 DC271  - - - ( + ) 
D C 8 6 5  adhE2 W 1 4 8 5  + - - + 

D C 8 6 7  adhE478 W 1 4 8 5  - + + - 

D C 8 6 6  adhE2 LCB320  . . . .  

DC868 adhE478 LCB320 - - - + 
DC864 adhE2 MC4100 - + - ( + ) 
PRC118 adhE478 MC4100 - - - ( + ) 

"+ a n d  - indicate  w h e t h e r  r ever tan t s  w i th  the  p rope r t i e s  ind ica ted  w e r e  isolated.  
( + )  indica tes  r eve r t an t s  w h i c h  g r e w  ex t remely  s lowly u n d e r  anaerobic  condi t ions .  The 
r eve r t an t  c lasses  are d i s c u s s e d  in the  text. 
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Table 4 
Mutants from Anaerobic Proton Suicide 

Enzyme level% ~ 

Strain LDH ADH 

RMK6 100 135 
RMK8 100 165 
RMK3 14 100 
RMK14 13 100 
RMK24 34 100 

~ levels are given relative to the parental 
strain DC271. Assays were performed on anaerobic cul- 
tures grown in rich broth plus glucose. Twenty other 
mutants showed negligible changes in either enzyme. 

Lactate Dydrogenase Mutants 

A mutant  defective in pyruvate format lyase, CB898 (14) was used as 
the parental strain. After mutagenesis colonies were replicated onto M9 
minimal agar containing glucose plus acetate and one set-incubated aero- 
bically, the other anaerobically. Mutants able to grow aerobically but not 
anaerobically were assayed for LDH. As Table 5 shows these mutants  are 
completely or almost completely lacking LDH. The pfl ldh double mu- 
tants were unable to grow anaerobically on any fermentable sugar tested 
but could grow by anaerobic respiration using nitrate or fumarate as elec- 
tron acceptors. When  the pfl Idh mutants were transduced to pfl + so giv- 
ing a strain (FMJ112) with Idh as the only defect, no anaerobic growth 
defects were seen. 

DISCUSSION 

We have extended our investigation of mutants affecting fermenta- 
tion (1-3) by isolating those with defects in the pathways responsible for 
acetic and lactic acids. The proton suicide technique devised by our labo- 
ratory yields mutants  defective in acid production (6). We isolated novel 
acetate defective mutants  under  aerobic conditions and strains partially 
defective in LDH using an anaerobic modification of this procedure. Sim- 
ilar novel acetate defective mutants were also found by screening a bank 
of gene fusions made by insertion of the fusion phage Mudl (12,13). 
These novel acetate mutants  were unable to grow anaerobically on fer- 
mentable sugars, yet could respire anaerobically with fumarate. In con- 
trast, previously described mutants in the pta/ack locus at 50 min on the 
E. coli chromosome (4,10) were unable to grow anaerobically on sugars or 
fumarate plus glycerol. Preliminary results suggest a location in the 
80-90 min region for the new acetate mutants (data not shown). 

Starting with strains carrying defects in the adhE locus and lacking 
both alcohol dehydrogenase and the associated acetaldehyde de- 
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Table 5 
Lactate Dehydrogenase Mutants 

171 

Anaerobic Growth on" 

LDH 
Strain Defect GLC GLC/ACE SRL activity %~' 

LCB320 None + + + 100 
LCB898 pfl - + - 100 
FMJ32 pfl Idh - - - 3 
FMJ33 pfl ldh - - - 9 
FMJ39 pfl  tdh - - - 0 
FMJ112 ~ ldh + + + 0 

aGLC = glucose; GLC/ACE = glucose plus acetate; SRL = sorbitol. 
~'LDH specific activity is given relative to the parental strain. 
'FMJ112 is a pfl+ derivative of FMJ39. 

hydrogenase we isolated revertants capable of growth on glucose 
anaerobically. The most interesting secondary mutants were not true re- 
vertants of a d h ,  but had gained an additional defect that resulted in the 
loss of the ability to grow on acetate aerobically. Such secondary mutants 
were only isolatable from certain parental strains. In such "revertant" 
strains, an a d h  mutation preventing ethanol formation is present together 
with a mutation which presumably prevents interconversion of acetyl- 
CoA and acetic acid. Nevertheless, these double mutants can ferment 
glucose, presumably to lactic acid. In striking contrast are those strains 
that carry only a single defect and cannot grow on sugars anaerobically 
( 3 , 4 ) .  This supports the idea that operation of only one branch of the 
pathway from acetyl-CoA to acetate or ethanol prevents growth as a re- 
sult of redox imbalance. Production of acetic acid or ethanol in the ab- 
sence of equal amounts  of the other product would result in an incorrect 
ratio of NADH recycled to NADH produced during glycolysis. However,  
blocking both branches of this pathway allows redox balanced fermenta- 
tion by the lactate pathway (Fig. 1). 

Although anaerobic problem suicide gave only partially defective 
lactate dehydrogenase mutants, we were able to make fully deficient 
strains by starting with a pf l  mutant  (14 ) .  Derivatives unable to grow 
anaerobically even when  supplemented  with acetate for biosynthetic 
purposes were found to lack LDH. Removal of the pf l  defect by transduc- 
tion yielded strains containing only the Idh mutation. As expected, these 
single mutants had no detectable growth phenotype  aerobically. 

It is now possible to isolate mutants of E. col i  with defects in any or 
all of the various branches of the fermentation scheme (Fig. 1) and the 
same procedures can be extended to other bacteria. Industrially useful 
microorganisms may be modified by eliminating or altering one or more 
fermentation pathway, however,  it is necessary to maintain redox bal- 
ance or the result will merely be a mutant  unable to grow anaerobically. 
For example, E. col i  cannot be converted to production of alcohol alone 
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merely by eliminating production of acetate and lactate; it is necessary to 
reroute the reducing equivalents normally lost as formate. In collabora- 
tion with Dr. L.O. Ingram (University of Florida, Gainesville) we have 
constructed a hybrid organism containing the cloned pyruvate decarbox- 
ylase of Zymomonas in a fermentation defective E. coli host. Pyruvate is all 
converted to acetaldehyde and no reducing equivalents are lost as 
formate. The acetaldehyde is then converted to ethanol by the E. coli host 
alcohol dehydrogenase  and thus is the only major fermentation product  
(15). 
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